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Foreword 

It is a pleasure to write the foreword to Nutrition and 
Immunology: Principles and Practice. In fact, this book 
comes at a timely moment, when the impact of nutrition and 
immunology is being widely felt because of the AIDS epi
demic. This is particularly of note in Africa, where large 
sums of money are being spent on nutritional intervention 
programs in the hopes of improving immune responsive
ness. We should not forget, however, early advances in our 
understanding of protein energy malnutrition (PEM). PEM 
can be used as a model to understand the nutritional basis of 
immunity, as well as the immunological influences on nutri
tional status. Despite advances in agricultural production, 
PEM continues to affect hundreds of millions ofthe world's 
population. The functional impact of undernutrition varies 
from mild morbidity to life-threatening infection. The pref
ace to the classic World Health Organization monograph on 
Interactions of Nutrition and Infection (1) stated, "That mal
nutrition increases susceptibility to infectious disease seems 
a reasonable assumption, and clinical observation in areas 
where malnutrition is common has generally lent support to 
this belief. Equally reasonable is the supposition that infec
tious diseases have an adverse effect on the nutritional state." 
It is only recently, however, that the pathogenetic and casual 
role of impaired immunity has been examined in systematic 
studies (2). Since the early 1970s, there has been a geometric 
increase in the interest in nutritional immunology and a cor
responding plethora of original articles, reviews, and mono
graphs on the subject (3-12). 

HETEROGENEITY OF SYNDROMES 
AND MULTIFACTORIAL CAUSALITY 

In laboratory animals, it is possible to produce isolated 
nutrient deficiencies. In contrast, human malnutrition is 
almost always a syndrome of multiple nutrient deficiencies 
compounded by genetic influences, age, gender, and the 
superadded effect of infection. 

Also, distinct dietary habits in various parts of the world 
may play an additional role. Furthermore, the timing and 
duration of nutritional deprivation has a significant impact 
on the extent and duration of immunological impairment. 

It is important to state at the outset that the results of 
controlled animal experiments have great scientific impor-
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Table 1 
Nutritional Status and Outcome of Infection 

Definite adverse outcome 
Measles, diarrhea, tuberculosis 

Probable adverse outcome 
HIV, malaria, pneumonia 

Little or no effect 
Poliomyelitis, tetanus, viral encephalitis 

Note: HIV= human immunodeficiency virus 

tance. However, both in vitro studies and tests in laboratory 
animals may have little resemblance to what is experienced 
in humans under field conditions. 

INFECTIONS IN PROTEIN-ENERGY 
MALNUTRITION 

The enormous collection of clinical and epidemiologic 
data now available suggest that PEM is associated with an 
increase in the severity and duration of most infectious dis
eases. In some cases, incidence and prevalence are also 
increased. Only rarely has an antagonism between PEM and 
infection been reported. Table 1 gives a few examples of the 
interactions between nutritional status and infection. 

IMMUNOLOGICAL CHANGES 

Beisel has provided a historical account of successive 
findings in this area (6). From early historical accounts and 
anecdotal observations, there have been comprehensive sys
temic studies in humans and laboratory animals. These have 
led to many clinical and public health applications. Lym
phoid atrophy is a prominent feature in PEM. Anatomical 
changes in lymphoid tissues in malnutrition have been des
cribed for decades. The term "nutritional thymectomy" 
illustrates the profound changes that occur in the thymus in 
malnutrition. The size and weight of the thymus are reduced. 
Histologically, there is a loss of corticomedullary differen
tiation, there are fewer lymphoid cells, and the Hassal bodies 
are enlarged, degenerated, and, occasionally, calcified. 
These changes are easily differentiated from findings in 
primary immunity deficiency, such as DiGeorge's syn
drome. In the spleen, there is a loss oflymphoid cells around 
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Table 2 
Delayed Cutaneous Hypersensitivity Responses 

in Young Children with PEM 

Candida Trichophyton Tetanus DNCB 

Baseline 
After 8 wk of 

nutrition Support 

38 

63 

29 43 68 

59 78 92 

Note: DNCB= 2,4 dimitrochlorobenzene. Figures refer to percent 
positive responses. 

small blood vessels. In lymph nodes, the thymus-dependent 
paracortical areas show depletion of lymphocytes. 

Protein-energy malnutrition (PEM) is associated with an 
impairment of most of the host barriers. Delayed cutaneous 
hypersensitivity responses both to recall and new antigens 
are indicators of in vivo cell-mediated immunity and are 
markedly depressed in PEM (Table 2). These changes are 
observed in moderate deficiencies as well. Findings in 
patients with kwashiorkor are more striking than findings in 
patients with marasmus. The skin reactions are restored after 
appropriate nutritional therapy for several weeks and months 
(Table 2). One possible reason for reduced cell-mediated 
immunity in PEM is the reduction in mature fully differenti
ated T lymphocytes. The reduction in serum thymulin activ
ity observed in primary PEM may underlie the impaired 
maturation of T lymphocytes. There is an increase in the 
amount of deoxynucleotidyl transferase activity in leuko
cytes, a feature of immaturity. The proportion of helper and/ 
or inducer T lymphocytes recognized by the presence of the 
CD4+ antigen on the cell surface is markedly decreased. 
There is a slight reduction in the number of suppressor and/ 
or cytotoxic CD8+ cells. Thus, the ratio CD4+:CD8+ is sig
nificantly decreased compared with that in well-nourished 
control subjects. Moreover, coculture experiments showed 
a reduction in the number of antibody-producing cells and in 
the amount of immunoglobulin secreted. This is largely 
because of the decreased help provided by T lympho
cytes. Lymphocyte proliferation and synthesis of DNA 
are reduced, especially when the autologous plasma from 
a patient is used in cell cultures. This may be the result of 
inhibitory factors as well as deficiency of essential nutrients 
lacking in the patient's plasma. Another aspect oflympho
cyte function that changes in PEM is the traffic and homing 
pattern. For example, lymphocytes derived from mesenteric 
lymph nodes of immunized rodents revert back to the intes
tine in large numbers, whereas this homing is reduced in 
malnutrition. 

Serum antibody responses are generally intact in PEM, 
particularly when antigens in adjuvant are administered or 
for materials that do not evoke T-cell response. Rarely, the 
antibody response to some organisms, such as Salmonella 
typhi, may be decreased. However, before impaired anti
body response can be attributed to nutritional deficiency, 
one must carefully rule out infection as a confounding fac
tor. Antibody affinity is decreased in patients who are mal-

Table 3 
Complement System 

Total hemolytic 
complement activity 
CH50 (kU/L) 

C3 (giL) 
C5 (giL) 
Factor B (giL) 

Healthy 

116 ± 19 
1.43±0.15 

0.081 ± 0.003 
2.29±0.17 
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Protein-energy 
malnutrition 

67 ± 12 
0.61 ± 0.09 

0.049 ± 0.002 
1.21 ±O.ll 

Note: Values are shown as mean ± standard deviation. 

nourished. This may provide an explanation for a higher 
frequency of antigen-antibody complexes found in such 
patients. As opposed to serum antibody responses, secretory 
immunoglobulin A (sIgA) antibody concentrations are 
decreased after immunization with viral vaccines; there is a 
selective reduction in sIgA concentrations. This may have 
several clinical implications, including an increased fre
quency of septicemia commonly observed in undernourished 
children. 

Phagocytosis is also affected in PEM. Complement is an 
essential opsonin and the concentrations and activity of most 
complement components are decreased. The best docu
mented is a reduction in complement C3, C5, factor B, and 
total hemolytic activity (Table 3). There is a reduction in 
opsonic activity of plasma when tests are run using plasma 
diluted 1: 10 or more. Although the ingestion of particles by 
phagocytes is intact, subsequent metabolic activation and 
destruction of bacteria is reduced. Finally, recent work in 
humans and animals demonstrated that the production of 
several cytokines, including interleukins 2 and 6 and y-inter
feron, is decreased in PEM. Moreover, malnutrition alters 
the ability of T lymphocytes to respond appropriately to 
cytokines. There is some work on the effect of malnutrition 
on the integrity of physical barriers, quality of mucus, or 
several other innate immune defenses. For example, lyso
zyme concentrations are decreased, largely the result of 
reduced production by monocytes and neutrophils increased 
excretion in the urine. Adherence of bacteria to epithelial 
cells is a first step before invasion and infection can occur. 
The number of bacteria adhering to respiratory epithelial 
cells is increased in PEM fetal malnutrition. 

FETAL MALNUTRITION 

Any insult during the critical developmental period is 
likely to have a greater and more prolonged impact on physi
ological functions. The immune system is no exception. 

Preterm appropriate-for-gestation low-birth-weight 
(LBW) infants have reduced levels oflgG, largely a result of 
the shorter time available for mother-to-infant transfer. The 
number of T lymphocytes is decreased but this responds 
dramatically to small supplements of zinc. 

Small-for-gestational age (SGA) LBW infants have a 
higher morbidity because of infection in the first 2-3 yr after 
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birth. This correlates with impaired immunity. The majority 
of SGA infants show atrophy of the thymus and prolonged 
impairment of cell-mediated immunity. Delayed cutaneous 
hypersensitivity to a variety of microbial recall antigens is 
impaired. Serum thymic factor activity is lower in SGA 
infants tested at age 1 mo or later. In contrast to preterm low
birth-weight infants who recover immunologically by 
approx 2-3 mo of age, SGA infants continue to exhibit 
impaired cell-mediated immune responses for up to 12 yr. 
This is particularly true of those infants whose weight-for
height continues to remain <80% of standard. The pro
longed immunosuppression in some SGA infants correlates 
with clinical experience of infectious illness and, thus, may 
have considerable biological significance. In animal models 
of intrauterine nutritional deficiency, PEM results in reduced 
immune responses in the offspring. 

Phagocyte function is deranged in low-birth-weight 
infants. There is a slight reduction in ingestion of particulate 
matter and a significant reduction both in metabolic activity 
and bactericidal capacity. 

IgG from the mother, acquired through placental transfer, 
is the principal immunoglobulin in cord blood. The half-life 
of IgG is 21 d, thus all infants show physiological hypo
immunoglobulinemia between ages 3 and 5 mo. This is pro
nounced and prolonged in low-birth-weight infants because 
their concentration ofIgG at birth is significantly lower than 
that of full-term infants. In SGA low-birth-weight infants 
the cord blood concentrations of IgG 1 are reduced much 
more than those of other subclasses. Thus the ratio of infant 
to maternal concentrations is significantly low for IgG 1 but 
not for IgG2. The number of immunoglobulin-producing cells 
and the amount of immunoglobulin secreted is decreased in 
SGA infants who are symptomatic (i.e., those who have recur
rent infections). In the second year oflife, SGA infants show 
a marked reduction in IgG2 concentrations and often show 
infections with organisms that have a polysaccharide capsule. 
The SGA group is also at risk of developing infection with 
opportunistic microorganisms, such as Pneumocystis carin ii, 
as observed in postnatal malnutrition also. 

Clearly, protein-energy malnutrition is not a paradigm 
for all of the areas covered in Nutrition and Immunology: 
Principles and Practice. However, it is perhaps the best stud
ied and the most understood. There are a number of novel 
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areas treated in this book that illustrate the changing tides 
and the great need to understand the molecular basis of inter
actions, in addition to understanding and performing simple 
dietary assessment. A goal for all of us should be to recruit 
more researchers into this area and especially to increase the 
dialog between nutritional and food scientists and immu
nologists. 

Ranjit Kumar Chandra, DSc, PhD, MD 
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Preface 

Nutrition and immunology are at the focus of a scien
tific revolution. The food supply as a source of nutrients has 
evolved dramatically over the past two centuries, but never 
before has there been such a promise for innovation. The 
genetic revolution has provided the promise to truly change 
the food supply as never before imagined. Plant geneticists 
and physiologists are providing the capability, and 
agribusiness is poised to dramatically change the chemical 
makeup of food commodities. With this capability has come 
the compelling question: To what should it be changed? 
Unquestionably, if the food supply is to be improved nutri
tionally, the needs of the immune system need to be a major 
target of that improvement. Establishing the framework to 
direct this new revolution is a considered goal of Nutrition 
and Immunology: Principles and Practice, and we have thus 
brought together experts from around the world in nutrition 
and immunology to provide the consensus state-of-the-art in 
these fields. 

The first great nutritional age of this century brought 
the sciences of biochemistry, physiology, chemistry, and 
medicine together to define in molecular terms the essential 
nutrients for humans. This triumph of scientific discovery 
was primarily completed before 1950 when most vitamins 
and essential minerals and major diseases associated with 
their respective nutritional deficiencies had been described. 
A valuable outcome of this chemical approach was the 
capability to produce vitamins synthetically, which made it 
possible to implement a true solution to the problem of 
nutrient deficiency in the Western world and, in particular, 
the United States, through aggressive food fortification. In
terestingly, this "first" nutritional revolution addressed only 
those nutrients that were essential for growth and reproduc
tion. This perspective failed to address either optimal nutri
tion or the speci fic requirements of particular tissues during 
aging, including the varying and specific needs of the grow
ing and functioning immune system. Some of the reasons for 
not addressing immunology directly lay in the relative state 
of knowledge of molecular immunology, but were also in 
part a consequence of the decision to limit the definitions of 
nutrient requirements to normal development, neglecting 
the increased nutrient needs attributable to stress and the 
increased demands of a stimulated immune response. Over 
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the past half century, these knowledge gaps have been 
addressed and it is now possible to more closely assess the 
nutritional requirements of various aspects of immunity. 
Assembling this information is a second important goal of 
Nutrition and Immunology: Principles and Practice. 

Appreciating the nutritional requirements of the 
immune system has been gained from various directions. 
Overt dietary deficiency of virtually all nutrients com
promises the quality, speed, and integrity of the immune 
response, leading most obviously to increases in suscepti
bility to infectious disease. The insights gained from the 
quality of the immune response associated with nutrient 
deficiencies are the subject of several chapters in Nutrition 
and Immunology: Principles and Practice. Intriguingly, in 
the context of infectious disease, microbial pathogens them
selves are sensitive to the nutritional status of the host, and 
chapters address this burgeoning issue including the influ
ence of nutrition on viral evolution. The immune system, 
however, is not simply affected by overt nutrient deficien
cies, but both the elaboration of the multi tissue immune 
system through life and the mounting of an aggressive immune 
response place specific metabolic demands on the organism, 
many of which are directly related to increased needs for 
specific dietary nutrients. The last 20 years have seen an 
explosion in research, expanding on the molecular require
ments of the immune system. From the role of minerals and 
cofactors in transcriptional regulation of immune matura
tion, through the specific protein, vitamin, and lipid needs of 
immune responses, to the increased demand for antioxidant 
protection and tissue repair created by the consequences of 
immune activation, these fields of the molecular nutrition of 
the immune system are the focus of multiple chapters in the 
text. 

By defining only nutrient essentiality as the subject for 
public health, the role of nutrient imbalances, especially as 
they relate to the gradual development of chronic and degen
erative diseases in maturity, was largely ignored in the first 
revolution of nutrition research. Thus, in modern Western 
societies, the successful elimination of nutritional deficien
cies through nutrient fortification has not eliminated the diet 
as a contributor to disease, but rather delayed the conse
quences of suboptimal diets to the diseases that develop dur-
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ing adulthood. More insidiously, by solving nutrient 
deficiencies by fortification, the food supply has evolved in 
the second half ofthe century without sound nutritional inter
vention, but rather under soft, educational guidance. Ironi
cally, the first nutritional revolution that eliminated nutrient 
deficiencies and promoted a significantly greater fraction of 
the population into old age also allowed an evolution of the 
food supply toward lower nutritional density (1,2). This 
lower nutrient density of diets permitted nutritional imbal
ances that are now emerging epidemiologically as a greater 
risk of chronic and degenerative disease during aging (3). 
Equally ironic, although the fortification offoods was imple
mented as a public health program in the United States with 
genuinely spectacular benefits to public health, the impor
tant nutritional improvements warranted by chronic disease 
prevention (i.e., cholesterol reduction) have been left largely 
to individual discretionary choice (4). The strategy to improve 
nutritional status beyond simple essentiality has been to 
implement diet change via individual education (5), which 
has led to competition within the food marketplace in, as one 
example, targeted cholesterol-lowering foods, and the emer
gence of a large food supplement industry. An obvious con
sequence of recruiting such vested interests as the food and 
supplement industries into the nutritional educational pro
cess is a substantial disaffection of the public with nutrition 
education in general and the credibility of the science under
lying it as well. Additionally, the focus of attention has 
shifted from molecules and scientific mechanisms to spe
cific commodities or products as purportedly superior in a 
competitive marketplace. A valuable asset of Nutrition and 
Immunology: Principles and Practice is an effort to refocus 
this attention on the science issues and to provide clear, 
understandable summaries of the state of science at the 
present time nutritional immunologic. 

The now recognized role of diet in health has led to a 
nutritional revolution in the second half of the century 
addressing the larger role of diet in optimal health and dis
ease prevention (6-8). Within this context, the role of diet in 
immunological status has emerged as important, if not piv-

ota!. It is possible to redesign the food supply because of the 
technological advances of genetic manipulation. If this 
manipulation is to improve long-term health, the specific 
nutritional needs ofthe immune system, throughout life and 
importantly, during immunologic challenge, must be defined 
in molecular terms. With this improved food supply in mind, 
Nutrition and Immunology should serve as a strong blueprint 
for that design. 
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NUTRITIONAL I 
ASSESSMENT 



1 Application and Interpretation of 
Commonly Used Nutritional 
Assessment Techniques 

KENNETH H. BROWN, MO 

INTRODUCTION 

Nutritional assessment can be defined as the collection and inter
pretation of information on tissue nutrient reserves (i.e., nutritional 
status), dietary factors that affect these reserves, and health and 
functional performance in relation to these nutrient stores. Whereas 
direct or indirect measurements of tissue nutrient reserves can be 
considered as true indicators of nutritional status, dietary intake 
data reflect only the likelihood of low (or high) intake and the 
consequent risk of undernutrition (or overnutrition). Thus, dietary 
data are not indicators of nutritional status per se. For example, 
dietary intake may appear to be "inadequate" relative to theoretical 
nutrient requirements, but nutritional status may still be satisfac
tory if the individual's actual requirements are low, the nutrient 
can be stored in the body and previous intake had been sufficient, 
or supplements or other sources of nutrients are consumed in 
addition to the diet. On the other hand, dietary intake may appear 
to be "adequate," yet nutritional status may be depleted if an 
individual's actual requirements are relati vel y high, malabsorption 
is present, or other nutrients, food components, or drugs interfere 
with nutrient utilization. Thus, other nutritional assessment tech
niques must be combined with dietary measurements to provide 
information on current nutritional status. 

This chapter will provide a general overview of the objectives 
of nutritional assessment, the range of available assessment tech
niques, and the factors that should be considered in selecting any 
particular method or combination of methods. Emphasis will be 
given to dietary and anthropometric assessment, both because these 
are the simplest and most easily completed methods for assessing 
nutritional status and because a detailed treatment of the intricacies 
of clinical and biochemical assessment is beyond the limitations of 
this introductory section. A considerable amount of scientific 
research has been devoted to the topic of nutritional assessment; 
more detailed information is available in existing textbooks (1) and 
specific references on individual assessment techniques. 

From: Nutrition and Immunology: Principles and Practice (ME 
Gershwin et al. eds.), © Humana Press, Inc., Totowa, NJ 
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OBJECTIVES OF NUTRITIONAL ASSESSMENT Nutri
tional assessment is carried out clinically and in public health 
practice to identify those individuals or population groups that 
might benefit from some form of nutritional (or other therapeutic) 
intervention; the same techniques can also be used to evaluate the 
success of these interventions. In the context of research studies, 
nutritional status may be assessed, on the one hand, to explore 
relationships between risk factors of interest and particular nutri
tional deficiencies or excess and, on the other hand, to examine 
relationships between nutritional status and human health and 
function. In relation to the main topic of this book, for example, 
nutritional assessment techniques can be applied to examine the 
relationships between nutritional status and immune function. 
Finally, nutritional assessment of populations is frequently used 
not only to characterize nutritional conditions per se but also to 
describe social development in general. 

TYPES AND SELECTION OF ASSESSMENT TECHNIQUES 
Traditionally, nutritional assessment techniques have been divided 
into four or five categories, including dietary, anthropometric, 
clinical, biochemical, and (sometimes) functional assessment. 
Anthropometric assessment provides general information on nutri
tional status, but it is not specific for any particular nutrient. The 
other forms of assessment offer both general information on the 
adequacy of the diet and tissue reserves and, in some cases, more 
specific data with regard to the status of individual nutrients. Each 
of these techniques will be explained in somewhat more detail in 
the following sections; but, first, several considerations that might 
be used in the selection of individual techniques will be reviewed. 

Issues that should be contemplated in selecting a particular 
nutritional assessment technique include the ability of the tech
nique to portray an individual's or population's true nutritional 
status with an acceptably small margin of error, its responsiveness 
to recent changes in conditions that influence nutritional status 
and its cost, ease of implementation, and acceptability to th~ 
patient or client. Each of these items will be reviewed briefly. 

Validity, Accuracy, and Precision The validity of an assess
ment technique refers to its ability to reflect the true nutritional 
status of an individual or population under the conditions that the 
test is applied. For example, serum ferritin concentration is a valid 
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Fig. 1. Examples of different levels of accuracy and precision in mea
surement of plasma retinol concentration to assess vitamin A status. 

indicator of iron status under usual circumstances, because it 
is strongly correlated with tissue (bone marrow) iron reserves. 
However, because serum ferritin is an acute-phase protein, its 
concentration increases dramatically in the presence of systemic 
infection or inflammation. Thus, in infected individuals, serum 
ferritin is no longer a valid indicator of iron status. Similarly, 
quantitative dietary records may be a valid indicator of the amount 
of food consumed by an individual during a particular period of 
observation, but they may not necessarily indicate the usual food 
consumption by that individual during other times. Thus, this 
technique mayor may not be a valid indicator of the person's 
usual, or habitual, dietary intake. It is essential that the person 
carrying out nutritional assessment think critically about the appro
priate application of a particular test and understand its physiologi
cal basis to be sure that the technique is applied and interpreted 
correctly in any given circumstance. 

The accuracy of an assessment technique is the extent to which 
its results approximate the true value of what is being measured. 
If a test systematically under- or over-estimates the true value, it 
is considered biased. Precision, on the other hand, indicates the 
extent to which repeated measurements of the same samples pro
vide the same results. Precision is also referred to as the reproduc
ibility or repeatability of a test result, and is usually expressed in 
terms of the coefficient of variation (SD * lOO/mean) of repeated 
measurements of the same sample. The concepts of accuracy and 
precision are summarized in Fig. 1. 

Sources of variability in assessment of nutritional status include 
true biological variability (minute-to-minute or day-to-day 
changes in nutritional status indicators, as occurs, for example, 
with changes in body weight or plasma lipoprotein concentrations 
in relation to a meal), instrument error or analytic error (as pro
duced, for example, by fluctuations in electrical current when 
reading a spectrophotometric assay, miscalibration of the instru
ment, or underconcentration or overconcentration of an analytic 
reagent), and interobserver and intraobserver error (as may occur 
during anthropometry if one observer positions the subject differ
ently from another observer or from one subject to another). 
Whereas analytic error and observer error can be controlled or 
minimized by careful attention to detail and frequent training 
and standardization of observers, biological variability must be 
accepted as inevitable. Nevertheless, even biological variability 
can be reduced by standardizing the timing of measurements 

(e.g., in relation to meals or physical activity) and other test condi
tions. 

Time Frame There is a typical progression of signs of deple
tion with regard to most nutritional deficiencies. Thus, the selection 
of appropriate assessmenttools also depends on whether the investi
gator prefers an indicator of the current nutritional condition or pos
sible risk of future depletion or deficiency. In general, nutritional 
deficiency is preceded by a period oflow dietary intake, which leads 
to decreased tissue reserves and lower circulating nutrient levels in 
body fluids (1,2). These early stages oflow intake and tissue deple
tion can be assessed by dietary and biochemical methods, respec
tively. In most cases, disturbances in enzyme function, tissue mor
phology, and physical growth or status occur only after full or partial 
depletion of nutrient reserves. Thus, anthropometric, clinical, and 
some forms of biochemical assessment may be less sensitive to early 
stages of nutritional inadequacy. An exception to this usual 
sequence of events may occur with the so-called "type-2 nutrients," 
such as zinc and phosphorus, in which impaired physical growth 
may be the first evidence of nutritional deficiency (3). 

Even among anthropometric indicators of nutritional status, 
some tests respond more rapidly to recent nutritional disturbances 
than others. Stature, for example, reflects the cumulative nutri
tional situation during periods of active growth, both in utero and 
during childhood. Because negative changes in stature generally 
do not occur (except with compression of the spine during aging), 
stature or height-for-age does not respond rapidly to recent nutri
tional deprivation. On the other hand, indicators of body mass, 
such as weight-for-age and especially weight-for-height and espe
cially indicators of growth velocity (i.e., change in weight or height 
per unit time) are relatively good indicators of recent nutritional 
conditions. For these reasons, the choice of anthropometric indica
tors depends in part on whether one is interested in the effects of 
recent or longer-term nutritional conditions. 

Cost, Complexity, and Acceptability Other considerations 
in the selection of appropriate nutritional assessment techniques 
include their cost, complexity, and acceptability to the patient or 
client. The cost of an assessment procedure refers not only to the 
financial expense of the measurement itself but also to the amount 
of time involved and any necessary capital investment that is 
required to procure the measurement instruments or other essential 
infrastructure. The complexity of a procedure may also affect 
its suitability for different applications. Generally, only simple 
procedures are suitable for field assessments and more complex 
techniques can be performed only in clinical settings. The latter 
techniques are reasonable only when appropriately trained person
nel are available to carry out the procedures. Finally, the degree 
of discomfort and the amount of respondent time required will 
influence the acceptability of particular techniques in different 
situations. Whereas patients may be willing to undergo more 
invasive procedures that are completed to assess their own clinical 
condition, participants in community-based surveys or research 
projects may be more resistant to procedures that do not contribute 
to their own personal well-being or that impose substantial discom
forts or burdens of time. Cultural factors may also dictate which 
procedures are appropriate. In some settings, for example, blood 
drawing may be unacceptable, so alternative assessment tech
niques must be applied. 

Individual Versus Population Assessment Nutritional 
assessment techniques can be used to examine individuals or popu-
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lations. A population refers to a finite aggregation of individuals 
defined by some common characteristic(s), such as their geo
graphic location or age group. Although the same techniques that 
are used to characterize individual nutritional status can also be 
applied in populations, population assessment requires, in addi
tion, the proper selection of a representative sample of the popula
tion of interest. The precision and accuracy with which the popula
tion's status can be characterized depends on the size and 
representativity of this sample. A full discussion of sampling 
design is beyond the limits of this chapter, but appropriate expertise 
must be sought when carrying out population assessment. 

DIETARY ASSESSMENT 
Assessment of the adequacy of dietary intake is generally con
ducted in three stages: 

1. Collection of observed or reported information on food 
intake; 

2. Conversion of food intake to nutrient intake; and 
3. Comparison of nutrient intake with recommended levels 

of consumption. 

The following sections will briefly describe a selection of the 
most commonly used techniques to collect dietary information 
and will then review several key issues concerning the analysis 
and interpretation of this information. 

DIETARY DATA COLLECTION TECHNIQUES Dietary 
assessment techniques can be categorized by the unit of observa
tion, the period of time covered by the data, and the quantitative 
or qualitative nature of the information obtained. With regard to 
the unit of observation, data can be collected for large aggregates 
of people (e.g., global regions and nations), smaller groups (e.g., 
households), or individuals. National data are generally summa
rized for periods of 1 yr, whereas household data are typically 
collected for 1 wk and individual data for single or multiple 
periods of 24 h. The recommended number of subjects to include 
in a study and the appropriate number of study days per individual 
vary by: 

1. Whether group-level or individual-specific data are desired; 
2. Factors related to the individuals or setting that is being 

studied, such as age, physiological status, and culture; 
3. The nutrient(s) of interest; and 
4. The desired level of precision (4,5). 

To describe the typical intake of a group of individuals, it is more 
efficient to study a greater number of subjects for 1 d each. On 
the other hand, to describe an individual's habitual intake, multiple 
l-d periods must be studied. To characterize an individual's usual 
intake, the study design must account for seasonal differences in 
food availability and varied eating patterns on different days of 
the week and holidays. More days of study are required to represent 
the individual's usual intake with the same degree of precision 
when intraindividual (day-to-day) variability is greater. Thus, to 
capture the usual intake of a particular nutrient, such as vitamin 
A, which is present in considerable amounts in a fairly small 
number of foods, more days of study would be needed than to 
characterize the intake of a nutrient, such as protein, which is 
more ubiquitous. 

Quantitative assessment techniques provide data on the actual 
amount of individual foods acquired or consumed within a specific 

period of time, whereas qualitative techniques provide data on 
the usual types (and possibly amounts) of food consumed over 
some longer time frame or a description of usual feeding practices 
(for infants and young children). Depending on the methods 
employed, dietary data may reflect either food availability or food 
consumption. Because of the biomedical focus of this chapter, 
only those techniques used for the assessment of individual food 
consumption will be reviewed. Selected characteristics of these 
dietary assessment techniques and their susceptibility to different 
types of measurement error are summarized in Tables 1 and 2. 

Individual 24-h Recall The 24-h recall history is a system
atic interview conducted to identify and quantify all food con
sumed by an individual during a 24-h period. A trained interviewer 
probes for information on all meals and snacks, including drinks, 
condiments, and so forth, that are consumed both at home and 
outside the home. Consumption of individual foods must often 
be derived by reconstructing recipes or mixed-food preparations, 
unless the composition of these recipes or commercially prepared 
foods is already available in standard food composition tables. 
The accuracy of recall histories can be enhanced by using props 
such as food models, photos, or drawings of common food items 
and portion sizes. As indicated earlier, the appropriate number of 
days of study per individual depends on whether single individuals 
or population groups are being assessed. 

Individual Food Record The food record is similar to the 
24-h recall history, except that either the subject or an observer 
records the data himself or herself at the time of food preparation 
and consumption. The self-obtained food record may be either 
written or recorded on tape. Ideally, all foods that are included in 
recipes and all single food items or composite dishes are weighed. 
However, because of the burden that this imposes on the respon
dent and the potential bias introduced by the fact that only those 
individuals capable of completing the measurements can be 
enrolled in these studies, intakes may also be estimated from 
common household measures, such as cups, spoons, plates, or 
pre-existing data on usual portions sizes. 

Food Frequency Questionnaire Food frequency question
naires are used to provide information on the subjects' usual 
intakes. This data collection instrument differs from the recall 
history and food record because it does not capture the actual 
intake during a specified period of time, but, rather, the typical 
intake over some generally longer interval. With the food fre
quency questionnaire, the respondent indicates, from a pre-existing 
list, those foods that are usually consumed, the typical frequency 
of consumption, and the usual portion size. The respondent burden 
is minimized with this procedure, but the investigator must invest 
a substantial amount of time initially to develop the instrument 
from previously obtained recall histories or dietary records. 

INTERPRETATION OF DIETARY INTAKE DATA Once the 
food consumption data are collected, the foods must be converted 
to nutrients and compared with recommended levels of intake. 
The conversion of food intake to nutrient intake relies on food 
composition tables or computerized databases, occasionally sup
plemented with analyses of any individual foods that are not 
represented in the existing tables. In some cases, nutrient content 
may be corrected for the amounts that are actually available for 
metabolism. For example, algorithms have been applied to correct 
for iron bioavailability, based on the form of iron (inorganic iron 
or heme iron) and the presence in the diet of different enhancers 
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Table 1 
Characteristics of Selected Assessment Techniques for Measuring the Dietary Intakes of Individuals 

Able to 
Able to measure measure usual Requires 
usual intake of intake of educational Relative 

Technique group individual component" Quantitative accuracy Relative cost 

Single 24-h recall Y N N Y ++ + 
Multiple 24-h recalls (y)b Y N Y ++ ++ 
Single 24-h food record (self-recordedy Y N Y Y ++ + 
Single 24-h food record (observed) Y N N Y +++ +++ 
Multiple 24-h food records (self-recordedY (yt y y y ++ ++ 
Multiple 24-h food records (observed) (y)b Y N Y +++ ++++ 
Food frequency questionnaire Y Y N N/(y)d + + 

"Subject must be trained in data collection technique. 
bData can be used to characterize intake by group, but this is not the most efficient design. 
cSelf-collected food records may report either estimated or weighed food amounts, with expected differences in accuracy and precision. 
dJnstrument can be designed to be semiquantitative. 
Note: Regarding relative accuracy and relative cost, + = less accurate, ++++ = more accurate; + = less expensive, ++++ = more expensive. 

Table 2 
Susceptibility of Different Dietary Assessment Techniques to Measurement Error 

Dietary assessment technique 

Source of error 24-h Recall 

Estimated 
food record 

(self-recorded) 

Weighed 
food record 

(self-recorded) 
Observed, weighed 

food record 

Food 
frequency 

questionnaire 

Omitted foods 
Added foods 
Poorly estimated food weights 
Poorly estimated frequency of consumption 
Day-to-day variability 
Intentional change of diet 

Source: Adapted from ref. 1. 

+ 
+ 
+ 

+ 

+/-

+ 

+ 
+/-

+/-

+ 
+ 

+ 
+ 

+ 
+/-
+ 
+ 

Note: + = susceptible to specific type of error, +/- = may be susceptible to specific type of error, - = not susceptible to specific type of error. 

or inhibitors of inorganic iron absorption (6). It is important to 
recognize that the accuracy of food composition tables may be 
affected by many different factors, including the food sampling 
methods (number of foods analyzed, season obtained, production 
site and methods), the analytic techniques and conversion factors 
employed, the food storage and processing techniques used by 
consumer, and whether or not food wastes are considered. 

After converting food intake to nutrient consumption, the nutri
ent intake data are compared with the recommended dietary intakes 
(RDI) to assess the nutrient adequacy ratio. Because the RDI for 
all nutrients other than energy is set at the mean requirement 
for particular age and physiological groups plus two standards 
deviations (to assure that the RDI is sufficient to meet the needs 
of nearly all healthy individuals, ie., approx. 98%, of the group), 
many individuals may consume less than the RDI, yet satisfy their 
own nutrient requirements. Thus, adequacy of intake is sometimes 
also estimated as two-thirds of the RDI, or by the "probability 
approach." The latter method, which is currently recommended 
by the US National Research Council (7), assesses the likelihood 
that an individual's intake of a nutrient is less than his or her 
requirement by assuming that the group's requirement is distrib
uted normally and that the coefficient of variation (CV) of the 
requirement (for nutrients other than energy) is 15% and by assign-

ing a probability that a particular level of intake is low considering 
this distribution of requirements. 

VALIDITY AND PRECISION OF DIETARY ASSESSMENT 
METHODS It is extremely difficult to validate dietary assess
ment methods because of true biological variation in intake and 
difficulty in assuring that the validation procedures themselves 
do not influence intake or the accuracy of the data collection 
technique being evaluated (8). The best validation methods rely 
on either surreptitious observation or comparison of intake data 
with biological measures of intake, such as analysis of tissue 
reserves or excretion of a particular nutrient or metabolite. Studies 
in which reported intakes were independently observed have found 
that low consumers tend to exaggerate their intakes and high 
consumers tend to underreport, resulting in the so-called "flat
slope phenomenon" (9). However, this phenomenon does not have 
much influence on the mean intakes by a group of individuals. 
Dietary assessment methods may also be compared with each 
other to assess their relative precision. 

ANTHROPOMETRIC ASSESSMENT 
Anthropometry can be defined as the measurement of the body's 
mass and/or dimensions. Anthropometry is a particularly attractive 
method of nutritional assessment because most of the techniques 
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are relatively simple to perform, safe, cheap, and portable. On 
the other hand, anthropometry is relatively insensitive to recent 
changes in nutritional conditions and is not specific to particular 
nutritional deficiencies. To assure optimal accuracy and precision 
of anthropometric techniques, the measurement instruments 
should be calibrated frequently and observers should be standard
ized periodically. 

ANTHROPOMETRIC TECHNIQUES The aspects of the 
body that are most commonly measured for the purpose of nutri
tional assessment are described briefly in this section. Measure
ment of body weight indicates the amount of body tissue accrued 
up to a particular point in time or during some period of observa
tion. Body weight describes the combined mass of all body com
partments (fat mass, fat-free tissue mass, water, and skeleton), 
but does not distinguish among them. Measurement of height 
indicates the cumulative linear growth prior to the time of the 
measurement or during a period of assessment. Height is measured 
as supine length in children less than 2 yr of age and as stature, 
or standing height, in older children and adults. Mid-upper-arm 
circumference (MUAC) is sometimes used as a screening tool in 
place of weight measurements. MUAC can also be used along 
with the triceps skinfold thickness to calculate the arm muscle 
area and arm fat area, which provide an estimate of the relative 
size of the body fat mass and fat-free mass. Measurement of 
skinfold thickness at various peripheral sites (arms and legs) and 
central sites (back, chest, abdomen) can be used to assess the 
amount and distribution of body fat. Elbow breadth is measured 
to characterize the body "frame size," which is used in the interpre
tation of ideal body weight of adults. Head circumference corre
lates with brain size and is usually used to detect microcephaly 
and macrocephaly in children up to 24 mo of age, but is generally 
not used independently as an indicator of nutritional status. 

INTERPRETATION OF ANTHROPOMETRIC TECHNIQUES 
Attained Size Versus Growth Attained size (e.g., body 

weight or height) is the product of prior nutritional and health 
experience and does not necessarily reflect recent events. Growth, 
on the other hand, refers to the change in body size during an 
interval of time and reflects the nutritional and health conditions 
during that interval. Assessment of growth requires measurements 
at more than one point in time. Measurements of growth are more 
sensitive indicators of recent nutritional circumstances than static 
assessments of current size. 

Anthropometric Indices and Reference Data for Assessing 
Children An anthropometric index is a combination of two or 
more measurements of body size or of a measurement of body 
size and age. Examples of anthropometric indices are weight-for
age, height-for-age, weight-for-height, body mass index, and arm 
muscle area. The height-for-age index reflects achieved linear 
growth in relation to that expected for children in the reference 
population who are of the same chronological age and sex. Low 
height-for-age indicates shortness (which may be normal) or 
"stunting" (which implies that the low height is pathological). 
High height-for-age indicates tallness. In rare clinical cases, this 
may be due to endocrine disorders, such as growth hormone
producing tumors. 

Weight-for-height reflects body weight in relation to that 
expected for children in the reference population who are of the 
same height and sex. Low weight-for-height indicates thinness 
(which may be normal) or "wasting" (which implies recent starva
tion or severe disease). High weight-for-height indicates over-

weight or obesity. Overweight may be due to increased fat mass 
or lean body mass. Thus, although there is a strong correlation 
between overweight and obesity, the latter can only be measured 
by assessing adiposity directly (e.g., by measuring skinfold thick
ness). Nevertheless, at the population level, most individuals with 
high weight-for-height are obese. 

Weight-for-age is useful to describe body mass in relation to 
that expected for children in the reference population who are of 
the same chronological age and sex. This index is influenced by 
both the height and weight of the child, making interpretation 
more difficult than for the two aforementioned indices. In popula
tions that have little wasting, weight-for-age provides similar infor
mation as height-for-age. 

Growth velocity refers to the change in weight or length per 
unit time. For example, weight velocity = (wz-w1)/(tz-tJ), where 
W2 is the weight at the end of the interval of observation (t2) and 
WJ is the weight at the beginning of the interval (t1)' Measures of 
growth velocity are the anthropometric indicators that are most 
sensitive to an individual's recent or current nutritional situation. 

Anthropometric indices can be expressed as percentiles, percent 
of median, or Z-scores in relation to the distribution of values in 
the selected reference population. Percentiles refer to the rank 
position of an individual's measurement on a particular reference 
distribution, stated in terms of what percentage of the reference 
group that the individual equals or exceeds. Thus, a child of a 
given age whose weight falls on the tenth percentile weighs the 
same or more than 10% of the reference population children of 
the same age and sex. Percentiles are often used clinically to 
describe the nutritional status of individuals whose data fall within 
the range of the reference population. In general, percentile data are 
easy to interpret. However, because the same interval of percentile 
values corresponds to different absolute amounts of weight or 
height at higher or lower positions of the reference distribution, 
it is not possible to calculate summary statistics, such as means 
and standard deviations of percentiles. Percentiles are also not 
very useful in populations where many or most individuals fall 
outside the range of the reference population. 

The percent of median is the ratio of a measured value of an 
individual to the median value of the reference data for individuals 
of the same age or height and sex, expressed as a percentage. 
This index is easy to calculate and reasonably easy to interpret. 
For example, if a 12-mo-old boy weighs 8.12 kg and the reference 
median weight-for-age is 10.15 kg, the boy's percent of expected 
weight-for-age = (8.12)(100)/10.15 = 80%. The percent of median 
is interpretable even when the individual's measurement falls 
outside the range of the reference data. However, there is no fixed 
correspondence between the percent of median and the distribution 
of values of the reference population across age or height. For 
example, 80% of the median weight-for-height may be either 
above or below the third percentile at different ages. Moreover, 
the cutoffs of percent of median that are nutritionally important 
vary for different anthropometric indices. To approximate a cutoff 
of the third percentile, for example, the usual cutoff for height
for-age is 90% of the median, whereas for low weight-for-age 
and weight-for-height, the usual cutoff is 80% of the median. 

Z-scores express the anthropometric value as the number of 
standard deviations (or Z-scores) below or above the reference 
median. The Z-score is calculated as the difference between the 
subject's measurement and the reference median divided by the 
reference standard deviation (SD). For example, if a 69-cm-tall 
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Table 3 
Waterlow Classification of Moderate/Severe Undernutrition 

Percent median weight-for-height 

Percent median heightjor-age >80% <80% 

>90% Nonnal Wasting 
<90% Wasting Stunting and wasting 

boy weighs 6.3 kg and reference median weight-for-height for a 
69-cm-tall boy is 8.5 kg and the reference SD is 1.0 kg, then 
the boy's Z-score weight-for-height = (6.3-8.5)/1.0 = -2.2 Z. 
A particular Z-score value implies a constant height or weight 
difference in relation to the reference population median regardless 
of the indicator or age. Z-scores can be subjected to summary 
statistics, such as means and standard deviations. 

Anthropometric reference data describe the characteristics of 
some well-defined population and are used to provide a common 
basis for comparing different populations. Reference data, then, 
do not necessarily indicate some desirable norm or target size. The 
World Health Organization/Centers for Disease Control (WHO/ 
CDC) reference population is the one that is currently used most 
commonly for international comparisons of children (10), and 
public domain software is available to convert raw weight and 
height data into anthropometric indices using this information (11 ). 

Anthropometric indicators are also used to classify the degree 
of severity of malnutrition. The Gomez classification, for example, 
is based on percent of median weight-for-age, with >90% of 
median considered to be normal, 76-90% of median labeled as 
mild undernutrition, 61-75% of median as moderate undernutri
tion, and <61 % of median as severe undernutrition. The Waterlow 
classification is based on a cross-tabulation of percent median 
height-for-age and percent median weight-for-height (Table 3). 

Anthropometric Indices and Reference Data for Assessing 
Adults Because adults have stopped growing, indicators oflinear 
growth no longer reflect recent or current nutritional conditions. 
Thus, in adults, anthropometry is used primarily to determine the 
presence of obesity or underweight. Several different ratios of 
body weight in relation to height have been used to predict the 
likelihood of obesity. The most common indices are the body 
mass index (BMI) and the ponderal index. The BMI, also known 
as Quetelet's index, is calculated as weight (in kg)/heightz (in m). 
For example, an individual of weight of 70 kg and height of 178 
cm or 1.78 m has a BMI = 70/(1.78)2 = 70/3.17 = 22 kglm2. 
According to WHO, a BMI <18.5 indicates chronic energy defi
ciency, 18.5-25 is normal, 25-30 indicates mild overweight, 30-
40 indicates moderately severe overweight, and >40 indicates 
severe overweight (12). Other classification systems suggest that 
a BMI >27 may be associated with an increased risk of heart 
disease, hypertension, and diabetes (13). The ponderal index, 
which is used less frequently than the BMI, is calculated as height! 
(weight)113. 

The Metropolitan Life Insurance tables of "ideal body weight" 
relate the weight and height of policy holders aged 25-59 to 
subsequent mortality. The tables indicate the weight ranges in 
relation to frame size that are associated with greatest longevity. 
These tables can be criticized because the policyholders are not 
representative of the general population, pre-existing disease may 

have been present, and the quality of the data is suboptimal. For 
example, some of the weights were reported and not measured, 
and the subjects' shoes and clothing were often not removed. 
Nevertheless, the large study sample and the fact that the anthropo
metric data were related to a critical functional outcome-mortal
ity-make this a valuable resource. Reference tables of the weight 
and height of a representative sample of noninstitutionalized US 
adults 18-74 y of age is also available from the US National 
Center for Health Statistics (NCHS), although these data have not 
been related to subsequent mortality. 

Measurements of skinfold thickness at various superficial ana
tomic sites are used to estimate total body fat. Equations that have 
been derived from empirical observations of different populations 
can be used to convert the skinfold data to body density, which 
is, in tum, related to the percent body fat (14,15). Total fat mass 
can then be calculated from body weight and percent body fat. 

CLINICAL ASSESSMENT 
Clinical assessment of nutritional status is comprised of the stan
dard medical history and physical examination. Whereas dietary 
assessment focuses on food and nutrient intake, the clinical history 
elicits information on symptoms that might influence the utiliza
tion of nutrients and on other factors that might be involved in 
the etiology of nutritional disease. For example, symptoms of 
diarrhea or intestinal malabsorption would increase the likelihood 
of nutritional depletion, even when dietary intake appears to be 
sufficient, and a history of prior intestinal surgery, such as ileal 
resection, would heighten suspicion concerning malabsorption of 
specific nutrients. Likewise, consumption of drugs that are known 
to interfere with nutrient absorption or metabolism is an important 
piece of information to elicit during nutritional assessment. 

The physical examination includes inspection and palpation of 
tissues whose integrity is affected by extreme nutritional condi
tions. A complete discussion of the range of physical abnormalities 
associated with particular nutritional diseases is beyond the scope 
of this chapter. Nevertheless, some of the principal physical find
ings associated with nutritional diseases are listed in Table 4. It 
is important to realize that clinical evidence of nutritional defi
ciency or excess is generally a fairly late indicator of nutritional 
disease. Thus, although clinical assessment is an important compo
nent of the general nutritional evaluation, it is less useful than 
other methods for detecting early or mild nutritional disease. 

BIOCHEMICAL ASSESSMENT 
Biochemical assessment consists of laboratory analysis of: 

1. The concentrations of nutrients in body tissues, circulating 
fluids, or excreta; 

2. Carrier or storage proteins associated with these nutri
ents; or 

3. Enzymes whose function is directly dependent on them. 

In all cases, attention must be devoted to the proper collection, 
handling, preparation, and analysis of specimens for the results 
to be interpretable. Also, the range of normal values for different 
biochemical indicators may vary by age group, geographic setting 
(e.g., altitude), racial group, and presence of infection, so caution 
is needed in the interpretation of laboratory results. 

Space does not permit a full discussion of the entire range of 
available biochemical assessment techniques for all nutrients, so 
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Table 4 
Selected Physical Signs of Nutritional Disease 

Anatomic site Clinical signs (and associated nutrients) 

Hair 
Eyes 
Mouth 

Depigmentation (protein); alopecia, hair loss (zinc, protein) 
Xerophthalmia, Bitot spots, corneal ulceration (vitamin A); conjunctival pallor (iron, folate, vitamin Bl2) 

Angular stomatitis (riboflavin, other B vitamins); glossitis, cheilosis (B vitamins); swollen, hemorrhagic gums 
(vitamin C) 

Goiter (iodine) 
Hepatomegaly (protein) 

Neck 
Abdomen 
Bones Rachitic rosary, flaring of long bones (vitamin D, calcium) 
Skin and nails 

Nervous system 
Heart 

Capillary fragility, petechiae (vitamin C); dryness, peri-follicular hyperkeratosis (vitamin A); "flaky-paint" dermatosis 
(protein); erythematous macular rash of exposed skin (niacin); erythema and desquamation of intertriginous areas 
(zinc); subcutaneous fat (energy); palmar pallor (iron, folate, vitamin B'2); nonspecific rash, nail loss (selenium) 

Parasthesias, depressed reflexes (vitamin Bl2) 

Blood 
Tachycardia, congestive heart failure (thiamin); cardiomegaly, arrhythmia, congestive heart failure (selenium) 
Anemia (iron, folate, Bl2, vitamin A), neutropenia (copper) 

assessment of just three nutrients-vitamin A, iron, and zinc
will be presented in some detail. These nutrients were chosen 
because they illustrate a broad range of issues concerning biochem
ical assessment and because each of these nutrients is believed 
to be involved in immune function. 

BIOCHEMICAL ASSESSMENT OF VITAMIN A STATUS 
In well-nourished individuals, more than 90% of the total-body 
vitamin A is stored in the liver, and plasma retinol concentration 
is homeostatic ally regulated within a fairly narrow range. Only 
at the extremes of vitamin A deficiency or toxicity does the plasma 
retinol concentration directly reflect total body reserves (16). Thus, 
a number of other clinical and biochemical tests have been devel
oped in an attempt to distinguish among the categories of deficient, 
marginal, adequate, excessive, and toxic vitamin A status. 

Direct biopsy of the liver and measurement of tissue vitamin 
A concentration is considered the best quantitative indicator of 
vitamin status, although care must be taken because of uneven 
distribution of vitamin A in liver tissue (17). Because of the 
invasiveness of this procedure, however, it is generally used only 
to validate other indirect measures of vitamin A status (18,19) or 
to assess population status by completing autopsies of previously 
healthy victims of accidental deaths (20,21). Recently, isotope 
dilution techniques using tetra-deuterated retinol have also been 
applied successfully to estimate total-body vitamin A pool size 
quantitatively (19,22). This technique is still limited by the high 
cost of the labeled retinol and the isotope-ratio analyses, and 
further validation of the technique is still required for different 
age groups and physiological conditions. 

The plasma vitamin A concentration is the biochemical test 
that has been used most commonly to identify individuals and 
populations with a high risk of vitamin A deficiency. A plasma 
concentration less than 10 /lg/dL (0.35 /lmollL) is considered to 
be indicative of deficiency, and concentrations between 10 and 
20 /lg/dL (0.35 and 0.70 /lmollL) are felt to be consistent with 
marginal vitamin A status. Plasma retinol concentrations > 140 
/lgidL (4.9 /lmollL) are indicative of vitamin A toxicity. At the 
population level, when more than 20% of individuals have a 
plasma retinol concentration < 20 /lg/dL, the population is said to 
have a public health problem with regard to vitamin A status (16). 

In addition to its lack of direct correlation with total vitamin 
A reserves, as described above, the major disadvantages of the 

plasma retinol concentration as an indicator of vitamin A status 
are the need to obtain venous blood, the analytic complexities 
(analysis generally relies on the availability of high-performance 
liquid chromatography), and the confounding effects of infection 
and protein deficiency. Because retinol-binding protein (RBP), 
the vitamin A carrier protein in plasma, is an acute-phase reactant, 
the plasma retinol concentration is diminished in the presence of 
infection or systemic inflammation (23). Thus, this test may be 
unreliable in infected individuals or in popUlations with a high 
prevalence of infectious diseases; an independent biochemical 
indicator of systemic inflammation, such as C-reactive protein or 
alpha, acid glycoprotein, should probably be measured simultane
ously in individuals at high risk of infection. Likewise, the plasma 
RBP concentration decreases in the presence of severe protein 
deficiency, so the plasma retinol concentration may be unreliable 
under this circumstance (24). 

The relative dose response (RDR) test was developed to over
come the inability of plasma retinol concentration to identify 
individuals with marginally depleted hepatic reserves. For the 
RDR test, plasma retinol concentration is measured immediately 
before and 5 h after administering a small dose (approximately I 
mg) of retinol. In depleted individuals, there is a rapid rise in 
plasma retinol concentration, so that the difference between the 
baseline and 5-h level is at least 20% of the latter value. Although 
the RDR test has been validated in comparison with hepatic retinol 
concentrations in surgical patients (18), concerns have been raised 
about poor intraindividual reproducibility of results from one week 
to the next (25). Because the RDR test requires two blood samples, 
a modified test has also been developed using an analog of retinol 
(didehydro-retinol, vitamin Az) for the vitamin A dose (26). This 
analog can be distinguished from the plasma retinol in the 5-h 
sample and interpreted in a similar way as the standard RDR test, 
but without the need for a baseline blood sample. 

To avoid the need for any blood sampling, breast milk retinol 
concentration can also be used as a measure of vitamin A status 
of lactating women and their infants. Although the relationship 
between milk retinol concentration and maternal vitamin A stores 
is not well understood, it does appear that women with low reserves 
of vitamin A also have low breast milk vitamin A concentrations. 
Moreover, the vitamin A content of breast milk responds to supple
mentation of depleted women (27) and vitamin A fortification of 
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foods they consume (28). Because the concentration of retinol in 
milk also varies in relation to milk fat content, some investigators 
suggest adjusting the retinol concentration for the level of fat (24). 

BIOCHEMICAL ASSESSMENT OF IRON STATUS The 
biochemical assessment of iron status is well developed, and tech
niques are available to detect deficient, adequate, and excessive 
iron stores, as well as functional complications of iron deficiency. 
In the normal individual, when dietary intake or absorption of 
iron is low, iron can be mobilized from the storage compounds, 
ferritin and hemosiderin, to permit synthesis of hemoglobin and 
other metabolically active iron-containing compounds. When iron 
reserves become depleted, hemoglobin synthesis is compromised 
and the concentration of free erythrocyte protoporphyrin (PEP), 
the iron-free precursor of heme, increases in red blood cells. At 
the same time, the hemogobin concentration of blood begins to 
fall, as does the mean corpuscular volume (MeV). Iron transport 
in circulating blood also decreases during iron deficiency, so the 
percent saturation of the iron-transport protein, transferrin, is 
decreased. By measuring some or all of this battery of iron-related 
indicators, it is possible to distinguish among different stages and 
severity of iron deficiency or overload. 

The small quantities of ferritin that are present in serum are 
proportional to total-body ferritin, so, in most cases, the serum 
ferritin concentration provides a good estimate of total-body iron 
reserves. Serum ferritin is generally measured by radioimmuno
assay, which requires the availability of a gamma counter, or more 
recently by enzyme-linked immunoassay. A concentration of less 
than 12 /-lg!L is generally accepted as evidence of iron deficiency 
(29), although some authors recommend a slightly higher cutoff 
value (30). Serum ferritin is a less reliable indicator of iron defi
ciency in infants (31) and shortly after initiating iron therapy (29). 
In both cases, serum ferritin concentrations may fall in the normal 
range despite the presence of other evidence of iron deficiency. 
The serum ferritin concentration also increases considerably in 
the presence of infection or systemic inflammation, and several 
field studies have found that the presence of infection markedly 
reduced the apparent prevalence of iron deficiency (32,33). There
fore, this test should not be applied in infected individuals or 
those with elevated acute-phase reactants. 

Hemoglobin concentration can be measured spectrophotomet
rically, and dedicated portable instruments are now available for 
field use (34). Normal values for hemoglobin vary with age, sex, 
altitude, and, possibly, race (29). Although iron deficiency can 
certainly be the precursor of anemia (low hemoglobin concentra
tion), there are many other causes as well. Thus, other nutritional 
deficiencies, hereditable diseases, infections, blood loss, and other 
reasons for anemia must be considered in the differential diagnosis. 
For this reason, a combination of tests is generally recommended 
for the diagnosis of iron-deficiency anemia. 

The MeV can be measured by electronic counter or derived 
from the ratio of hematocrit (packed red blood cell volume) to 
red cell count obtained microscopically. The former technique is 
more precise and less subject to the sampling problems that occur 
with determination of hematocrit. The MeV also varies with 
age, so appropriate reference values must be applied. Anemia 
associated with a low MeV is most often due to iron deficiency, 
although thalassemia minor produces a similar constellation of 
findings. 

The PEP, which is assayed fluorometrically, can be used to 
distinguish between iron-deficiency anemia and thalassemia 

minor. PEP is elevated in the former condition but not the latter. 
However, PEP also increases in the presence of inflammation and 
lead toxicity, so these conditions must be excluded for a definitive 
interpretation of this test result. 

Because most iron in serum is bound to transferrin, the transfer
rin saturation is measured as the ratio of serum iron to total iron
binding capacity, expressed as a percentage. In the presence of 
iron deficiency, the transferrin saturation falls below 7-16%, 
depending on age (29). The transferrin saturation value is also 
affected by diurnal variation in serum iron concentration and by 
inflammation, so it is generally used as aid in diagnosis rather 
than a primary diagnostic tool. Transferrin saturation >60% is 
likely to indicate iron overload. 

BIOCHEMICAL ASSESSMENT OF ZINC STATUS Zinc 
was selected as one of the nutrients reviewed in this section 
because it poses special problems for biochemical assessment. 
Unlike the situation with inadequate dietary intake of vitamin A 
and iron, where tissue stores can be mobilized to maintain normal 
physiological function until the deficiency becomes severe, there 
does not seem to be a large, readily exchangeable reserve of zinc 
(35). Instead, tissue zinc concentrations appear to be conserved 
by decreased fecal excretion of endogenous zinc and, in children, 
by a deceleration or cessation of growth. Thus, there may be no 
readily detectable biochemical evidence of early zinc deficiency, 
despite its negative impact on tissue synthesis and physical growth. 
Only with more severe or prolonged deficiency does plasma zinc 
concentration decline. 

The mean plasma zinc concentration in humans is approxi
mately 100 /-lgldL (approx. 15 /-lmollL), which is considerably 
less than its concentration in many other tissues (36,37). The total 
amount of zinc circulating in plasma is less than 0.2% of the total
body zinc content. Because the concentration of zinc in tissues 
such as muscle and liver is approximately 50 times greater than 
that of plasma, small variations in uptake or release of zinc from 
these tissues can have a profound effect on the plasma zinc concen
tration. For these reasons, it is not surprising that plasma zinc 
concentration does not portray total-body zinc stores reliably under 
all circumstances. For example, release of zinc from muscle tissue 
that is catabolized during starvation can result in transient, seem
ingly paradoxical, elevations in plasma zinc (38). On the other 
hand, meal consumption induces a considerable postprandial 
reduction in plasma zinc concentration, even when dietary zinc 
intake and tissue reserves are presumably adequate (39). Despite 
these apparent discrepancies, when zinc intake of adult volunteers 
is severely restricted, the plasma zinc concentrations do fall within 
a fairly short period of time (40). 

Although low plasma zinc concentration may be a useful sign 
of zinc deficiency in many situations, there are many factors that 
confound the interpretation of this test. Determinants of plasma 
zinc concentration other than recent zinc consumption are hypo
albuminemia, which influences absorption and transport of zinc 
(41), infection (42,43) and other forms of stress, such as tissue 
injury imposed by surgery (44) and strenuous physical exercise 
(45), pregnancy (46), and intestinal diseases that interfere with 
zinc absorption (37). 

The relationship between plasma zinc concentration and infec
tion is of special importance because many of the same populations 
that are at greatest risk of zinc deficiency also have high rates of 
infections. A number of experimental studies, both in laboratory 
animals and adult human volunteers, have found a consistent 
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decline in plasma zinc concentration shortly before or after the 
onset of febrile infections (43) or administration of bacterial endo
toxin (42). These changes in circulating zinc levels are associated 
with elevations of selected plasma proteins, such as C-reactive 
protein, alpha)- antitrypsin, haptoglobin, and alpha) acid glycopro
tein, a predictable set of metabolic reactions to infection or tissue 
injury known as the acute-phase response. Researchers have found 
that the acute-phase response is mediated by cytokines such as 
interleukin-l and tumor necrosis factor-alpha, which stimulate 
secretion of interleukin-6 and glucocorticoids, both of which acti
vate, in tum, hepatic synthesis of metallothionein (MT), an intra
cellular metal-binding protein (47). Studies have confirmed that 
MT stimulates hepatic uptake of zinc and the consequent reduction 
in plasma zinc during inflammation (48). 

Despite the fairly consistent occurrence of transient hypo
zincemia during acute, febrile, experimentally induced infections 
and following the administration of endotoxin or cytokines, several 
factors can modify the impact of natural infections on plasma zinc 
concentrations. For example, there is some evidence from clinical 
studies that the magnitude of change in plasma zinc concentration 
is related to the severity and stage of infection (49). Several studies 
have also shown that the cytokine response to infection is reduced 
in malnourished experimental animals (50) and in humans with 
protein-energy malnutrition (50,51). Thus, infection may exert 
less of a confounding effect on plasma zinc concentration in 
malnourished individuals. 

The relationship between infection and plasma zinc has been 
examined in several cross-sectional, community-based studies in 
developing countries (32,52,53). Notably, none of these three 
studies detected significant relationships between the presence of 
infection and the children's serum or plasma zinc concentrations. 
The discrepancy between these results and those of the aforemen
tioned experimental trials and clinical studies of adults may be 
due to methodological differences in the research protocols or to 
differences in the severity of the infections. For example, the 
studies of experimentally induced infections (42) and the clinical 
studies of hospitalized patients (43) were conducted in adults, 
whereas the community-based studies were carried out in children. 
Thus, it is conceivable that the distinct age ranges of the study 
populations contributed to the different outcomes. Also, it is likely 
that the children included in the community studies had less severe 
infections than those that were induced in the adult subjects, 
thereby reducing the impact of the children's infections on their 
plasma zinc concentrations. Whatever the explanation, the results 
of the small number of community studies that are currently 
available suggest that common, acute infections encountered in 
community settings may not undermine the utility mean plasma 
zinc concentration as an indicator of zinc status. 

Several additional pieces of evidence suggest that the mean 
plasma zinc concentrations of groups of individuals provide useful 
information about their zinc status, even though the results in any 
particular individual may be less reliable. First, in a recently 
completed meta-analysis of the effects of zinc supplementation 
on children's growth, one of the factors that predicted whether a 
particular population had a significant growth response to zinc was 
the baseline mean plasma zinc concentration (54). Study popula
tions with lower initial mean plasma zinc concentrations had sig
nificantly greater increments in weight and length in response to 
zinc supplementation. Second, in the same analysis, there were clear 
and sizable increases in the mean plasma zinc concentrations fol-

lowing supplementation. Thus, this assessment tool appears to be 
helpful both to predict whether a population is likely to have a 
growth response to zinc supplementation (indicating that they are 
zinc deficient) and to monitor intake of zinc supplements. 

For plasma zinc concentrations to be useful indicators of a 
population's zinc status, care must be taken to avoid technical 
problems that may affect the results of the analyses. Many of 
these problems, which are related to either blood sampling or 
specimen processing, have been discussed previously (55,56). 
Briefly, plasma zinc concentration varies according to the time 
or day, proximity of meals, and occurrence of recent exercise or 
other forms of stress. Ideally, these conditions should be standard
ized, to the extent possible, in field settings. The sizable magnitude 
of the postprandial decline in plasma zinc concentration argues 
for particular attention to this factor. Once the blood sample is 
obtained, the serum or plasma should be separated as quickly 
as possible to prevent contamination with zinc released from cells 
(57). Likewise, results from hemolyzed samples should be consid
ered unreliable because of the loss of cellular zinc to serum or 
plasma. Other issues, such as contamination of specimens with 
zinc from needles, syringes, anticoagulants, transfer pipets, rubber 
stoppers, dirty glassware, and impure reagents have been reviewed 
previously (55). 

In summary, there is clear evidence that severe infections and 
other forms of stress, particularly when encountered in hospitalized 
adults or accompanied by fever or other indicators of an acute
phase response, produce a fall in plasma zinc concentrations. 
Nevertheless, infections do not seem to affect the mean plasma 
zinc concentrations of groups of children examined in community
based studies. Because the mean plasma zinc concentration has 
been found to be a useful predictor of children's growth response 
to zinc supplementation, this laboratory test should be considered 
a potentially useful indicator of the zinc status of popUlations of 
children, even in settings where there is a high prevalence of 
common childhood infections. 

FUNCTIONAL ASSESSMENT 
Functional assessment refers to the examination of some physio
logic or behavioral competence that may be affected by nutritional 
deficiency or excess. Specific categories of function that are 
affected by nutritional status are structural integrity, host defense, 
transport, hemostasis, reproduction, nerve function, and work 
capacitylhemodynamics (58). Examples of functional assessment 
tests include evaluation of immune responses, psychomotor devel
opment, muscle strength, and sexual maturation. Test procedures 
developed to evaluate these specific categories of function have 
been reviewed comprehensively (58), so they will not be amplified 
any further in this chapter. Examination of immune responses will 
be described in detail in subsequent sections of this volume. 

SUMMARY 
Nutritional assessment is comprised of dietary, anthropometric, 
clinical, biochemical, and (sometimes) functional techniques to 
evaluate the nutritional condition of an individual or popUlation. 
Dietary assessment provides information on the likelihood of low 
(or high) intake, and consequent risk of undernutrition (or overnu
trition), but it does not characterize nutritional status per se. There
fore, studies of dietary intake must be combined with other mea
sures to characterize actual nutritional conditions. Anthropometric 
assessment encompasses the measurement of body mass and/or 
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physical dimensions. Anthropometry is simple to perform, safe, 
inexpensive, and portable, but it is relatively insensitive to recent 
changes in nutritional conditions and is not specific to particular 
nutritional deficiencies. Clinical assessment includes the medical 
history, which is targeted to elicit information on symptoms and 
signs that might influence the utilization of nutrients, and physical 
examination of specific issues whose integrity can be affected by 
extreme nutritional conditions. Biochemical assessment consists 
of laboratory analysis of: 

1. The concentrations of nutrients in body tissues, circulating 
fluids, or excreta; 

2. Carrier or storage proteins associated with these nutri
ents; and 

3. Enzymes whose function is directly dependent on them. 

Finally, functional assessment refers to the examination of physio
logic or behavioral functions that are affected by nutritional defi
ciency or excess. Combinations of these tests can be applied to 
identify those individuals or population groups that might benefit 
from some form of nutritional (or other therapeutic) intervention 
and to evaluate the success of these interventions. 
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2 Evaluating Malnutrition 
What Should the Physician Look For? 

CHARLES H. HALSTED, MO 

INTRODUCTION 
Using a variety of defining criteria, malnutrition with increased 
in-hospital morbidity was described 2 decades ago in 48% of 
medical patients (1) and in 50% of surgical patients (2). Other 
historical studies showed that malnutrition leads to more frequent 
postoperative complications in surgical patients (3,4) and to more 
frequent hospital admissions in the elderly (5). A recent study from 
the Netherlands that used two methods of multivariate analysis 
to correct for concomitant disease severity found evidence of 
malnutrition in 45-57% of patients with gastrointestinal and other 
medical diseases as a predictor of increased morbidity and mortal
ity (6). However, in spite of these compelling data, the clinical 
definition of malnutrition remains enigmatic and few physicians 
consider the nutritional state in the patient evaluation or treat
ment plan. 

Malnutrition, or bad nutrition, occurs under many guises in 
clinical medicine, from the severely obese patient with multiple 
medical complications to the severely underweight patient who 
presents to the clinician with one or more of a variety of underlying 
disorders. As examples, the severely obese patient may exhibit 
hypertension, dyspnea with signs of fluid retention, epigastric pain 
due to esophageal reflux, and joint pain secondary to osteoarthritis. 
At the other end of the spectrum, clinical malnutrition may present 
as loss of subcutaneous fat with muscle wasting, or, less obvious, 
normal fat but decreased muscle mass with peripheral edema, and 
may be a major feature of medical and surgical patients with 
chronic wasting diseases such as autoimmune deficiency syndrome 
(AIDS) and cancer, acute pancreatitis, intestinal diseases including 
malabsorption syndromes, renal or hepatic failure, and prolonged 
surgical convalescence associated with wound or systemic infec
tions. Given this array of clinical presentations, it is important to 
approach malnutrition in a systematic fashion, using the conven
tional approaches of the patient history, physical findings, selective 
laboratory tests, and specialized procedures. Because the topic of 
obesity is covered separately in Chapter 26, this chapter will focus 
on the undernourished patient. 

From: Nutrition and Immunology: Principles and Practice (ME 
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BODY COMPOSITION AND THE 
METABOLIC RESPONSE TO ILLNESS 
The approach to nutritional assessment requires physician under
standing of certain principles of the composition of the body 
compartments and the metabolic response to starvation and the 
stress of illness. In general, the human body is composed of about 
25% fat (more in women than in men), 35% extracellular fluid, 
and the remaining 40% as the bony skeleton and the body cell 
mass, or metabolic machinery of the body, which is contributed 
by cells of the intestine, liver, kidneys, brain, heart, hematopoietic 
system, and skeletal muscle (7). Energy balance is maintained by 
the ingestion of dietary calories commensurate with expenditure 
of energy necessary to sustain life. In health, the resting, or basal, 
energy expenditure (BEE) is equivalent to the dietary calorie 
requirement and is a function of body weight (W), height (ll), 
age (A), and gender. This value is given by the Harris-Benedict 
formula as 

BEE = 66.473 + 13.751 W + 5.0033H -6.7550A kcal/d for men 

BEE = 65.50955 + 9.4634W + 1.8496H 
- 4.6756A kcal/day for women (8). 

As an alternative to this formula, a simple rule of thumb is 
that basal or resting energy expenditure is roughly equal to the 
patient's body weight in kg times 25 kcaVd. To these calculations, 
one should add an additional 10% for the thermic effect of diges
tion and an exercise factor ranging from 10% for minimal to 40% 
for highly active. While the acutely ill patient is at bedrest, the 
stress of illness increases energy expenditure by 12.5% for every 
degree of fever over 37°C. Acute surgery adds 25%, sepsis 70%, 
and bums up to 100% to the BEE. 

Simple starvation, defined functionally as failure to ingest or 
absorb sufficient dietary calories to sustain normal weight and 
function, results in body energy conservation with a decrease in 
the metabolic rate and BEE. Energy needs are maintained mainly 
by the mobilization of body fat stores at about 150 gld, or 1350 
kcaVd of stored energy, which is sufficient to sustain life for 2-3 
mo, depending on body fatness. At the same time, body protein 
stores of about 12 kg are conserved by reducing protein catabolism 
(breakdown) from 75 to 20 gld (9). Starved individuals present 
a clinical picture of cachexia with profound loss of body fat as 
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Table 1 
Evaluating Patient History for Malnutrition 

Cause Clinical setting examples Deficiencies 

Impaired intake or absorption Poverty, eating disorders, gastrointestinal obstruction, intestinal 
malabsorption, chronic alcoholism, AIDS 

Body fat, skeletal muscle, multiple 
rnicronutrients 

Abnormal nutrient metabolism Major surgery, sepsis, cancer, AIDS, chronic liver disease Skeletal and visceral protein, multiple 
rnicronutrients 

Increased nutrient losses Chronic diarrhea of any cause, inflammatory bowel disease Visceral protein, phosphate, zinc, iron, 
magnesium, potassium 

well as progressive depletion of skeletal muscle. On the other 
hand, metabolic stress such as occurs with acute surgery, sepsis, 
or other critical illness is associated with increased metabolic rate 
with release of glucocorticoids, epinephrine, and cytokines, all of 
which accelerate skeletal muscle catabolism with increased use 
of protein at rates up to 240 gJd in order to meet requirements of 
gluconeogenesis. Untreated, this rate of protein loss can result in 
50% depletion of body protein stores within 2-3 wk, a condition 
incompatible with life. Because accelerated muscle protein catabo
lism is associated with increase in extracellular water, stressed 
individuals may not be underweight, but typically manifest clinical 
edema and progressive depletion of skeletal muscle (10). However, 
a more common clinical picture is the malnourished patient who 
requires surgery or develops acute or chronic illness and demon
strates a mixture of starvation and protein catabolism. Examples 
include patients with inflammatory bowel disease, recurrent pan
creatitis, chronic infection such as AIDS and tuberculosis, and 
invasive cancers. These individuals are likely to present with 
combinations of edema together with rapid loss of body fat and 
skeletal muscle superimposed on an underlying body habitus of 
starvation. 

THE PATIENT HISTORY OF MALNUTRITION 
In modem society, malnutrition is typically associated with pov
erty, an eating disorder, chronic alcoholism or other substance 
abuse, a variety of gastrointestinal diseases, cancer, and chronic 
infectious illness such as tuberculosis and AIDS. These disorders 
fall under three broad etiologies of malnutrition: impaired dietary 
intake, inadequate absorption of nutrients, and altered metabolism 
with excessive nutrient losses (Table 1). Regardless of the cause, 
the experienced physician should focus the patient history on 
change in the patient's body weight and appetite, as well as on 
features of the underlying illness that may contribute to malnutri
tion. Most patients are aware of their usual body weight, which 
can be compared to the recorded weight; an unintentional decrease 
in body weight greater than 10% from the usual weight is consid
ered significant. Concomitant with the physician's disease
oriented history, it is useful in most instances to complement the 
history with information from the clinic or hospital dietitian on 
the amount and composition of the patient's diet. For example, 
the physician's history of anorexia and weight loss in the absence 
of other clinical findings would prompt suspicion of a psychologi
cal condition such an anorexia nervosa or depression, which would 
be substantiated by the dietitian's quantification of reduced and 
inadequate food intake. A history of diarrhea and weight loss in the 
absence of anorexia would prompt suspicion of a malabsorption 
syndrome such as chronic pancreatitis, the short-bowel syndrome, 
or celiac disease, which would be supported by the dietitian's 

history of adequate dietary intake. A history of indolent fever 
with weight loss would prompt consideration of AIDS or other 
chronic infectious diseases, whereas weight loss with diarrhea and 
crampy abdominal pain should lead to consideration of inflamma
tory bowel disease. 

THE PHYSICAL EXAMINATION 
The physical examination should focus initially on estimation of 
weight loss, then on changes in body composition and specific 
features of nutrient deficiencies. Body weight is considered in 
terms of its percentage of the patient's ideal body weight for 
height. Although tables are available for ideal weight for height 
(11), a workable formula (± 10%) is that a healthy man should 
weigh 106 Ibs for 5 ft of height, plus another 6 Ibs for every 
additional inch, whereas a healthy woman should weigh 100 Ibs 
for the first 5 ft., then 5 Ibs for each additional inch (12). Actual 
body weight less than 90% of ideal is considered significant, 
whereas a patient weight less than 70% of ideal body weight is 
consistent with severe malnutrition, and weight less than 60% is 
tantamount to impending death. An alternative approach is to 
calculate the body mass index (BMI), a measurement that accounts 
for body height that is given as BMI = body weight (in kg)/ 
body height (in m2). BMI values below 19 are consistent with 
malnutrition and those below 13 are incompatible with life, 
whereas values greater than 25 are consistent with overweight 
and >30 with progressive obesity, and increased risk of mortality 
is a J-shaped function of the BMI value (13). 

ANTHROPOMETRY Anthropometry refers to measure
ments of subcutaneous body fat and skeletal muscle. Practically, 
anthropometry requires the use of skinfold calipers and a tape 
measure. Body fat is estimated from the thickness of the skinfold 
of the posterior mid-upper arm and ranges between 7.5 and 12.5 
mm for men and between 10.0 and 16.5 mm for women. Muscle 
mass is estimated by measuring the mid-upper-arm circumference 
(in cm), then subtracting 3.14 (pi) times the triceps skinfold thick
ness (in cm). Normal mid-arm circumference values range between 
20.0 and 25.5 cm for men and between 18.5 and 23.0 cm for 
women ( 14). The limitations of anthropometry include the need for 
an experienced observer, special calipers for measuring skinfold 
thickness, and the frequently obscuring variables of altered body 
water resulting in edema or dehydration. 

SKIN TESTS AND LYMPHOCYTE COUNTS Malnutrition 
causes a shrinkage of lymphoid structures, a decrease in total 
lymphocytes, and a reduction in cell-mediated immune function, 
but an unchanged immunoglobulin response to infection. The total 
lymphocyte count, given as total white blood cells times percent 
as lymphocytes, correlates roughly with severity of malnutrition 
when the result is less than 1000/mm3• However, the totallympho-
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Table 2 
Physical Examination of the Malnourished Patient 

Deficiency 

Body fat 
Essential fatty acids 
Protein 

Vitamin A 
Thiamine 

Niacin 

Riboflavin 
Pyridoxine 

Folic acid 
Vitamin BI2 

Vitamin C 

Magnesium 
Zinc 

Iron 
Phosphorus 

Physical finding 

Weight loss 
Seborrheic rash 
Weight loss, edema, decreased temporal and 

skeletal muscle mass, parotid enlargement 
Follicular hyperkeratosis, night blindness 
Peripheral neuropathy, ophthalmoplegia, 

cerebellar gait, memory loss, 
confabulation 

Hyperpigmentation of sun exposed areas of 
skin, dementia 

Severe glossitis, angular stomatitis, cheilosis 
Glossitis, cheilosis, angular stomatitis, 

peripheral neuropathy 
Glossitis, pallor 
Glossitis, pallor, loss of position and 

vibratory sensation 
Perifollicular hemorrhage, swollen bleeding 

gums, arthropathy 
Hyperactive reflexes 
Poor taste, delayed wound-healing, "flaky 

paint" rash on lower extremities 
Pallor, spooning of nails 
Acute disorientation 

cyte count is very nonspecific because it can be affected by many 
underlying conditions that contribute to malnutrition, such as acute 
or chronic infection, uremia, cancer, cirrhosis, and acute trauma. 
A similar caveat applies to comprehensive skin testing, where 
anergy is anticipated in severe malnutrition but also in the same 
variety of underlying diseases (15). 

SPECIFIC PHYSICAL FINDINGS IN MALNUTRITION A 
systematic approach to the physical examination, including the 
general appearance, skin, mucus membranes, and neurological 
examination provides specific clues to specific features of malnutri
tion (12, Table 2). In the absence of skinfold calipers, the depletion 
of body fat can be estimated by the "pinch test," in which only 
minimal tissue is present between the examiner's thumb and first 
finger when compressing the posterior skin of the upper arm. 
Deficiency of visceral protein and skeletal muscle protein is evi
dent by the presence of edema, easily plucked hair, transverse 
depigmentation of the nails, sunken temporal muscles, decreased 
arm circumference as evidenced by the ability to circumscribe the 
upper arm with one's forefinger and thumb, and muscle wasting 
of the thighs according to visual inspection. Specific skin rashes 
include perifollicular hemorrhages with corkscrew hairs in vitamin 
C deficiency (classical scurvy), a dry "flaky paint" rash on the 
lower extremities consistent with zinc deficiency, hyperpigmenta
tion of skin-exposed areas consistent with niacin deficiency (classi
cal pellagra), a "goose bump" rash with dry skin in vitamin A 
deficiency, and naso-labial seborrhea in essential fatty acid defi
ciency. Examination of the conjunctivae is useful for evaluating 
the severity of anemia. Angular stomatitis and cheilosis, or crack
ing of the comers of the mouth and of the lips, nonspecifically 
suggest deficiency of riboflavin, pyridoxine, or niacin, whereas 
glossitis, or a smooth red tongue, is a nonspecific manifestation 
of vitamin C, riboflavin, vitamin B12, folate, pyridoxine, or niacin 

deficiency. Hypertrophied and easily bleeding gums suggest vita
min C deficiency of scurvy, but it can also occur in dilantin toxicity. 
Parotid enlargement and loss of tooth enamel are indicative of 
recurrent vomiting with protein deficiency, prompting a potential 
diagnosis of anorexialbulimia or gastric obstruction. The neurolog
ical system provides many signs of specific deficiency states. 
Thiamine deficiency, common in chronic alcoholic patients, is 
typically manifest by combinations of ophthalmoplegia, a wide
based cerebellar gait, a peripheral stocking-glove type of neuropa
thy (Wernicke syndrome), and, more severely, with cerebral 
degeneration with memory loss and confabulation (Korsakoff syn
drome). Peripheral neuropathy is also consistent with pyridoxine 
deficiency or underlying chronic diabetes. A specific neuropathy 
with loss of distal position and vibratory sensation is characteristic 
of the subacute combined degeneration of vitamin BI2 deficiency. 

SUBJECTIVE GLOBAL ASSESSMENT 
A group in Toronto developed an approach to nutritional assess
ment based on recognition and grading of a series of clinical 
parameters in the history and physical examination (16,17). 
According to this approach, the most significant five features of 
the patient evaluation include: 

1. Chronic (approx 6 wk) and recent (2 wk) weight loss; 
2. Anorexia with change in dietary pattern; 
3. Significant gastrointestinal symptoms, including nausea, 

vomiting, and diarrhea; 
4. Decrease in energy level and functional performance; 
5. Assessment of the severity of the underlying illness. 

The most significant four features of the physical examination 
include graded severity of: 

1. Loss of subcutaneous fat tissue; 
2. Skeletal deltoid and quadriceps muscle wasting; 
3. Peripheral and/or sacral edema; 
4. Abdominal ascites. 

On the basis of these criteria, patients are rated as being well 
nourished, moderately malnourished, or severely malnourished. 
The subjective global assessment is comparable with other 
schemes to assess relationships between malnutrition and in
hospital morbidity and mortality. However, as in all aspects of 
medicine, the effectiveness of the subjective global assessment is 
dependent in large part on the skill and experience of the observer. 

THE USE OF THE LABORATORY IN 
NUTRITIONAL ASSESSMENT 
BLOOD MEASUREMENTS As in all aspects of cost-effective 
diagnosis and management, the judicious use of the laboratory 
is an essential part of assessing the spectrum and severity of 
malnutrition in any given patient. Visceral proteins can be esti
mated by the serum albumin, a highly sensitive but only minimally 
specific assay test of malnutrition (Table 3). Serum albumin repre
sents about 40% of the total-body albumin pool, which is main
tained by hepatic synthesis and which turns over at a rate of about 
10% per day. Clinically, the serum albumin level is diminished 
in any condition that results in decreased hepatic synthesis or 
uncompensated accelerated turnover and by fluid shifts and/or 
excessive hydration that increase the intravascular fluid space (12). 
Common clinical conditions that lower the serum albumin level 
in the absence of malnutrition include acute or chronic liver disease 
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Table 3 
Laboratory Assessment of Malnutrition 

Assay 

Serum albumin 

Pre-albumin, transferrin, 
fibronectin 

Vitamin and mineral 
assays 

Serum homocysteine 

Serum methylmalonic 
acid 

Interpretation 

Low value also seen in liver disease, 
nephrotic syndrome, and any 
condition expanding the vascular 
volume; Normal value excludes 
protein malnutrition 

Low value may be more specific for 
malnutrition 

Generally specific, but do not always 
assess body stores or functional 
reserve 

Elevation consistent with folate or 
vitamin BIz deficiency 

Elevation specific for vitamin Bl2 
deficiency 

which reduces liver albumin synthesis and the nephrotic syndrome 
or chronic inflammatory bowel disease, which accelerates albumin 
loss through the urine or intestine. Although simple starvation 
reduces albumin synthesis, the body's albumin pool may be con
served at the cost of depletion of body fat and skeletal muscle. 
On the other hand, the stress of surgery, infection, or other 
inflammatory illness contributes to the development of malnutri
tion while lowering the serum albumin level by dramatically 
decreasing albumin synthesis at the same time as expanding the 
extracellular fluid space. Given this multitude of variables, the 
best that can be said about the serum albumin assay is that a 
normal value in a non starving individual excludes malnutrition. 
Because the half-life of circulating albumin is about 3 wk, mea
surements of shorter-lived visceral proteins has been advocated 
as part of laboratory armamentarium for nutritional assessment. 
Several of these proteins with their normal half-lives include the 
prealbumin-retinol-binding protein complex (2-3 d), transferrin 
(8 d), and fibronectin (1 d). Among these, the serum prealbumin
retinol-binding complex may predict a worse prognosis in patients 
with gastrointestinal diseases, whereas serum transferrin appears 
to correlate with the nitrogen balance test in assessing recovery 
during nutritional support (/8). However, like the serum albumin, 
these measurements can be affected nonspecific ally by acute infec
tion and renal and liver failure. 

If the history and physical exam suggest specific micronutrient 
deficiencies, they can be identified by an array of commonly 
available measurements of vitamins and minerals in the plasma, 
usually by high-pressure liquid chromatography, and each with 
their own range of normal values established by the testing labora
tory (12; Table 3). A low value of vitamin A is found in intestinal 
malabsorption syndromes and chronic liver disease, whereas a 
high level suggests excessive use and potential toxicity. The 25-
OH vitamin D assay is an accurate measure of vitamin D status; 
low levels are seen in intestinal malabsorption syndromes and 
marginal levels may be found in postmenopausal women at risk for 
osteoporosis. Both serum folate and vitamin Bl2 can be measured 
accurately in the serum and are used to differentiate the cause of 
macrocytic anemia. However, as there may be overlap, newer 
complementary tests have been developed based on the metabolic 
cofactor functions of these vitamins. Elevation of the plasma 

homocysteine level is consistent with either folate or vitamin Bl2 
deficiency, whereas the plasma methylmalonic acid level is only 
elevated in vitamin Bl2 deficiency (19). 

SPECIALIZED PROCEDURES 

BODY COMPOSITION BY BIOElECTRICAL IMPEDANCE 
ANALYSIS Bioelectrical impedance analysis (BIA) is a method 
for assessment of body compartments based on electrical conduc
tivity. In practice, current-inducing electrodes are placed on the 
dorsal surfaces of the hands and feet, followed by passage of a 
weak and painless electrical current through the body. Because 
impedance to current flow is greatest through fat and least through 
water, calculations can be derived from the measured impedance 
of current through these two body compartments. Lean body or 
fat-free mass is given by subtracting fat mass from body weight, 
or by dividing the measurement of total body water by 0.73 (7). 
The practical value of BIA is a matter of debate, with a lack of 
clear consensus on its usefulness in the severely obese or critical 
or chronically ill patient (20). Conductivity measurements are 
compromised in the severely obese, where body fat and water are 
concentrated centrally away from the limbs to the intraabdominal 
region. On the other hand, the BIA is limited in critical or chronic 
illness by its inability to accurately detect differences between 
intracellular and extracellular water compartments. This lack of 
precision becomes important in estimating the body cell mass or 
principal metabolic machinery, which is represented by intracellu
lar water and solids and is diminished in malnutrition. However, 
the extracellular fluid compartment is typically increased in mal
nourished and stressed patients, especially in those who have 
received excessive intravenous fluids or who exhibit ascites or 
renal or cardiac failure. Because size and changes in the body 
cell mass compartment are probably the most important predictors 
of mortality and/or response to nutritional support in the malnour
ished patient, the development of reliable techniques to differenti
ate intracellular from extracellular water is critical to the use of 
BIA in the acutely ill patient. At present, BIA can be considered 
a useful tool in comparing nutritional status among free-living 
population groups and in stable chronically ill patients in whom 
fluid retention is not a major factor (Table 4). 

ENERGY EXPENDITURE Actual measurement of the 
patient's energy expenditure is useful in arriving at an accurate 
formulation of the amount and composition of dietary, enteral, or 
parenteral energy requirements. Although estimations of energy 
needs can be approximated on the basis of body weight and 
severity of clinical illness, mixed pictures arise in the patient with 
chronic inflammatory illness, in whom increased metabolic needs 
may be superimposed on starvation, where needs are typically 
reduced, and in the obese patient, whose body weight is overrepre
sented by stored energy as fat. 

Indirect calorimetry is a procedure in which the energy cost 
of metabolism is calculated by respiratory gas exchange using 
measurements of the volumes (V) in liters of oxygen consumed 
and of carbohydrate produced over a given period of time. These 
values are entered into the modified Weir equation (21): Energy 
expenditure (kcal) = 3.9 Voz + 1.1 veoz. Values are normalized for 
24 h. The procedure is reliable in the bedridden patient receiving a 
constant influx of parenteral or enteral nutrition with constant 
body temperature during the day and is best achieved using an 
air-collection canopy or tracheostomy attachment via a mobile 
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Table 4 
Specialized Procedures 

Procedure 

Bioelectrical impedance 
analysis (BIA) 

Indirect calorimetry 

Creatinine height index 

Nitrogen balance 

Muscle function tests 

Interpretation 

Assessment of body fat and total 
body water; other compartments 
problematic 

Reasonably accurate assessment of 
actual energy expenditure and 
requirements 

Accurate measure of skeletal muscle 
protein mass; requires stable renal 
function and accurate 24-h urine 
collection 

Measures balance of net anabolism or 
catabolism; useful in surveillance 
of efficacy of nutritional support 

Most sensitive measure of 
malnutrition, but quantitation andJ 
or equipment can be problematic 

metabolic cart. These measurements can also be used to calculate 
the respiratory quotient (RQ), or ratio of Veo2-produced to O2 

consumed. As an index of substrate use, the RQ is normally around 
0.85 during consumption of a mixed diet or formula, but decreases 
to less than 0.7 when the body draws on its fat stores, as in 
starvation, and increases to greater than 1.0 when carbohydrate 
is provided in excess of needs with resultant lipogenesis. In addi
tion to assessing total energy needs in the hospitalized patient 
candidate for nutrition support, indirect calorimetry is useful in 
monitoring the adequacy and appropriate formulation of nutrition 
support of the malnourished acute or chronically ill patient. 

URINE MEASUREMENTS Twenty-four-hour urine collec
tions are an excellent source of nitrogenous compounds that can 
be used to estimate both muscle mass and the status of anabolism, 
or net muscle protein accretion, versus catabolism, or net muscle 
protein breakdown. The success of these measurements hinges 
most importantly on the reliability and completeness of the urine 
collection as well as on optimal steady-state renal function for 
the individual patient, which, in tum, demands adequate con
stant hydration. 

Creatinine Excretion Because creatinine is the metabolic 
product of creatine, a nearly exclusively skeletal muscle protein, 
measurement of the daily urinary excretion of creatinine can be 
used as an accurate estimation of muscle mass both at baseline 
and in comparisons during nutritional support. Approximately 18 
kg of fat-free muscle releases 1 g creatinine daily for urinary 
excretion. The creatinine coefficient is the amount of creatinine 
released from muscle per kilogram of body weight. For healthy 
men, the creatinine coefficient is 23 mglkg of ideal body weight, 
calculated as described above on the basis of body height. The 
creatinine coefficient for a healthy woman is 18 mglkg ideal body 
weight. These values are independent of age and stable renal 
function, but may vary by 10% according to diet and accuracy in 
urine collection. The creatinine height index provides a close 
approximation of the patient's skeletal muscle mass and is calcu
lated as the ratio of the patient's 24-h urine creatinine excretion 
to the predicted creatinine coefficient of a healthy person at the 
patient's ideal body weight. In practice, a creatinine height index 

of less than 70% is indicative of severe depletion of muscle protein 
with estimated high likelihood of morbidity and mortality 
( 11,12,22). 

Nitrogen Balance This measurement allows the physician 
to determine whether the patient is in a state of net anabolism or 
catabolism of muscle protein. As indicated, during starvation or 
stress, skeletal muscle and visceral protein are continuously broken 
down to amino acids used to meet the body's energy needs through 
gluconeogenesis. Muscle and visceral protein losses are balanced 
by the intake of protein-sparing calories and protein, which can 
be administered orally, by feeding tube, or by parenteral nutritional 
support, depending on the clinical condition of the patient. Dietary 
intake must be calculated carefully by a dietitian using daily calorie 
and protein counts, whereas intakes of protein and calories from 
enteral and parenteral formulas are more readily available. Calcu
lation of nitrogen balance requires the measurement of nitrogen 
in all potential excretory sources. Urinary urea nitrogen measure
ment is available in most community hospitals, from which total 
nitrogen can be calculated by dividing by 0.85. However, measure
ment of total nitrogen excretion by the more specialized Kjeldahl 
technique is more precise and takes into account other sources of 
nitrogen such as urine ammonia that increases significantly in 
patients with chronic liver disease (23). Measurement of total 
nitrogen in gastrointestinal excreta is essential in patients with 
protein-wasting disorders such as the inflammatory bowel diseases 
and in patients with pancreatic or enterocutaneous fistulas. In 
practice, the nitrogen balance is the net difference between protein 
nitrogen entering the patient and protein nitrogen exiting the 
patient through all routes. For this calculation, 1 g of nitrogen is 
equivalent to 6.25 g of protein (or 6.0 g of protein in parenteral 
solutions). Ideal nitrogen balance values fall between 0 and + 1.0; 
negative values reflect the severity of the patient's metabolic 
response to illness and requirement for nutritional support (12). 

MUSCLE FUNCTION TESTS Various muscle function tests 
have been promoted as sensitive measures of malnutrition. These 
tests include measurements of hand-grip strength using a hand 
dynamometer or, subjectively, by squeezing the practitioner's fin
gers, and respiratory muscle strength by blowing against a movable 
paper object (24), as well as the involuntary response of the 
adductor pollicis muscle to electrical stimulation (25). The force 
frequency and relaxation rate of this muscle in response to a 
standard stimulus is more sensitive than anthropometry or serum 
protein measurements and can predict malnutrition before other 
clinical measurements of skeletal muscle deficiency (25). 
Although sensitive, these tests are limited by the lack of quantita
tive standardization and by the limited availability of equipment. 

Summary: Why Assess Patient Malnutrition? This chapter 
has provided an outline to the approach to assessing malnutrition 
in the clinic or hospitalized patient that follows the conventional 
paradigm of the patient history, physical examination, laboratory 
tests, and specialized procedures. Although this outline presents 
a reasonable clinical approach for the physician, it should, in many 
instances, be complemented by the dietitian's evaluation of the 
amount and composition of the diet. With the exception of certain 
of the procedures, every other method of evaluation discussed is 
in easy reach of the primary care physician who practices in the 
community setting. 

Given the wide availability of methods of nutritional assess
ment, one must ask why only the rare practitioner considers this 
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approach in his or her overall clinical evaluation of the sick patient. 
Overlooking nutritional assessment can be ascribed in part to the 
fact that clinical nutrition education is included in only a minority 
of medical schools and residency training programs and, in spite 
of great patient interest, a convincing argument for the role of 
nutrition in health and disease has not yet been made to the medical 
profession. There are several sides to this argument. 

Clearly, malnutrition is both common and consequential in 
hospitalized patients, where clinical evidence continues to exist 
in about half of all patients with implications for prolonged hospital 
stay and complications of clinical illness (1,2,6). These statistics 
provide an a priori argument not only for improved awareness 
and techniques for evaluating nutrition but increased efforts to 
treat malnutrition in order to prevent costly and life-threatening 
complications. Furthermore, in the age of cost-conscious managed 
care, awareness of nutritional deficiencies in the outpatient setting 
and their dietary or other specialized treatment would appear to 
be a compelling argument for applying nutritional practices in the 
maintenance of health and prevention of disease. Yet, many of 
the tests (e.g., serum proteins, skin allergy testing, BIA, subjective 
global assessment) lack specificity or precision and there are very 
few unequivocally convincing clinical trials that prove that hospi
tal admissions, morbidity, and mortality can be prevented or 
treated by proper diet and/or nutritional support. As outlined in 
a recent National Institutes of Health sponsored conference, the 
only clinical condition in which nutritional support unequivocally 
saves lives is the short-bowel syndrome, whereas conclusive clini
cal trials are lacking in common conditions such as inflammatory 
bowel disease, pancreatitis, and critical and postoperative care (26). 
Nevertheless, a compelling argument can be made for nutritional 
assessment as a guide to nutritional prevention or support in condi
tions where malnutrition has clearly been shown to present a risk 
of acute or prolonged illness, morbidity, and mortality, such as in 
severely underweight individuals and in severely catabolic patients. 
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3 Evaluation of the Immune System 
in the Nutritionally At-Risk Host 
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AND M. ERIC GERSHWIN 

INTRODUCTION 
Information on the influence of nutrition on immune function gener
ally shows that suboptimal nutrition results in immunological defi
ciencies. Specific influences of nutrition on immunity have recently 
been reviewed by us (1) and are summarized in Tables 1-4. 

As with other animal physiological systems, usable energy and 
the structural components required to build an immune system 
are derived through food intake. Without adequate nutrition, the 
immune system is clearly deprived of components needed to gener
ate an effective immune response. A few of the immunological 
parameters that are often used as measures of the status of the 
immune system and its responsiveness to antigenic challenges 
include leukocyte number and mobility, oxidant balance, protein 
activity, antibody production, and interleukin (IL) release (51). 

The nutritional deficiencies that are of particular interest here 
involve those that compromise an individual's ability to resist 
infectious micro-organisms or cancerous growths. Decreased leu
kocyte proliferation and phagocytic activity could result in less 
clonal expansion of microbe-specific clones of lymphocytes and 
less vigorous microbial elimination. Shifts in oxidant balance 
will have repercussions on the cell cycle. In immune responses, 
proteins play vital roles as antibodies, cytokines, acute-phase pro
teins, components of the complement pathways, transcription fac
tors, and enzymes. Alterations in proteins could, therefore, lead 
to immunologically important changes in enzyme-dependent 
antioxidant protection (e.g. selenium-glutathione peroxidase), 
transcription regulation (e.g. zinc-finger proteins), complement 
activation, antibody-mediated virus neutralization, and intercellu
lar communication via cytokines. This, in tum, would have myriad 
effects on immune responsiveness and homeostasis through the 
disruption of cooperative leukocyte activity. Thus, the immune 
problems related to nutritional deficiencies could range from 
increased opportunistic infections and cancers to suboptimal 
responses to vaccinations, and perhaps other immunological disor
ders such as allergies. Major components of the immune system 
in humans and, where relevant, techniques for assessment of their 
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function are outlined below. In particular, a tier system, which 
considers different local amenities, is proposed for assessment of 
immune parameters. 

THE IMMUNE SYSTEM 
PHYSICAL BARRIERS The first line of defense is the intact 
skin. Its impermeable nature is fortified by lactic acid and fatty 
acids, which decrease the pH of sweat and sebaceous secretions; 
this has an inhibitory effect on most bacterial growth. Similarly, 
the inner epithelial regions of the body are protected by mucosal 
layers which block the attachment of bacteria to the underlying 
cells. The mechanical clearing of mucus and the foreign entities 
trapped within it is accomplished by ciliary movement, coughing 
and sneezing in the lung, or peristalsis in the gut. Tears, saliva, 
and urine perform a washing function to protect epithelial bound
aries. In addition, these mucosal and fluid layers often possess 
bactericidal activity due to the presence of leukocytes, antibodies, 
acids, metals, and enzymes. 

Normal bacterial flora, typically of the skin or intestinal lumen, 
also protect the host from pathogenic microbes through competi
tion for nutrients and the release of inhibitory compounds. For 
example, lactic acid is produced by commensal bacterial species, 
and colicins, antibacterial proteins produced by Escherichia coli, 
disturb the membrane of certain bacteria by forming voltage
dependent channels. When these protective microbes are disturbed 
through antibiotic treatment, opportunistic infections may ensue. 

PHAGOCYTES Phagocytes are cells that consume other cells 
and particles and become important following breaches of physical 
barriers. Phagocytosis, an early development in the evolution of 
the immune system, is an activity widely used in both innate 
and acquired immune responses. Neutrophils (polymorphonuclear 
cells) and macrophages are the two main phagocytes and both 
are produced in the bone marrow and released into blood. Mature 
neutrophils are characterized by a multilobed nucleus and a large 
reservoir of cytoplasmic granules that are used in the degradation 
of phagocytosed bacteria. Myeloperoxidase, defensins, bacteri
cidal/permeability-increasing factor, and cathepsin G are con
tained in the "primary azurophilic granules," whereas lactoferrin, 
lysozyme, alkaline phosphatase, and cytochrome b558 are found in 
the secondary granules of neutrophils. 
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Table 1 
Immune Consequences of Nutritional Depletion 

Nutrient Decrease in Increase in 

Food restriction (2,3) • Immunocompetence at less than 60% of • Circulating B cells 
body weight • Circulating antibodies 

• CD4+/CD8+ ratio 
• Plasma complement 

Caloric restriction (mice and rats) 
(4-8) 

• Tumor virus expression and malignancies • T-Cell proliferative response 
• Proliferation of autoreactive B 1 cells 
• Pro-inflammatory and Thl cytokines 

(IL-6, TNFa and TGFP) 

Severe protein and protein-energy 
deficiency (9-11) 

• Humoral and cell-mediated parameters • Oxidative stress 

Protein deficiency (mice)a (12-17) • Delayed-type hypersensitivity • Th2 tolerance 
• Circulating IgG • Oxidative stress 
• Tissue repair • Splenic suppressor T cells 
• Macrophage functions 

Amino acid restriction (arginine and 
glutamine particularly) (18) 

• Immune competence, because arginine 
promotes T-cell development, growth, and 
thymic integrity, and glutamine is an energy 
source for leukocytes 

Nucleic acid restriction (19,20) • Natural-killer activity 
• Recovery in sepsis 
• Cell-mediated immune response including 

delayed-type hypersensitivity, graft rejection, 
IL-2 production, T-cell proliferation, 
polymorph, and natural-killer cell functions 
(mice) 

Fatty acid supplementation (21,22) • Inflammation, helped by n3 fatty acids • Immune suppression, with saturated fats 
being the most immunosuppressive • Fatty acid composition and fluidity of cell 

membranes as influenced by diet • Fatty acid composition and fluidity of cell 
membranes as influenced by diet 

Note: All data from humans except where indicated in mice or rats. 
aMice fed an even moderately protein-deficient diet will reduce their food intake, resulting in protein-energy malnutrition. 

Macrophages circulate in the blood as monocytes (52) (nor
mally 1-6% of circulating leukocytes) and then undergo further 
maturation to become tissue macrophages or histiocytes. They are 
widely distributed in the host and, in different tissues, attain dis
tinct morphological characteristics of separate nomenclature, such 
as Kupffer cells in liver or osteoclasts in bone. Macrophage gran
ules differ from those in neutrophils in that they are cytoplasmic 
bodies and contain acid hydrolases such as proteases, nucleases, 
and lipases. Importantly, unlike the polymorphonuclear cells, mac
rophages can recycle degraded antigen to the cell surface for 
antigen presentation to lymphocytes (see the following sub
section). 

Phagocytes recognize bacteria in a number of ways, ranging 
from nonspecific attachment via hydrophobicity to specific 
receptor-ligand interactions. In any case, particles> 100 nm in 
diameter activate intracellular contractile systems, which trigger 
phagocytosis and fusion of the cytoplasmic granules with the 
particle-containing phagosome. Phagocytes also generate reactive 
oxygen molecules for the killing of micro-organisms and this 
activity is called the respiratory, oxidative, or metabolic burst due 
to the characteristic increase in oxygen consumption (53). Cells 
are protected from their own toxic oxidative compounds by several 
antioxidant systems, including vitamins C and E, the sulfhydryl-

containing tripeptide reduced glutathione, and enzymes such as 
catalase, which enzymatically converts H20 2 to water and oxygen. 

The longer life-span of macrophages (months) compared to 
neutrophils «48 h) is reflected by differences in their rate of 
degradation of engulfed materials. Phagocytosis by macrophages 
tends to be slower than by neutrophils and the metabolic burst 
is less intense. Such a strategy provides short- and long-term 
phagocytic function in the elimination of microbes and other 
particulate foreign materials. 

As with all circulating leukocytes, measurement of the percent
age of neutrophils and monocytes is a useful indicator of immune 
status in an individual. This may be assessed by microscopic 
analysis and counting of cells in a blood film (blood count) or 
by using flow cytometry, which sorts cells based on their size, 
granularity, or specific cell surface antigens that are detected with 
fluorescent monoclonal antibodies. The flow cytometer uses a 
hydraulic system to pass single cells, from a cell suspension, 
before a laser source so that leukocytes may be individually pheno
typed. Prior to analysis, cells are incubated with commercially avail
able fluorescent monoclonal antibodies, allowing identification of 
different leukocyte subtypes or their degree of activation. Flow 
cytometry is an indispensable tool for sophisticated immunological 
diagnostics and research. A wide range of fluorescent probes are 
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Table 2 
Vitamins and the Immune System 

Vitamin A (2,23-27) 
Deficiency reduces leukocyte numbers, lymphoid tissue weights, complement, T-cell functions, tumor resistance, NK- cell numbers, 

antigen-specific IgG and IgE, and Th2 numbers 
Deficiency increases IFN-y synthesis [except in one study (28)] 
Supplementation increases lymphocyte proliferation, tumor resistance, graft rejection, and cytotoxic T-cell activity 
Excess vitamin A has adjuvant effects, perhaps by inhibiting T-cell apoptosis 
Important for maintaining the integrity of epithelial and mucosal boundaries, as Th2 growth factor 

Vitamin B Complex (2,29-32) 
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Pyridoxine (B6) deficiency reduces lymphocyte numbers and proliferative responses to mitogen, lymphoid tissue weights, graft rejection, 
IL-2 production, DTH reactions, antibody responses 

Pyridoxine supplementation protects against the immunosuppressive effects of UV-B radiation 
Bl2 deficiency depresses phagocyte functions, DTH responses, T-cell proliferation 
Biotin deficiency reduces thymic weights, antibody responses, lymphocyte proliferation 
Pantothenic acid deficiency reduces antibody responses 
Thiamin deficiency reduces thymic weight, antibody responses, PMN mobility 
Riboflavin deficiency decreases antibody responses, thymic weight, circulating lymphocyte numbers 

Vitamin C (31-33) 
Deficiency lowers phagocyte activity, tumor resistance, DTH reactions, graft rejection, wound repair 
Antioxidant function protects phagocytes from auto-oxidation 

Vitamin D (34,35) 
Stimulates monocyte and macrophage development and phagocytosis 
Selectively suppresses Th I, and not Th2 or CD8+ T-cell activity 

Vitamin E (31-33, 36-39) 
Deficiency reduces lymphocyte proliferation, phagocyte functions, tumor resistance 
Supplementation increases lymphocyte proliferation, antibody levels, DTH reactions, IL-2 and 6-keto PGFla production, phagocytosis, 

Thl activity 
Supplementation reduces PGE2 synthesis 

Table 3 
Trace Elements and the Immune System 

Copper (40-43) 
Deficiency reduces antibody production, phagocytic activity, IL-2 production, T cell proliferation, and neutrophil respiratory burst and 

candidacidal activity in mice and rats; decreases T-cell proliferation in humans 
Deficiency increases B-cell numbers 
Involved in complement function, cell membrane integrity, Cu-Zn superoxide dismutase (SOD), immunoglobulin structure 

Iron (41,44) 
Deficiency reduces DTH reaction, graft rejection, and cytotoxic activity of phagocytes 
Low plasma iron selectively inhibits proliferation of Thl, and not Th2, cells 
High plasma iron interferes with IFN-yactivity 
Important in the formation of reactive oxygen and radicals during respiratory burst 
Component of metalloenzymes 

Magnesium (45,46) 
Deficiency increases thymic cellularity, eosinophils, IL-l, IL-6, TNF-a, and histamine levels 
Deficiency reduces acute-phase proteins and complement activity 
Influences cytotoxicity of CTL through interactions with ATP and adhesion molecules 
A component of metalloenzymes 

Selenium (47-49) 
Deficiency reduces antibody production, cytokine synthesis, cell-mediated cytotoxicity, lymphocyte proliferation 
A component of the antioxidant enzyme glutathione peroxidase 

Zinc (41,50) 
Important for thymocyte development, T-cell function, and thymic integrity 
Deficiency results in reductions in T-cell development, thymic hormone release, and T-cell functions 
Component of many proteins including zinc-finger transcription factors, Cu-Zn SOD, prolactin, and MHC class I 
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Table 4 
Antioxidants and the Immune System 

Antioxidant defenses include antioxidant vitamins and trace 
element components of antioxidant enzymes. 

Dietary oils oxidized by heating or frying may compromise 
antioxidant defenses. 

Kwashiorkor is characterized by oxidant stress. 
CD8+ T cells may be more susceptible to oxidant damage than 

CD4+ T cells. 
Because cell-mediated immune responses produce reactive oxygen 

and radical species, the Thl cell may be an important focus for 
feedback inhibition by products of inflammation. 

available for measuring not only the presence of cell-surface mark
ers (e.g., CD [clusters of differentiation] and adhesion molecules), 
but also intracellular molecules (e.g., cytoskeleton, DNA) and 
cellular processes (e.g., calcium release, cell cycle). The capacity 
to concurrently stain for more than one marker or process and 
the ability to quantitate the intensity of fluorescence give the user 
the ability to monitor the status of specific cell types (54). 

Functional studies of phagocytes include examining the phago
cytic and chemotactic activities, lysosomal activity, metabolic 
burst, and the production of IL-I by resting and stimulated macro
phages and neutrophils (55). The antigen-presenting capacity of 
macrophages can also be measured. Short-term (hours to days) 
cell culturing are usually sufficient to study these cellular func
tions. The phagocytic activity of macrophages can be assessed 
through the incubation of cells with phagocytic materials. Uptake 
of bacteria can be determined by the number of colonies recover-

able from the culture medium (and, therefore, not phagocytosed). 
The uptake of plastic beads is quantified by microscopic examina
tion and counting of beads. 

The ability of leukocytes to migrate toward a chemoattractant 
source is also a measure of immunological responsiveness. One 
classic method for examining this ability is the use of a Boyden 
chamber. In this two-compartment vial, cells are placed in one 
end and a chemoattractant material is added to the other. Migration 
is assessed by counting the number of cells that cross the boundary 
between the two compartments. An alternative to measuring 
migration is the observation of morphological changes believed 
to precede cell movement (56). 

Oxidative burst is most commonly measured through the pro
duction of reactive oxygen species (ROS), such as H20 2 and 
superoxide anion, or the generation of reactive nitrogen intermedi
ates. Most commonly, colorimetric assays are used when color 
changes are detected either with a spectrophotometer or an ELISA 
reader (57,58) (enzyme-linked immunosorbent assays [ELISAs] 
will be described later). The measurement of IL-I and other cyto
kines will be presented in the subsection on cytokines. 

LYMPHOCYTES AND ANTIGEN PRESENTATION All 
leukocytes (Table 5) develop from a unique, self-renewing, pluri
potential hematopoietic stem cell (59), and different develop
mental signals and tissue microenvironments give rise to the diver
sity of white blood cells. There is much interest in the 
identification, purification, and nature of this stem cell, as it may be 
ideal for bone marrow transplantation. Such a cell can potentially 
reconstitute the full range of leukocytes without the hazards of a 
graft-versus-host (GVH) reaction that may occur following the 
implantation of more mature effector donor cells. In GVH disease, 

Table 5 
The leukocytes 

Cells 

Lymphocyte 
B 

T 

Bla, BIb 
B2 

CD4+ CD8-

CD4-CD8-
NK 

Phagocyte 
Neutrophil (PMN) 

Monocyte/macrophage 

Granulocyte 
Eosinophil 

BasophiUmast cell 

Thrombocyte 
Platelet 

Characteristics and functions 

Dominant B cells in the peritoneal cavity and gut-associated lymphoid tissue (GALT); produce IL-lO and 
autoantibodies; Bia expresses surface CDS marker, whereas BIb does not. 

B Cells normally found in the circulation; they produce antibodies to foreign antigens; CDS marker not 
present. 

T Helper cells; Thl and Th2 promote cell-mediated and antibody-mediated immune responses, respectively; 
Thl produces IL-2 and IFN-y, Th2 produces IL-4, IL-S, and IL-IO 

T Cytotoxic cells that kill other cell types; also T suppressor cells that regulate immune responses by 
cytotoxicity and cytokines. 

T Cytotoxic cells that often express the yo TCR and are situated at GALT. 
Cytotoxic for some virus-infected and tumor cells; producer of many cytokines. 

First-line defense against microbes; found in circulation and GALT; producer of enzymes and reactive 
oxygen 

Monocyte found in the circulation; macrophage is the activated form of the monocyte; localized in tissues; 
producer of enzymes, cytokines, and reactive oxygen; important antigen-presenter to T cells. 

Important in antihelminth response; producer of enzymes, IL-S, reactive oxygen; involved in IgE-mediated 
allergies by their Fce receptors. 

Basophils are in the circulation, whereas mast cells are localized in tissues; producers of vasoactive molecules 
during the inflammatory response; involved in IgE-mediated allergies by their Fce receptors. 

Involved in blood coagulation; producer of vasoactive molecules and arachidonic acid metabolites. 
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the donor immune system recognizes the host as foreign and 
initiates a reaction to recipient tissues. It is still unresolved whether 
the implantation of donor stem cells without also manipulating 
the tissue microenvironments, some of which change with age 
(e.g., thymus), can fully reconstitute an entire immune system. 
Lymphocytes are key cells of the acquired immune response most 
commonly the subject of investigation when assessing immune 
function and are, therefore, discussed in some detail here. 

T (THYMIC-DEPENDENT) LYMPHOCYTES T Lympho
cytes develop from self-renewing progenitors which migrate from 
the bone marrow to the thymic gland, where maturation occurs 
(60,61). Surface markers are commonly used in determining the 
developmental stage of thymocytes; progenitors are initially 
CD3-CD4-CDS-, but following gene rearrangement in the thymic 
cortex, the T-cell receptor (TCR) is expressed (CD3+). The yo T 
cells remain CD4-CDS-, whereas the a~ T cells convert to a 
CD4+CDS+ phenotype and mature to either CD4+CDS- (helper T) 
or CD4-CDS+ (cytotoxic T) cells. Positive clonal selection results 
in the restriction ofT cells to recognize host major histocompatibil
ity complex (MHC). Finally, thymocytes migrate to the thymic 
medulla, where clones recognizing self-antigen-MHC complexes 
are eliminated (negative selection) to minimize the potential for 
autoreactivity. Mature T cells are then released into the peripheral 
circulation. The mammalian thymus begins to atrophy during 
puberty, but T-cell development may shift to other tissues, in 
particular, the gastrointestinal tract (62,63). 

T cells normally only recognize antigen that is presented to 
them by an antigen-presenting cell (APC) such as a macrophage 
or dendritic cell. APCs process and present antigen with either 
MHC class I or class II. Both MHC class I and II molecules are 
transmembrane heterodimers which contain structural domains 
formed by disulfide bridging. MHC class I heterodimers are com
posed of a nonpolymorphic ~rmicroglobulin, from chromosome 
15, and a polymorphic a-chain with three disulfide-linked 
domains. Class II antigens are formed by polymorphic a- and 
~-chains, each with two immunoglobulin domains. Both MHC 
molecules contain clefts that bind peptide antigens through nonco
valent interactions. MHC class I is usually involved in the presenta
tion of endogenous antigen to CD4+ T cells, allowing the detection 
of abnormal cellular proteins that may arise, for example, from 
tumorigenesis or viral infections. In contrast, MHC class II pres
ents protease-degraded exogenous antigen to CDS+ T cells. In 
both cases, interaction of the MHC-antigen complex and TCR 
are required for antigen recognition, although additional APC-T
cell interactions of costimulatory molecules are required to deter
mine the magnitude and type of T-cell response. 

The TCR, which is expressed with only a single antigenic 
specificity, is a heterodimer composed of disulfide-linked a- and 
~-chains (64,65) or y- and o-chains (66). The two isotypes (a~ 
and yo) are encoded by separate genes and show different antigen 
specificity, MHC restriction, effector functions, and anatomical 
location. The TCR includes a complex of nonpolymorphic acces
sory proteins (CD3) required for TCR expression and function. 
The T-cell receptors bind to the MHC-presented peptide antigens 
via noncovalent molecular interactions such as electrostatic 
charges, hydrogen-bonding, and Van der Waals forces. 

A major feature of the adaptive immune system is immunologi
cal memory, which reduces the probability of disease recurrence 
in normal individuals. Following the initial contact with an immu
nogen, clonal selection of lymphocytes occurs, allowing rapid 

expansion of antigen-specific T and B cells upon secondary anti
genic exposure. Phenotypic and functional differences readily dis
tinguish memory from naive lymphocytes. Memory T cells are 
more readily stimulated by succeeding contact with antigens and 
there are alterations in the expression of various T-cell surface 
markers. Adhesion molecules increase and there is a change in 
the isoform of the leukocyte common antigen, namely CD45, 
which is found in a high-molecular-weight form (CD45RA) on 
naive T cells and a low-molecular-weight form (CD45RO) on 
memory cells. The change from a CD45RA to CD45RO phenotype 
suggests T-cell activation, although in the absence of antigenic 
stimulation, CD45RO+ cells may revert to the RA phenotype. 

HELPER T CELLS (CD4+CDS-) Depending on local signaling 
and soluble mediators, activated CD4+ T cells may differentiate 
into Thl- or Th2-type cells. The former favor inflammatory 
responses such as the activation of macrophages, whereas the latter 
activate humoral responses such as the production of antibodies by 
B cells. Potentially activated T cells are also carefully autoregu
lated by means of deletion, which is the elimination of certain 
lymphocyte clones, or anergy, which renders T cells unresponsive 
(67). Several factors contribute to the selectivity of T cells for 
deletion or anergy, including maturity of the T cell, the type of APC 
involved in the T cell-APC interaction, and the affinity of TCR
antigen-MHC binding. In particular, costimulatory receptor
ligand interactions and cytokine signaling dictate the selectivity 
of T cells. In the absence of such associated signals, TCR-MHC 
interactions tend to result in T-cell anergy rather than activation. 

The percentages of CD4+ and CDS+ T cells in the totallympho
cyte population and their ratio to each other as well as the extent 
of their activation provide useful indicators of an individual's 
immune status and can be determined by staining cells with fluo
rescent antibodies and counting them on a fluorescence micro
scope. Such visual counts will not permit the accurate quantitation 
of fluorescence intensity nor the ability to segregate the fluores
cence of multistained cells. However, this method can provide 
useful information of cells stained with a single marker. Flow 
cytometry (described earlier) represents a more accurate way of 
quantitating T-cell subsets or of distinguishing several cell types 
through the use of multiple markers. 

The ability of lymphocytes to proliferate upon activation pro
vides another tool for assessing lymphocyte health. In such a 
proliferation assay, mononuclear cells are isolated from peripheral 
blood and are cultured in the presence and absence of mitogens, 
such as phytohemagglutinin (PHA), lipopolysaccharide (LPS), or 
Concanavalin A (Con A), which activate the cells polyclonally 
(i.e., in an manner not involving the antigen-specific receptor). 
Following a short period of culture (approx 3 d) cells are pulsed 
with 3H-thymidine, which is incorporated into the de novo synthe
sized DNA of proliferating cells, allowing their quantitation by 
scintillation counting. T-Cell proliferation may also be stimulated 
by the mixing of leukocytes from genetically different sources. 
Such allogeneic activation is induced by TCR-MHC interactions, 
as cells from one source will recognize the other MHC as foreign. 
Both cell types may proliferate simultaneously and the selective 
measurement of proliferating cells from one source is achieved 
by y-irradiating cells from the other source prior to mixing. y-Irrad
iated cells then serve solely as stimulators for the unirradiated 
cells and, again, proliferation is determined by 3H-thymidine 
uptake. This test is used as one functional measure of MHC 
differences (histocompatibility) between individuals and is consid-



26 PART 1/ NUTRITIONAL ASSESSMENT 

ered an in vitro counterpart to tissue mixing (e.g., tissue grafts, 
bone marrow transplants). 

Monocyte-T cell interactions during the process of antigen 
presentation are important for the generation of antigen-specific 
immune responses. In order to measure this process, blood mono
cytes, T lymphocytes, and antigens are cultured together, and 
T-cell activation is monitored. The readouts are usually T-cell 
proliferation and cytokine production. 

CYTOTOXIC T CELLS (CD4-CDB+) Cytotoxic T cells are 
required for the elimination of abnormal host cells. Mature 
CD4-CD8+, up TCR+ T cells are generally MHC class I restricted 
and traditionally fall into two major categories. Suppressor T cells 
inhibit the activation phase of immune responses, although reports 
are variable on their MHC-restricted interactions, expression of 
TCR, CD markers, and antigen-specificity (68-70). Cytotoxic T 
lymphocytes (CTLs) are important in the killing of vir ally infected 
cells and tumor cells and their origins have been outlined earlier. 
CTLs can themselves act as effectors, killing infected cells directly 
(71) through recognition of target antigens by the T-cell receptor 
and the polarization and release of cytoplasmic granules in the 
vicinity of the target cell. Cytotoxicity is accomplished by apop
tosis and lysis, whereas the release of y-interferon reduces the 
spread of virus to neighboring host cells. 

NATURAL-KILLER (NK) CELLS Elimination of abnormal 
host cells is the prime function of the natural killer (NK) cell 
(72). NK cells constitute about 15% of circulating lymphocytes 
and, morphologically, appear as large granular lymphocytes with 
low nuclear : cytoplasmic ratios. They appear distinct from T
and B-lymphocyte lineages because certain immunodeficiency 
states are characterized by a lack of T and B cells but not NK 
cells. Nonetheless, NK cells share certain characteristics with 
CTLs and yo T cells in terms of cytotoxic activities, target-cell 
specificities, surface markers, and cytokine production. The bind
ing of lectinlike NK receptors to carbohydrate ligands on target 
cells appears important in NK-cell activity (73). Mice deficient 
in NK cells generally show an increased susceptibility to the 
metastatic spread of tumors, although NK cells do not eliminate 
all malignancies. Indeed, there is evidence that the expression of 
MHC class I molecules on target cells is inversely related to their 
elimination. Immediately following NK-target cell interaction, 
cytotoxic granules are released by NK cells at the region of contact. 
The best characterized granule constituent, perforin or cytolysin, 
is structurally and functionally similar to the complement factor 
C9 and forms transmembrane pores. Apoptosis (programmed cell 
death) of the target cell shortly follows. Natural-killer cells are 
protected from their own granules by the presence of chondroitin 
sulfate A, which is a protease-resistant, negatively charged proteo
glycan that inhibits their autolysis. 

Cytotoxicity assays are useful in determining the killing activity 
of CTLs and NK cells. A genetically compatible source of indicator 
or target cells is used to determine cytotoxic activity of CTLs 
because TCR-MHC interactions are required for this type of 
killing. In contrast, tumor-cell lines are commonly used to measure 
the NK-cell function. In either case, target cells are loaded with 
51Cr, incubated with the effector lymphocytes, and release of the 
radiolabel is then used as a measure of target-cell killing. Fluores
cent markers have also been developed that avoid the need for 
radioactivity. Finally, DNA fragmentation, a process characteristic 
of cells undergoing apoptosis, is another possible outcome measure 
because target-cell killing is mediated through apoptosis. 

B CELLS AND IMMUNOGLOBULINS Although the mam
malian fetal liver is a source of B cells early in life, most B-cell 
production occurs in the bone marrow. The stages ofB-celllineage 
are characterized by rearrangement and expression of antibody 
genes and cell surface markers such as CDS. It has been suggested 
that B2 cells (CD5-) and up TCR+ T cells are recently evolved, 
compared to Bl cells (CDY) and yo TCR+ cells (74). Although 
B cells may act as professional antigen-presenting cells, their 
unique role in the immune system is in the production of antigen
neutralizing antibodies. 

Antibodies to every possible foreign epitope cannot be constitu
tively produced; therefore, antigen-specific lymphocyte clones are 
generated in response to antigen challenge. Each B lymphocyte 
synthesizes antibodies with one unique paratope and, therefore, 
one basic antigenic specificity (75). The host contains a large 
number of resting B-cell clones capable of responding to a range 
of immunogenic stimuli. In this way, bacteria, for example, 
expressing a finite quantity of antigenic epitopes will encounter a 
large number ofB lymphocytes of differing antigenic specificities. 
Microbial antigens will bind to the closest complementary B-cell 
receptors. Upon ligation, these B-cell clones are activated and 
soluble antibodies with identical paratopes are released. The prolif
eration of activated cells ensures that the immune response is of 
sufficient magnitude to effectively neutralize the antigen. The B
cell antigen receptor is similar in structure to a secreted antibody 
(65). Indeed, the isotope and antigen specificity of the secreted and 
membrane-bound immunoglobulins (slg and mIg, respectively), 
derived simultaneously from a B-cell clone, tend to be similar. 
However, important differences exist between sIg and mIg in 
that mIg are always monomeric and form part of a hydrophobic 
transmembrane receptor. 

Most immunoglobulins bind to native as opposed to denatured 
or degraded antigens and generally, therefore, recognize confor
mational epitopes that are formed by protein folding. The mono
meric antibody molecule is a covalently linked complex of four 
polypeptide subunits, two smaller "light" chains and two larger 
"heavy" chains. Monomeric antibodies may covalently link to 
form dimeric or multimeric antibodies. All antibodies contain 
three major functional regions, namely a pair of clonally variable 
antigen-binding sites, a constant "Fc" region that binds to Fc 
receptors (FCR) present on the surfaces of many leukocytes and, 
between these ends, a portion of the antibody that activates the 
classical complement pathway. Thus, both Fc and complement
activating regions are functions of the constant region, whereas 
antigen binding is a function of the variable region. 

Antibodies are grouped into five isotypes (classes) according 
to the structure of the constant region of the heavy chain: IgM, 
IgG, IgA, IgE, and IgD. IgG and IgA are further divided into 
four and two subclasses, respectively (e.g., IgG 1-4 and IgAI-2). 
Structural differences among heavy-chain isotypes are limited to 
the constant regions and these influence the non-antigen-binding 
characteristics of antibodies. For example, secreted antibodies are 
not necessarily monomeric. IgM is released as a pentamer and 
IgA, which is chiefly found in mucosal secretions, is secreted as 
a dimer. Mast cells and basophils have Fc receptors for IgE (Fce) 
only, whereas neutrophils and macrophages express Fc receptors 
for IgG (Fcg). Effector mechanisms also combine humoral and 
cellular components in what is termed "antibody-dependent cell
mediated cytotoxicity" or ADCC. Unlike opsonization, in which 
immune cells recognize antigen-bound antibodies via their FcRs, 
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ADCC denotes the "arming" of leukocytes with antibodies via 
Fc-FcR interactions. This facilitates leukocyte binding to antigen. 
Both macrophages and NK cells possess FcRs, which can presum
ably link with antigen-specific IgG. Cellular contact with antigens 
expressed on the surface of an infected cell then results in phagocy
tosis and/or cytotoxic killing of the target cell. 

Quantification of circulating antibodies, their antigen specific
ity, and isotype is widely used in assessing the immune status of 
an individual. Immunodiffusion assays are performed on agar
coated glass microscope slides and represent a relatively inexpen
sive and uncomplicated means of detecting the classes, subclasses, 
and antigen specificity of antibodies from peripheral blood. Immu
nofluorescence and immunoblots are used in addition to the widely 
applied ELISA. ELISAs are based on the binding of plasma/serum 
antibodies with defined antigens onto a solid phase and using 
commercially available antibodies for detection. Standardized 
plastic plates are used for the assay and results are determined 
on commercially available readers. 

Immunoblots are more useful for the detection of antibodies 
against ill-defined antigens. For example, antigens from a tissue 
homogenate can be separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), transferred to 
blotting strips, and incubated with patient sera. Antigen-specific 
antibodies can then be detected by a color reaction. The location 
and intensity of the color changes provide information on the 
relative amounts of antibody and the molecular mass of its ligand. 

The ELlS POT is used to quantitate antigen-specific B cells in 
a fashion similar to the ELISA (76). B cells are added to antigen
coated ELISA wells and nonspecifically activated to produce anti
bodies; B cells recognizing the antigen will then bind to the solid 
phase. The subsequent color reaction will be limited to those areas 
on the plate that captured the appropriate antibodies and produce 
a halo (spot) around the antigen-specific B cells. These spots, 
taken to represent individual B cells, are then counted visually. 

CYTOKINES Cytokines are fairly small «30 kD) proteins, 
often glycoproteins, produced mostly by lymphoid cells and to 
some extent by nonlymphoid cells (77). They can be divided into 
four families: the interleukins (ILs), tumor necrosis factors (TNFs), 
interferons CIFNs), and colony-stimulating factors (CSFs). A 
somewhat different way of grouping cytokines is based on the cell 
type producing them. There are lymphocyte-derived lymphokines, 
monocyte-derived monokines, hematopoietic colony-stimulating 
factors, and connective tissue growth factors (78). As the predomi
nantly autocrine or paracrine factors controlling the proliferation 
and differentiation of immune cells as well as the tissue remodeling 
necessary for the influx of those cells into target tissues, cytokines 
play an important role in the interactions between cells during an 
immune response, thereby coordinating it (77). 

Cytokines are usually not constitutively expressed, but are, 
instead, induced by infectious challenges or other stressors. Indi
vidual cytokines may be synthesized and secreted by more than 
one cell type and may then act on a variety of target cells, inducing 
different activities in different cells. The functional activity of 
a cytokine is mediated by typical ligand/receptor binding. The 
understanding of cytokine networks is complicated by the multiple 
cellular sources and targets, the pleiotropic effects of most cyto
kines, the synergistic or antagonistic effects of cytokine mixtures, 
and their ability to alter the production of other cytokines and 
their receptors. 

Distinctions between the cytokine-release profiles of type 1 

and type 2 T helper (Thl, Th2) cells are important (79). Although 
these helper-cell types cannot be distinguished phenotypically, as 
they are both CD4+CD8- T cells, they are separable, based on 
the coordinated expression of distinct but overlapping sets of 
cytokines. Thl cells are characterized by the release of IFN-y, the 
induction of cell-mediated immune responses, and the facilitation 
of IgG2a production. Th2 cells, on the other hand, produce IL-4, 
IL-5, and IL-lO, and are primarily involved in stimulating the 
production of antibodies (IgG, IgA, IgE). As discussed earlier, 
these cell types and the immune networks that they promote are 
antagonistic; for example, IFN-y, released by Thl cells, blocks 
the growth of Th2 cells, and IL-4, produced by Th2 cells, inhibits 
some functions of macrophages activated by IPN-y. CDY B-1 
cells represent an example of the synergistic effects of cytokines: 
they release IL-lO and themselves are activated by IL-5, both 
cytokines released by Th2 cells (80). 

Cytokines released by cells in vitro or present in plasma are 
commonly measured by ELISA, whereas the levels of cytokine 
mRNA in cells may be measured by reverse transcription
polymerase chain reaction CRT-PCR) or Northern blot. Another 
method of potentially wide application is the detection of intracel
lular cytokines using anticytokine antibodies and flow cytometry. 
For this assay, the membranes of leukocytes are permeabilized 
with detergents, then the cells are incubated with fluorescent anti
cytokine antibodies. The intensity of fluorescence is measured by 
flow cytometry. 

COMPLEMENT SYSTEM Complement is a constituent of 
the humoral immune response and consists of a group of plasma 
proteins that playa vital role in the elimination of pathogens. The 
early events leading to the activation of the classical pathway of 
complement are antibody dependent, which distinguishes it from 
the alternative pathway of complement activation in which the 
initiating events occur in the absence of antibody. In both path
ways, a cascade of proteolytic cleavage steps leads to the activation 
of C3 convertase, an enzyme that cleaves complement component 
C3. Further activation steps result in the ultimate effector functions 
of complement, such as induction of peptide mediators of inflam
mation, recruitment of phagocytes, opsonization of pathogens, 
formation of membrane attack complex, and lysis of certain 
pathogens. 

The activity and concentrations of complement proteins from 
patient sera are measurable by a variety of methods. Complement 
activity may be titrated by the hemolysis of sheep red blood cells 
(SRBC). Concentrations (but not activity) of serum complement 
proteins may be assayed by radial immunodiffusion or ELISA (81). 

HYPERSENSITIVITY SKIN TESTS Hypersensitivity to exog
enous antigens or allergens is a common problem in humans. 
A voiding contact with allergens, in order to minimize the fre
quency and intensity of allergic reactions, clearly requires identi
fication of the environmental agents. Skin tests are often used 
where samples of potential allergen are injected subcutaneously 
and reactivity is measured by the extent of the inflammatory skin 
reaction. Immediate hypersensitivities (e.g., to pollen extract) are 
mediated by IgE and are evident in minutes. 

For the determination of general immunocompetence, delayed
type hypersensitivity (DTH) reactions, which involve the recruit
ment of immune cells to the injection site and require 24-48 h, 
are widely used. The DTH reaction to tuberculin antigen is proba
bly the most frequently determined one; however, DTH tests often 
employ at least three or four recall antigens. The diameter of the 
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Table 6 
Hypothetical Tiering System 

Tier Characteristics Methods 

One Absence of permanent public 
health facility 

Dermatological hypersensitivity tests 
Hematology (hematocrit, differential) 

Two Rural medical clinic Immunodiffusion, ELISA, and electrophoresis for immunochemical analysis 
Short-term cell culture for chemotaxis, phagocytosis, antibody production 
Immunofluorescent staining with fluorescent microscopy for cell phenotyping 

Three Medical center How cytometry for cytokines analysis, cell phenotyping, cell cycle analysis 
In situ hybridization and reverse transcription-polymerase chain reaction for cytokine analysis 
Longer-term cell culturing for cytotoxicity, proliferation, antigen presentation 

induration developing around the injection site is measured, and 
a size ~ 2 mm is considered a positive reaction. 

ASSESSING THE IMMUNE STATUS OF AN 
INDIVIDUAL OR A POPULATION 
Public health management requires the constant monitoring of 
human populations and the resources on which they depend, espe
cially food. Worldwide, many people are not receiving diets that 
allow them to reach or maintain minimal health standards. The 
morbidity and mortality characteristics of these underserved popu
lations are, in part, related to underlying properties of their immune 
systems. Clearly, immunological monitoring should be integrated 
into public health management systems to understand the health 
problems of the undernourished more fully. 

Because nutritional deficits are often associated with societal 
disruptions, poverty, and a lack of public services, the materials 
and personnel needed to obtain and interpret immunological infor
mation may be limiting. The types of immunological studies and 
tests that can be done on selected individuals or populations will 
depend on a number of factors. These factors include the ability 
to store and transport biological samples and test equipment, the 
location of test sites (a major city as opposed to an isolated village), 
the personnel available, and their level of expertise. The conditions 
in which immunological information must be obtained may 
vary widely. 

A flexible system that can adapt to a variety of situations but still 
achieve the goal of obtaining useful immunological information is 
desired. As we have previously suggested with regard to studies 
of the impact of toxicological substances on the immune system, 
a practical testing structure for nutrition and immunity might 
include a tiered system (82). This would apply increasingly sophis
ticated examinations of the study materials and subjects in moving 
from provincial and isolated sites to metropolitan centers. One of 
the authors (SY) was a Peace Corps volunteer in West Africa for 
2 yr. Familiarity with conditions on the road as well as the facilities 
that were available at a local American Baptist missionary hospital 
provides a first-hand impression of the range of environments in 
which immunological information may be gathered. 

TIER SYSTEM The following description is provided as an 
example of the different conditions one might confront and the 
studies that could be done within these circumstances (Table 6). 
In real situations, the feasibility and appropriateness of the method
ologies will depend on the actual working environment, the partic
ular needs of the public health personnel and the treated population, 
and the resources made available. 

Table 7 
Protocol for Cryopreservation 

STEP 1. Isolate peripheral blood mononuclear cells (PBMC) 
STEP 2. Resuspend cells with RPMI 1640 containing 20% fetal 

bovine serum and supplemented with 0.1 % of a 50-mg/ 
mL gentamicin solution 

STEP 3. Transfer cell suspension to 2-mL Biofreeze vials and 
place on ice 

STEP 4. Slowly add (dropwise) 900 mL of RPMI 1640 
containing 20% dimethyl sulfoxide to cell suspension 

STEP 5. Enclose the vials in styrofoam and freeze at -80°C for 
24 h 

STEP 6. Transfer samples into liquid nitrogen 

When deemed necessary, biological samples could be sent to 
a centralized facility (e.g., from tier one or two regions to a tier
three region) in order to do tests in a more controlled environment 
or to gather information on additional immunological parameters. 
One method of preparing samples that cannot immediately be 
analyzed is cryopreservation (see Table 7 for the protocol). How
ever, it needs to be considered that the practicality of preservation 
and transportation of samples would depend on a number of 
factors, such as distance and the condition of roads or airfields, 
temperature-controlled storage, and the ability to communicate 
and transmit information. For example, the missionary hospital 
mentioned earlier did have its own airfield and plane, but the 
expense of their use would need to be justified or compensated. 
The parties must also coordinate the arrival of samples with the 
readiness to deal with them. 

However, several immunological tests are feasible, even under 
conditions that preclude very sophisticated analyses. The condi
tions likely to be encountered in tier-one, tier-two, and tier-three 
areas and the immunological assessments possible under these 
conditions are outlined here. 

Tier One The first tier is embodied by a working situation 
in which a permanent health facility is not available. In this case, 
public health workers may travel into extremely rural or underde
veloped regions and may be required to perform their examinations 
from temporary quarters such as tents. The population being exam
ined may reside in relatively permanent settlements (i.e., villages) 
or they may be potentially migratory and live in impermanent 
shelters. Water will come from a well or neighboring stream and 
electrical power should not be expected to exist. As a result, these 
on-site tests should not require temperature-controlled or sterile 
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environments or a constant source of electricity (unless a portable 
generator is available). 

Skin tests are appropriate for the first tier. These would include 
dermatological testing for contact hypersensitivity to various 
immunological stimuli, and tuberculin-type assays (83). The sub
jects could either have a history of known contact with immuno
genic materials or received past vaccinations. Subsequent skin 
testing could be used as an overall measure of the person's ability 
to generate an immunological response. Immunodeficiencies may 
be evidenced by lower than normal or absent responses to antigenic 
challenges. As above, the length of time needed for an observable 
skin reaction will depend on the underlying immunological mecha
nism in progress (i.e., antibody [IgE]-mediated "immediate hyper
sensitivity" will be evident in minutes, whereas cell-mediated 
"delayed hypersensitivity" must be followed for several days). 

Blood smears may also be done in the field. Staining and 
microscopic analysis of blood cells for hematological counts will 
give general information on the numbers of different white blood 
cells. Concurrently, hematocrits could be obtained as a general 
measure of the concentration of red and white blood cells. Because 
hematocrit determinations require the centrifugation of capillary 
tubes, an electric generator would be needed. 

Tier Two The tier-two scenario may be one of a clinic in a 
rural setting. Running water is present, although its quality may 
not be equal to that of a modem city in a developed country. 
Portable filtering devices and boiling are probably desirable. Elec
tric power is fairly dependable but subject to occasional (maybe 
once-a-week) power outages. 

There are other considerations that limit the feasibility of some 
types of research and diagnostics work. For example, depending 
on the location and time of year, the ambient temperature may 
be higher than incubator temperature. An air-conditioned work
room is an improbability (but not impossibility), but there will be 
no ultracold (-70°C) freezers for storage and no cold rooms. 
Sterility for cell culturing may be problematic. This type of site 
would not have facilities for the responsible disposal of biohazard
ous or radioactive wastes, thus precluding any assays generating 
such waste. 

On the other hand, equipment such as fluorescent microscopes 
and ELISA readers are conceivable in such a rural setting, assum
ing that the number of subjects to be studied are high enough 
to justify such procedures. These types of material need not be 
permanent but could be brought into the clinic on a temporary 
basis when needed. 

A variety of the above-described immunochemical tests are 
perfectly feasible in a tier-two setting. Immunodiffusion assays 
probably constitute the least complicated and least expensive way 
of determining the classes, subclasses, and antigen specificity of 
antibodies from peripheral blood. Enzyme-liked immunosorbent 
assays are more quantitative and sensitive than immunodiffusion 
tests and might also be appropriate for the second tier. The feasibil
ity of these assays may be limited by the ability to obtain the 
necessary materials, including plasticware, ELISA reader, pipet
ers, and immunological reagents. However, there are no significant 
obstacles to their safe storage or competent use in a rural setting. 
The same may be said for other biochemical methods such as 
ELISAs for the concentrations of serum complement proteins or 
SDS-PAGE. The materials for these analyses are easily stored 
and the temperature (ambient temperature, domestic refrigerator/ 
freezers) and utility (electricity and water) requirements can be 

met by most rural clinics. Determining the activity of complement 
proteins from patient sera may represent somewhat of a problem 
because the shelf life of commercial sheep blood cells is limited. 

Other assays that could be feasible in tier-two facilities include 
the measurement of phagocytic and chemotactic activity, the quan
titation of antigen-specific B lymphocytes by the ELlS POT assay, 
and the staining of cells with fluorescent antibodies and counting 
on a fluorescent microscope to determine the relative numbers of 
different types of peripheral blood lymphocytes. 

Tier Three The third tier envisions a modem medical center 
in a capital city. This facility provides the personnel, expertise, 
materials, storage facilities, and laboratory equipment needed for 
more expensive, highly specialized, and probably less frequently 
done tests. 

In such a facility, the proliferative capacity of lymphocytes 
may be measured using either the mixed-leukocyte reaction or 
mitogen stimulation. The cytotoxic capacity of peripheral blood 
T lymphocytes and natural-killer cells are also more appropriate 
for tier three than tier two. One reason for this is that cytotoxicity 
must be demonstrated on live target cells. This will require facili
ties for the culturing of target cell lines and possibly the in vitro 
generation of target -specific cytotoxic T cells (84). Another reason 
is that proliferation and cytotoxicity are both measured by using 
radioactive isotopes, and the cost and size of radiation counters 
combined with the need for safe disposal of radioactive wastes 
will probably preclude the use of these methods in tier-two areas. 
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4 Caloric Intake: Sources, Deficiencies, 
and Excess-An Overview 

DEAN A. TROYER AND GABRIEL FERNANDES 

INTRODUCTION 

Carbohydrates, protein, and fats are the major energy-containing 
constituents of food (macronutrients), and extensive animal studies 
indicate that decreased total caloric intake is generally a beneficial, 
life-extending tool. However, the proportion of calories derived 
from fat is also important, influencing the risks of development 
of cancer, obesity, and cardiovascular disease. In contrast to carbo
hydrates and protein, fat is an energy-dense substance that tends 
to be stored rather than metabolized under normal physiological 
conditions. Thus, not all calories are alike. Reduced consumption 
of fat is, therefore, a major goal for nutrition in industrialized 
countries. However, just as not all calories are alike, not all fats 
are alike. Vegetable oils, fish oils, and animal-derived fats have 
profoundly different effects on immune function, cancer, and ath
erosclerosis. Although both fish oils and vegetable oils generally 
ameliorate atherosclerosis, fish oils have, in addition, anti
inflammatory properties that may be of benefit for the treatment 
and prevention of cancer and autoimmune disease. A sedentary 
life-style combined with energy-dense foods rich in fat are impor
tant factors in overnutrition. 

The relentless increase in the prevalence and severity of obesity 
over the past 30 yr (1) has spawned an expensive battle against 
fat. However, although we may all be getting more obese as 
average body weights increase, body weights vary widely among 
comparable individuals. It is these wide variations within groups 
that emphasize the importance of neurohormonal and genetic 
influences on adiposity. As a component of the economy, "nutri
tion" is a multimillion dollar industry and includes books, maga
zines, radio and television programming, numerous weight-loss 
programs, and the sale of nutritional supplements. The expendi
tures of time, effort, and money for diet books, diet foods, and 
other remedies have been estimated to account for 30-50 billion 
dollars annually (2). Although obesity receives much more atten
tion, undernutrition is also a problem. Famine is an ongoing prob
lem in the world, and the scarcity of food can be natural or man
made. Even in the midst of abundance, there are conditions that 
lead to malnutrition in the United States, and the eating disorders 
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anorexia and bulimia nervosa may, in part, represent extreme 
responses to the fear of obesity. These are disorders of unknown 
cause, but are most common among young women who have the 
perception that they are overweight, even when their actual body 
weight is normal. A downward spiral results from a quest for 
thinness. Thus, there is a dark side to the war against obesity. In 
contrast to public campaigns promoting cessation of smoking, 
which has slight downside, an overly aggressive or poorly con
ceived campaign against obesity might promote the evolution of 
anorexia in those who are susceptible. A few additional issues 
concerning sex, age, and ethnicity will be considered. Both 
anorexia and obesity are more common in females than males, 
and obesity is more common in ethnic minority groups. Aging 
into middle age is associated with a steady increase of weight, 
but in later years of life, body weight tends to decrease. We 
are slowly beginning to understand the variable nutritional needs 
specific to age, sex, and ethnicity. Finally, there are physiological 
and metabolic changes that produce undernutrition in hospitalized 
patients and in patients with chronic diseases such as tuberculosis, 
cancer, and AIDS in which relentless weight loss occurs (ca
chexia). The causes of malnutrition and the needs of patients 
hospitalized for trauma, surgery, and other reasons are better 
understood, but much less is known about weight loss in human 
immunodeficiency virus (HIV) and cancer patients. The causes 
of anorexia, cachexia, and obesity remain elusive, but emerging 
scientific data suggest that eating behavior and metabolism are 
influenced by endocrine, physiological, and genetic factors. At 
the very least, we should realize that obese people do not seek 
obesity any more than anorexics desire starvation. 

MACRONUTRIENTS 

Macronutrients are the major components of food: protein, carbo
hydrate, and fat. Public awareness of the health risks of high-fat 
and high-calorie diets has increased, and the food industry has 
begun to introduce low-calorie, low-fat food items. Carbohydrates 
compose 45% of the diet in the United States and as high as 90% 
of dietary calories in the tropics (3). Rice, cereals, and other plant
derived sources of carbohydrates are inexpensive and efficiently 
produced and are widely available. Proteins are typically derived 
from both plant and animal sources in the diet, and vegetarians 
must be careful to incorporate legumes, nuts, and grains with 
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vegetables and fruits to assure an adequate supply of micronutri
ents and essential amino acids (3). There are nine essential amino 
acids required in food for humans to produce and maintain body 
tissues. Fats are a potent energy source (9 cal/g versus 4 cal/g for 
carbohydrates and proteins) and can be derived from meats and 
plants (com oil and other vegetable oils). Two fatty acids are 
required in the diet in humans, linoleic acid (18:2n-6) and (X

linolenic acid (18:3n-3), and arachidonic acid is sometimes listed 
as one of the essential fatty acids (3). It can be synthesized from 
linoleic acid by de saturation and chain elongation, but it is also 
available in meat products. In industrialized societies where food 
is widely available, overnutrition is the commonest nutritional 
issue. Overnutrition, in tum, is closely linked to sedentary life
styles, total caloric intake, and total fat intake. Because fat is the 
most calorie-dense macronutrient, reducing or substituting other 
macronutrients for fat presents the greatest potential for reduction 
of calories (4). However, total caloric intake is also important, 
and restriction of calories is a powerful life-extending intervention. 

CALORIE RESTRICTION IS BENEFICIAL Up to one-third 
of all cases of human cancer are related to dietary factors, and 
caloric intake is a major dietary risk factor for cancer (5). Restric
tion of calories (without malnutrition or micronutrient deficiency) 
slows nearly all age-sensitive biological parameters, including 
age-related decrements in immune function, delays tumorigenesis 
(6,7), and increases life-span (8,9). First observed in rats, the 
effects of calorie restriction have been observed in several other 
species (8). In most of these studies, the animals on a calorie
restricted diet are given a diet in which the content of calories is 
reduced by approximately 40% that of the unrestricted controls 
fed ad libitum. All macronutrients are reduced proportionately, and 
it appears that this proportionate reduction of all macronutrients is 
as effective as the selective reduction of carbohydrates, protein, 
or fat (10). In a typical study, the ad libitum-fed animals gain 
weight early and plateau at roughly twice the weight of the 
restricted animals. The result is that energy intake per kilogram 
body weight is very nearly the same in the two groups (11). The 
mechanisms whereby calorie restriction ameliorates autoimmune 
disease, suppresses tumorigenesis, and prolongs life-span remain 
poorly understood. However, the free-radical theory of aging sug
gests that calorie restriction decreases oxidant stress and sup
presses the production of reactive oxygen intermediates (12). An 
extension of this hypothesis links the suppression of free radicals 
by calorie restriction to upregulation of apoptosis and suppression 
of free radicals (13). In summary, calorie restriction is a powerful 
experimental tool that may be applicable to humans in understand
ing the general processes occurring in aging and tumorigenesis. 
At a practical level, 40% calorie restriction is not applicable to 
human dietary habits. However, overnutrition results from the 
interaction of excess caloric intake, decreased physical activity, 
and the macronutrient (especially high fat) content of food (14). 
The importance of a sedentary life-style has been noted recently 
in the context of a paradoxical decline in caloric intake and fat 
in the diet that has paralleled a continuing rise in obesity in the 
United States (15). 

ALL CALORI ES ARE NOT All KE The macronutrient content 
of the diet influences food palatability, the amount of food and 
energy taken in, and the disposition of energy in the body. The 
increasing incidence of obesity has been accompanied by an 
increased intake of dietary calories derived from fat, with a parallel 

decrease in the total calories derived from carbohydrates (16). 
Although not firmly established by epidemiological studies, 
increased fat intake is associated with increased obesity (17). 
Fat is much more energy-dense (9 kcal/g) than either protein or 
carbohydrate (4 kcal/g each). After digestion by lipases into fatty 
acids and monoacylglycerols, fats are absorbed and stored as 
reserves of energy to buffer day-to-day variations in food intake 
(19). This was probably an adaptation that allowed our ancestors 
to deal with periods of food scarcity. Protein and carbohydrate 
stores are more tightly regulated than are fats. Physical training 
and growth stimuli such as growth hormone and anabolic steroids 
lead to increased muscle mass, but protein stores do not increase 
following increased dietary intake of protein (18). Thus, excess 
dietary carbohydrate or protein tend to be oxidized rather than 
stored and their energy liberated as heat (thermogenesis) (20). 
Although carbohydrates are converted to storage forms such as 
glycogen, this is an inefficient process (19). When expressed as 
a percentage of the energy content of the macronutrient ingested 
as food, storage offat "costs" 4%, whereas the costs of converting 
carbohydrates into glycogen (12%) or de novo into lipids (23%) 
are substantially higher (19). Storage of carbohydrates and proteins 
is tightly regulated within a narrow range; however, fats are stored 
when made available as excess calories (21), particularly in indi
viduals prone to obesity (22,23). In addition to these factors gov
erning the disposition of ingested macronutrients, total food intake 
contributes to energy balance. The accumulated evidence suggests 
that physical activity, amount and type of food, and genetic factors 
all contribute to body weight (24). In other words, a sedentary 
life-style combined with a high-calorie/high-fat diet are factors 
that almost universally lead to obesity. However, a genetic predis
position to obesity can exacerbate the influence of these factors, 
leading to individual variations within a group of comparable 
people (24). 

Several mechanisms influence food intake and satiety, and 
macronutrients differ in their ability to satisfy hunger (25). Factors 
such as food texture, taste, volume, and palatability influence 
eating behavior. Fats provide a texture and taste that most people 
find desirable, and fat-rich foods typically require little chewing 
and can be eaten quickly. In contrast, food items that contain 
complex carbohydrates or fiber require more chewing and must 
be eaten more slowly, with the effect of limiting total consumption 
(19). There is good evidence that the weight or volume of food 
influences satiety. When high-fatllow-fiber diets versus low-fat! 
high-fiber diets are offered to people, the volume of food remains 
more nearly constant than energy content, with the result that high
fat diets lead to increased energy intake (14,23). Once digestion has 
begun, the effects of digested, oxidized, and absorbed nutrients 
commence and these "postabsorptive" factors also influence sati
ety (19). The rapid metabolism of carbohydrates to sugars may 
provide satiety by raising blood glucose and insulin levels, and 
fats frequently depress blood glucose (23,26). 

MACRONUTRIENT SUBSTITUTION High dietary fat 
intake, particularly of saturated fats, has been correlated with an 
increased risk of heart and cardiovascular disease (27) and cancer 
(28,29). The increasing evidence of the health risks of high dietary 
fats has led to the recommendation that dietary fat intake should 
be 20% of calories, with only 6% of this being saturated fats (30), 
and the US Public Health Service has targeted a decrease in fat 
intake of adults to an average of 30% or less of total calories by 
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the year 2000 (17). Because food preferences are hard to change, 
over 6600 food products have been introduced that are familiar 
foods modified to have reduced energy density, reduced fat, or 
reduced carbohydrate content (31). These products have emerged 
to meet the increased public awareness of the health risks of high 
dietary fat and the perception that total fat content in the diet should 
be reduced (32). The following are examples of macronutrient 
alterations that can produce foods with decreased caloric content 
while preserving taste and desirability (4): the introduction and 
promotion of artificial high-intensity sweeteners; bulking agents, 
including fiber; and fat replacements. Fat replacements can be 
absorbable and metabolizable substitutes that have a lower caloric 
density than fat (starch, protein, or modified low-calorie fats) or 
they can be noncaloric (cellulose, seaweed, gums). Alternatively, 
fat substitutes, such as olestra, have a texture and taste similar to 
fats but are not absorbed and digested (4). Olestra is a member 
of a family of substitutes that are composed of 8-22 carbon 
fatty acids esterified to sucrose. These were originally tested as 
cholesterol-lowering agents. Depending on the number of esteri
fied fats, the texture can range from liquid to solid. 

It is of interest to note that in a human trial of breast cancer 
risk in women, reduction of dietary fat to 15% of total calories 
led to a significant reduction in sex hormones. Estrogen, progester
one, and follicle-stimulating hormone levels were decreased by 
20%,35%, and 7%, respectively (33). This confirms the influence 
of macronutrient composition on hormones that may be of rele
vance to breast cancer risk. Previous studies in animals have 
demonstrated the ability of calorie restriction to similarly modulate 
prolactin levels in breast-cancer-prone C3H mice (34). Taken 
together, these and similar findings emphasize the importance of 
dietary calories and fats in tumorigenesis (29). 

The goals of macronutrient substitution are to reduce caloric 
intake and fat content in the diet. It is not certain that reduction in the 
fat content of foods will lead to a concomitant reduction in energy 
intake. This is due to a tendency for replacement of the energy 
lost in the low-fatllow-calorie food by other foods to maintain a 
constant level of energy intake (31). Therefore, unless there is 
a conscious effort to reduce total energy intake, macronutrient 
substitution may reduce the fat content of the diet without decreas
ing energy intake and body weight. 

ALL FATS ARE NOT ALIKE The association of high levels 
of dietary fat with increased heart and cardiovascular disease has 
shifted fat consumption to those of plant origin and away from 
animal fats in the diet. This was based on epidemiological evidence 
that consumption of saturated fats was correlated with the elevation 
of plasma cholesterol levels and an increased incidence of athero
sclerotic heart and cardiovascular disease (27). The substitution of 
vegetable-derived polyunsaturated fatty acids for saturated fats 
has paralleled a decrease in the incidence of cardiovascular disease. 
At the present time, over 90% of the fats consumed in the United 
States (average 170 g) are from plant sources, with very little 
being from fish (marine) sources (35). Fats derived from fish 
(marine oils) taken in the diet can also decrease the incidence of 
heart and cardiovascular disease and favorably affect immune 
function (36). The predominant fatty acids in marine oils have 
the first unsaturated (double) bond between the third and fourth 
carbons from the methyl carbon and are designated 00-3, whereas 
the plant-derived fatty acids are designated 00-6 because the first 
double bond is between carbons 6 and 7 from the methyl carbon. 

This structural difference leads to profound differences in the 
effects of diets rich in 00-3 versus 00-6 fats. Diets enriched in either 
00-6 or 00-3 fatty acids reduce the incidence of heart attack and 
atherosclerotic cardiovascular disease (27,37,38). However, 00-3 
lipids additionally modulate immune function (36) and suppress 
tumorigenesis (39). In rodent studies, there is good evidence that 
00-6 fats have a tumor-enhancing effect that is greater than even 
that of saturated fats, whereas 00-3 fats, in contrast, tend to be 
protective (40). It is of interest to note that the breast-cancer
promoting effects in rats on a diet high in 00-6 fats are transmitted 
to the next generation when the exposure occurs in utero (41). 
(This is of relevance to the discussion of imprinting in this chapter.) 
To promote these benefits of 00-3 fats, it is appropriate, therefore, 
to consider the recommendation that the ratio of 00-6/00-3 fats be 
closer to 1 : 1 or 10 : 1 (versus the current 20 : 1) (30). 

A variety of biological functions are influenced by 00-6 and 
00-3 fats because they become incorporated into the phospholipids 
of cell membranes, where they can affect membrane fluidity (42) 
and serve as substrates for the generation of inflammatory media
tors (prostaglandins, leukotrienes, and thromboxanes). These com
pounds are pro-inflammatory, increase platelet aggregation, and 
can activate neutrophils (43). The anti-inflammatory properties of 
fish oils reside in the ability of the two main 00-3 fatty acids in 
fish oil, eicosapentanoic acid (EPA) and docosahexanoic acid 
(DHA), to compete with vegetable-derived arachidonic acid both 
for acylation at the 2-position of membrane phospholipids and as 
a substrate for cyclooxygenase. The increased availability of EPA 
and DHA leads to increased production of 3-series prostaglandins 
(PG) and thromboxanes (TX). PGE3 is less inflammatory than 
PGE2 derived from arachidonic acid, and the TXA3 generated in 
preference to TXA2 is less active against platelets (43). The type of 
fat consumed substantially alters the potency of the inflammatory 
mediators. Increased consumption of 00-3 (fish) oils favorably 
affects arthritis, cardiovascular, and kidney disease, which are 
diseases caused by overactivity of the immune system and/or 
complicated by platelet aggregation (36). 

Because the calories allocated to fat in the diet should be 
limited, it is important to carefully select those fatty acids that 
are most beneficial and, at the very least, do no harm. The substitu
tion of fish-oil fatty acids for vegetable-oil fats may prove to be a 
beneficial step. In addition, less abundant fatty acid constituents are 
receiving attention with regard to their effects on serum lipids 
and/or their potential for influencing carcinogenesis. At least one 
double bond is present in most naturally occurring fatty acids, 
and it is usually in the cis configuration. Trans fatty acids are 
formed during the catalytic conversion of liquid oils to solids 
(e.g., for use in preparing margarine) by partial hydrogenation. 
Because this process destroys some naturally occurring fatty acids 
and generates new trans isomers that are structurally similar to 
saturated fats, there is concern that trans fatty acids could promote 
hyperlipidemia. The estimated intake of trans fatty acids ranges 
from 5 to 15 gld, derived mainly from frying fats, margarines, 
and other spreads (44). The soft-tub margarines contain much less 
than the solidified stick margarine. Ironically, the original reason 
for substitution of trans-fatty-acid-rich margarine for butter was 
to lower cholesterol. A recent study suggests that stick margarine 
is without effect on cholesterol, whereas relatively low-trans
content soft-tub margarines do lower cholesterol (44,45). There
fore, trans fatty acids may not be cholesterolemic, but the presence 
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of trans fatty acids, although not necessarily harmful, may displace 
other more desirable fatty acids from the diet. This emphasizes 
the importance of understanding the allocation of fat calories 
among those fats that reduce health risks. Additional individual 
fats are being studied for this purpose. 

The isomerized forms of linoleic acid, found in red meat and 
dairy products, are referred to as conjugated linoleic acid. The 
anticarcinogenic properties of conjugated linoleic acid were origi
nally identified in ground beef (46). Linoleic acid (18 : 2n-6) 
normally has two double bonds located at C12-C13 and C9-CIO, 

both in the cis configuration. However, conjugated linoleic acid 
has dienoic double bonds between carbons Cg-CIO and CIl-C12 or 
CIO-ClI and C12-C13, and each double bond can be cis or trans, 
giving rise to eight total isomers. Conjugated linoleic acid is 
incorporated predominantly into neutral lipids, suppresses tumori
genesis (47), and is anti atherogenic (46). In amounts as small as 
1 % of total fat intake, it protects against cancer in vivo and in 
vitro (46). The trans isomer of linoleic acid is found in dairy foods 
in amounts ranging up to 8 mg/g of fat (48). Recent studies indicate 
that the antiproliferative effects of conjugated linoleic acid are 
specific to estrogen-receptor positive breast cancer cells (49). 

Additional examples of food constituents that significantly 
reduce oxidant stress and suppress cancer and/or atherosclerosis 
include antioxidants [vitamins C and E, quinones, selenium, and 
the carotenoids (50)] and estrogenlike compounds, phytoestrogens 
(51). Also of importance are constituents of olive oil found in the 
Mediterranean diet (52), where high oleic acid intake occurs at 
the expense of carbohydrates. In spite of this higher fat intake, 
consumption of this diet is associated with amelioration of both 
atherosclerosis and a lower incidence of breast cancer (52). Dra
matically different rates of cancer are seen across the world, and 
these differences are attributed in part to differences in dietary 
fat intake and relative vitamin or trace nutrient deficiencies, partic
ularly the antioxidants vitamin E and A (50). The emerging disci
pline of chemoprevention includes the study of dietary factors 
that can prevent or delay the onset of common age-related tumors 
such as colon, breast, and prostate cancers (53). 

OVERNUTRITION 
ATTITUDES Obesity is a term heavily laden with overtones that 
suggest a lack of self-control and even contempt. The common 
notion of obesity centers on appearance and takes little account 
of health risk per se. It is assumed that anyone who looks over
weight is obese, but it is less certain that our negative perception 
of obesity is based on an understanding of health risks associated 
with obesity. A little obesity is not nearly as dangerous as a lot, 
and it is important that we distinguish being mildly overweight 
from being sufficiently overweight to endanger health. Aside from 
the many billions of dollars spent on weight loss, drugs used to 
help people slim down have the potential to cause physical harm 
(54,55) in addition to the fruitless expenditure of money on reme
dies that do not last. Thus, the benefits of treating obesity should 
be balanced by consideration of the risks, including those of 
overtreating mild obesity, for which the health risks may be nomi
nal (56). The firmly entrenched notion that obesity is the direct 
result of overeating has been described as a "folk belief" (57). 

CLASSIFICATION, PREVALENCE, AND DISTRIBUTION 
A calculated value called the body mass index (BMI) is used 

to correct body weight for height and is determined by dividing 
body weight in kilograms by the square of the height in meters 

Table 1 
Classification of Obesity 

Body mass index Classification 

~25.0 

25.0-29.9 
30.0-34.9 
34.9-39.9 
~40.0 

Overweight 
Preobesity 
Class I obesity 
Class II obesity 
Class III obesity 

(kg/m2) (58). The behavioral, environmental, and genetic factors 
that contribute to BMI create a "set point," which is a weight 
toward which we return, often frustrating the best efforts of indi
viduals to lose weight and keep it off (57). Increased BMI corre
lates with increases in both total body fat and percentage of fat 
(58), and a BMI of 19-25 is considered optimal. For a person 
who is 6 ft tall, the corresponding ideal weight range is from 140 
to 180 lbs. Until a body mass of 27 or 28 (200-205 lbs for a 6-ft
tall individual) is reached, the risk of death increases, but modestly. 
When body mass increases to 29-32 (215-230 Ibs for a 6-ft-tall 
individual), the risk of death increases 1.5-fold, and this increased 
risk diminishes with age (59). Table 1 shows a classification 
scheme for obesity, based on BMI. 

The number of Americans who fall into what epidemiologists 
call Class III obesity (i.e., people too grossly overweight to fit 
into an airline seat) has risen 350% in the past 30 yr. In the mid-
1960s, 17% of middle-aged Americans were clinically obese, and 
today the figure is 30-35% (60), and overweight in adolescence 
(ages 12-17 yr) increased from 15% to 21% (61). This is a 
worldwide trend affecting all social groups and there is no end 
in sight (62,63). The incidence of obesity varies greatly among 
racial groups and between men and women. Obesity approaches 
50% among Hispanic and African-American women, nearly twice 
the figure among white women, particularly below the age of 55 
(64,65). Native Americans, including the intensively studied Pima 
Indians living in present-day Arizona, have extremely high rates 
of obesity, particularly among younger individuals than do corres
ponding white populations, and the rates of obesity among the 
Pima have been steadily increasing throughout this century (78). 
This steady increase of obesity over time and among younger 
individuals is thought to be related to economic and cultural 
changes (e.g., relatively sedentary life-styles) superimposed on 
genetic susceptibility. 

AGING AND BODY FAT Prospective studies that follow 
the same subjects over time show a progressive increase of weight 
with aging. One such study demonstrated an increase of 3.5 Ibs 
in weight during the 2 decades from 23 to 44 yr of age and again 
during the 2 decades from age 45 to 65, but, thereafter, body 
weight decreased (65). In another study of 18- to 30-yr-old men 
and women initiated in 1985-86, even larger weight gains were 
seen during 7 yr of follow-up (66). The larger weight gains were 
seen in women, and weight gains were greater in African-Ameri
can women. Over the 7-yr period of the study, the average weight 
increase ranged from 5.2 kg in white women to 8.5 kg in African
American women (66). 

The distribution of fat or body shape may also affect the health 
risks associated with obesity. An increased waist-to-hip ratio cor
relates with an increased risk of adult-onset diabetes, cardiovascu
lar disease, and overall mortality (67,68). As measured by compu-
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terized tomography, the amount of fat present within the abdominal 
cavity (versus subcutaneous fat) increases more dramatically than 
does body weight with aging (69). Women are not exempt from 
the accumulation of abdominal fat, demonstrating a steady increase 
from 91 cm2 for women below the age of 30 to 184 cm2 at ages 
50-59 (70,71). Other studies also show a correlation between 
increased abdominal fat and increased risk of cardiovascular dis
ease in both men and women (67,68). After menopause, abdominal 
fat accumulates 2.6 times as rapidly as it does before menopause 
(72), and postmenopausal women are at much greater risk of 
cardiovascular disease than are premenopausal women. Similarly, 
hormone-replacement therapy in postmenopausal women can pre
vent the redistribution of fat to the abdomen, which otherwise 
occurs with aging during the postmenopausal period (73). 

CAUSES OF OVERNUTRITION Obesity is not acquired 
over a period of days or weeks, but typically occurs over a period 
of years. This slow pace implies that small metabolic changes, 
projected over years, could account for obesity. The size of these 
changes may be very difficult to measure over a period of days 
or weeks. It has been estimated that to achieve a weight of 150 
kg at the age of 50 yr, the daily excess consumption of food 
would be only 50 kcal out of 2200-2500 kcal typically consumed 
per day (74). Generally, we do not count calories so closely as 
to determine an error of 50 kcal, and the real surprise may be 
that so many people stay lean while paying little attention to the 
precise caloric content of food. This ability to regulate body weight 
within a reasonable range implies that weight-regulating mecha
nisms are efficient. However, there is frequently one obese family 
member, with the other members weighing much less (75), and 
this general observation has led to the suggestion that recessive 
genes may play a role in obesity. In contrast, obesity in the 
extensively studied Pima Indians of modem-day Arizona is highly 
familial, and genetic factors andlor long-lasting effects of the 
diabetic intrauterine environment are thought to be important in 
the pathogenesis of obesity in this population (76). These studies 
suggest that rates of energy expenditure are familial, with approxi
mately 11 % of the basal metabolic rate determined by genetic 
factors (76). Furthermore, individuals with a low basal metabolic 
rate are at risk for weight gains compared to individuals with 
normal or elevated metabolic rates (77,78). 

The following conclusions summarize the observations about 
the causes of obesity in the Pima Indians (78): a reduced rate of 
energy expenditure is a risk factor for body weight gain; at any 
given weight, Pima women require fewer calories for maintenance 
of weight than men; obesity in the Pima is unlikely to be the result 
of a fixed or predetermined number of adipocytes; adipocytes, 
although larger in obese individuals, are resistant to the action 
of insulin (e.g., they require more insulin to stimulate glucose 
transport); a relative inability of fat stores to release stored triglyc
erides (fats) as free fatty acids; energy expenditure is lower in 
obese individuals than in lean. These observations indicate that 
there are metabolic differences that distinguish obese and non
obese individuals. 

A substantial body of evidence indicates that obese and lean 
people eat about the same amount of food (79-82) and caloric 
intake varies widely among randomly selected lean individuals 
(83,84). This implies the existence of autoregulatory mechanisms 
(a "setpoint") which maintains body weight within a fairly narrow 
range. It has been suggested that in the absence of any underlying 
differences in energy expenditure ("energy efficiency") between 

obese and lean people, obesity must be due to excessive intake 
of energy (85). This conclusion would rest on the prediction that 
energy requirements vary only with body size, age, and sex and 
can be predicted in a mathematical way that takes these variables 
into account. However, there is accumulating evidence that genetic 
factors mediate our basal rate of energy expenditure (75,86). The 
resting metabolic rate, which accounts for 75% of energy used 
each day in sedentary adults, is strongly correlated with body size 
(87-89). However, the variability of metabolic rates from person 
to person exceeds that predicted if age, sex, and body size alone 
are the sole determinants, leaving an estimated 20-45% of basal 
metabolic rate accounted for by other factors (24,90). 

HEALTH CONSEQUENCES OF OVERNUTRITION Health 
risks of obesity begin to appear when weight is more than 20% 
above optimal weights using life insurance tables or when body 
mass index exceeds 27 (91). Individuals who are overweight are 
at increased risk of hypertension, diabetes, stroke, heart disease, 
and some forms of cancer (92). Thus, obese individuals more 
frequently demonstrate insulin resistance and type II diabetes, and 
they have other risk factors for cardiovascular disease, including 
hypertension, hypertriglyceridemia, and decreased high-density 
lipoproteins. Overweight men demonstrate high mortality rates 
for colorectal cancer and modestly increased death rates from 
prostate cancer (93). For women, obesity increases the incidence 
of cancers in which endocrine factors playa role, including endo
metrial, cervical, and ovarian cancer (94). Curiously, results for 
breast cancer are less clear, with some studies showing increased 
breast cancer in lean women (95). 

INTERVENTION Although weight loss is typically regarded 
as the goal of treatment for obesity, it has been recently suggested 
that metabolic fitness be included as a measure of successful 
outcome (55). This notion stems, in part, from the observation 
that physical activity can restore insulin sensitivity and lower 
cholesterol levels in obese patients even in the absence of weight 
loss (96). Changes in eating habits and levels of physical activity 
come slowly and are not like the "quick fixes" we often demand. 

Because successful and permanent weight loss is so frustrating 
and difficult to achieve, there is a huge audience for drug treat
ments for obesity, which fall into four general classes: those 
affecting satiety via effects on the brain; those that inhibit the 
absorption of fats and calories in the gastrointestinal tract without 
affecting the brain; those which increase metabolic rates and ther
mogenesis; those that mobilize peripheral stores of fats or that 
inhibit triglyceride synthesis (4). The size of the market for a 
quick path to thinness is demonstrated by the fact that in the year 
before it was removed from the market, the weight loss drug 
combination of fenfiuramine and phentermine (fen-phen) was 
given to over 18 million people (54). The search for ways to 
fight obesity are varied and have a long history. Cigarettes were 
marketed as useful in weight control, particularly among young 
women (97). Similarly, up to half of all female cocaine users 
report use of cocaine as a weight-control measure (98). This is 
not to directly compare cocaine use to fen-phen or cigarette smok
ing, but merely to emphasize that pharmacological control of 
obesity has a powerful allure. 

OVERNUTRITION, lEPTlN, AND HORMONES In 1994, 
the gene for a weight-regulating protein called leptin was cloned 
from obese mice having a mutant gene for leptin (designated obi 
ob) (99). The lack of leptin in these mice causes them to eat as 
though they are in a perpetual state of starvation. Normally 
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secreted by adipocytes, injection of leptin back into ob/ob mice 
produced weight loss, and leptin was found to be secreted in 
humans with a circadian nocturnal rise (100). Thus, the initial data 
suggested that leptin was a "fat-busting" hormone that suppressed 
eating and hunger and that might be mutated in obese human 
subjects. However, mutations of the leptin gene are extremely 
rare, with only a few families discovered to have leptin mutations 
after several years of a worldwide search (24). Furthermore, obese 
subjects have leptin levels in serum that are higher than normal
weight subjects, which closely correlate with percentage of body 
fat (101). These results suggest that obesity may represent an 
insensitivity to leptin. It is possible that leptin receptors, rather 
than leptin itself, may be altered or malfunctioning in human 
obesity. Another mouse, prone to obesity and diabetes, designated 
db/db has been shown to have mutant-inactive leptin receptors 
(102), but unlike the ob/ob mouse, it has normalleptin levels. As 
with mutants of leptin, leptin-receptor mutants are rare in humans 
(24) and do not account for the vast majority of obesity. 

Leptins also stimulate production of a factor which causes 
death of adipocytes by apoptosis (103). It is proposed that the 
pathway stimulated by leptin acting on the central nervous system 
(CNS) leads to expression of an inner mitochondrial membrane 
protein of adipocytes that uncouples mitochondrial respiration 
(104,105). This uncoupled mitochondrial respiration promotes 
free-radical generation and eventually produces apoptosis. A 
patent was recently issued for a clinical assay to measure expres
sion of one of the uncoupling proteins, and it is suggested that 
expression of uncoupling protein at high levels marks the ability 
to dispose of excess calories (106). The mediator connecting the 
CNS and peripheral adipocytes remains unknown, but it may be 
the retinoic acid receptor and the peroxisome proliferator receptor 
(107). These findings concerning leptin and its receptor prompted 
a search for proteins that interact with leptin to control appetite. 
Leptin receptors are present in the brain in the same region where 
another protein, neuropeptide Y (NPY), is located. NPY is mark
edly elevated in the leptin-deficient ob/ob mice and stimulates 
appetite (108). 

Another obese mouse strain, agouti, overproduces a protein 
(agouti) which blocks the binding of alpha melanocyte
stimulating hormone (aMSH) to a receptor designated Metabolic 
Clearance Rate (MCR)-l (109). Normally, aMSH causes the 
production of black pigment in the hair, but that is blocked by 
the agouti protein, leading to their bright yellow fur. To explain 
the obesity, it was proposed that a parallel system of receptor
blocking agouti proteins and appetite-suppressing MCR-like 
receptors existed in the brain. Following up on this hypothesis, 
a receptor called MCR-4, located in the arcuate nucleus of the 
brain (a region also targeted by leptin), signals suppression of 
feeding. Melanocortins suppressed appetite when injected into 
both ob/ob and normal mice, and "knock-out" of the MCR-4 
receptor from normal mice leads to obesity (110). Thus, the 
melanocortins suppress appetite in contrast to NPY, which 
increases appetite. The relationships among leptin, melanocortins, 
and NPY are shown in Fig. 1. 

UNDERNUTRITION 

RESPONSE TO STARVATION There may be a connection 
between leptin and starvation by which starvation-induced 
decreases in leptin mediate some of the well-known endocrine 

Fasting 

*FFA=Free Fatty Acids 

t Leptin 

Neuropeptide Y 
t Metabolism t Temperature 

Reproductive Function 

Fig. 1. Feeding/fasting, fuel sources, and body weight are shown 
on the left portion of the diagram. Recently discovered mediators are 
shown in the middle in bold with proposed physiological responses 
are on the right (see refs. 100-110). 

and metabolic effects of starvation (111,112). The endocrine con
sequences of starvation include decreased negative feedback of 
leptin and insulin on the hypothalamus and peripheral organs, 
decreased production of thyroid hormone and reproductive hor
mones with suppression of the menstrual cycle, and increased 
production of glucocorticoids (111,113). Adults will lose approxi
mately 25% of body weight within 6 mo of a semistarvation diet 
(approximately 1500 cal) (114). During recovery, when caloric 
intake is gradually increased over a period of 3 mo to prestarvation 
levels, body fat stores are replenished. Subsequently, when food 
is made available as desired, food intake climbs well above the 
pre starvation levels (hyperphagia) and persists for several weeks 
after prestarvation body weight is reached. This period of hyper
phagia correlates with restoration of muscle mass (lean body 
mass) (115). 

The metabolic responses to starvation (in the absence of other 
diseases) are quite predictable. In otherwise healthy individuals, 
glucose is the main source of fuel when food supplies are adequate. 
In contrast, following several days of starvation, the main fuel 
source shifts to gluconeogenesis primarily from fat. Although liver 
stores of glycogen are utilized during the early period of starvation, 
these last only 24-48 h. Thus, during periods of inadequate nutri
tion, the body generates glucose from fat stores, preserving lean 
(e.g., muscle) mass, as a survival mechanism (115). Figure 2 
illustrates the principle that production (or loss) of peptide media
tors can induce weight loss in spite of normal or even increased 
food intake. This should serve as a reminder that the opposite 
problem, obesity, could reasonably be the result of mediators that 
alter the efficiency of utilization of calories. 

Adults who survive a period of starvation are, at least physi-
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Fig. 2. Outline of the mechanisms leading to weight loss, demon
strating the principle that weight loss can occur in spite of normal or 
increased food intake. 
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Fig. 3. Hypothalamic-pituitary axis and effects of starvation vs 
anorexia on menstruation and spermatogenesis. 

cally, restored to their previous health status. Reproductive func
tion, which rapidly decreases during conditions of undernutrition, 
is quickly restored to normal when food becomes available. The 
loss of normal reproductive function can occur rapidly, even fol
lowing 2 d of fasting, and is accompanied by diminished secretion 
of gonadotropin-releasing hormone (GnRH) by the hypothalamus 
(see Fig. 3) (116,117). This occurs without significant loss of 
body weight or body fat and is accompanied by decreased secretion 
of luteinizing hormone and follicle-stimulating hormone by the 
pituitary (118). The pituitary remains responsive to exogenously 
administered GnRH during undernutrition, suggesting that a shift 
to fasting metabolism is accompanied by suppression of reproduc
tive hormones at the level of the hypothalamus. Thus, if adults 
survive a famine, the evidence is that they will recover normal 
fertility levels (119). However, the effects of famine on children, 
particularly during pregnancy and the first year of life, may be 
more long lasting. The loss of reproductive function during periods 
of undernutrition may prevent conception in the first place, 
decreasing the likelihood that conception will occur during periods 
of scarcity. Nevertheless, children born after exposure to famine 
conditions in utero and during early life (e.g., the first year) may 
suffer some health consequences. The term "imprinting" has been 
used to describe nongenetic programming of fetal development 
that persists into adult life. 

FETAL AND POSTNATAL IMPRINTING Epidemiological 
studies have led to the concept that during critical periods of 
growth, the fetus or newborn may be programmed in a permanent 
way by nongenetic conditions in utero and during early life. This 
hypothesis develops naturally out of observations that variations 
in birth weight and size are influenced much more by the maternal! 
uterine environment than by the fetal genome (120). Intrauterine 
and early postnatal life includes periods of embryological develop
ment and rapid growth, and it is reasonable to consider that under
nutrition exerts effects during early life that may not be seen when 
adults are exposed to famine conditions. 

Studies conducted in Great Britain have shown that low-birth
weight babies and babies who gain weight slowly after birth have 
substantially higher death rates as a result of cardiovascular disease 
during their adult life, and this increased risk of cardiovascular 

disease is paralleled by measurable differences in cholesterol, 
blood pressure, and fibrinogen levels (121). The risk incurred by 
low birth weight (e.g., 5.5lbs vs 8.5lbs at birth) has been compared 
to the magnitude of increased risk for cardiovascular disease which 
is observed in cigarette smokers. Similarly, low-birth-weight 
babies have a higher incidence of impaired glucose tolerance and 
adult-onset diabetes (approximately 40% of individuals weighing 
5.5 lbs or less at birth have impaired glucose tolerance or overt 
diabetes versus 22% of those whose birth weight was 8.5 lbs) 
(122). A cautious approach to these findings is warranted because 
other studies fail to confirm these findings directly. The hypothesis 
that fetal undernutrition would cause increased mortality in adults 
who survived as compared to an unaffected cohort has been tested 
in other popUlations. Adult survivors born during the Finnish 
famine years 1866-1868, when three successive crop failures 
caused the death of 8% of the total population of the country, did 
not manifest differences in mortality rates when compared to those 
born prior to, during, and after the famine (123). 

Ongoing studies of the famine experienced in Holland during 
the last 6 mo of World War II (October 1944-May 1945) support 
the concept that extreme undernutrition during the fetal and early 
postpartum periods can determine effects that are observed in 
adult life. During this war-induced famine, rations fell to 1200 
cal in November of 1945 and to between 600 and 800 cal in 
February of 1945. A decrease in birth weight was observed when 
maternal weight gain fell below a threshold of 0.5 kg/wk during 
the third trimester of pregnancy (119,124). Additional studies of 
the offspring of the Dutch famine of 1945 suggest that trimester
specific effects occur. Approximately 300,000 men whose mothers 
had been exposed to this famine were studied when they were 
inducted into the Dutch military services at age 19 (125). Exposure 
during the first half of pregnancy resulted in significantly higher 
obesity rates, whereas exposure during the last trimester of preg
nancy and during the first months of life produced significantly 
lower rates of obesity in adult life. These data suggest that the 
timing of the nutritional events during pregnancy and early life 
can have different and even opposing effects. Finally, recently 
completed analyses of the offspring of mothers exposed to the 
Dutch famine suggest that some imprinting effects are conveyed 
to the next generation (126). Such studies require detailed records 
of prenatal care, birth weight, and postnatal feeding and weight 
gain. Similarly, knowledge of the characteristics of the population 
at large is required to enable control for potentially confound
ing variables. 

Infant diets may also exert programming effects. Studies con
ducted in baboons suggest that breast vs formula feeding perma
nently programs the risk of atherosclerotic disease in the adult 
animals. Formula-fed baboons have lower rates of involvement 
of blood vessels by atherosclerotic plaques, and hepatic low
density lipoprotein (LDL) receptor mRNA is consistently higher 
in breast-fed animals (127). 

CACHEXIA Weight loss is common in patients with both can
cer and infection by human immunodeficiency virus (HIV). 
Although decreased food intake (anorexia) occurs in these condi
tions, the weight loss is either in spite of adequate caloric intake or it 
is out of proportion to the anorexia. The causes of these syndromes 
remain unclear, although much research has focused on circulating 
factors that promote weight loss, including tumor necrosis factor
alpha (TNFu) and other cytokines (128). Before insulin was widely 
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available to treat diabetes, it was known that untreated diabetics were 
hyperphagic and yet they continued to lose weight. We now under
stand that this is due to the stimulation of lipolysis by insulin defi
ciency and an inability to produce the enzyme (lipoprotein lipase) 
that promotes uptake of fats from the blood into adipocytes ( 113). 

One of the most striking features of tuberculosis (TB) infections 
was the loss of body weight that occurred in patients, and TB 
was referred to as "consumption." Modem equivalents include 
the HIV wasting syndrome (129) and the cachexia observed in 
about half of all patients with cancer (130). A significant number 
of cancer patients develop cachexia in which there is loss of both 
adipose tissue and skeletal muscle mass. Although cancer patients 
experience anorexia and therefore eat less, the loss of body mass 
is out of proportion to the decreased caloric intake (130). In 
addition, unlike what one might predict, the decreased food intake 
of cancer patients is associated not with decreased metabolic rate, 
but with an increase in energy expenditure. This is accompanied 
by increased gluconeogenesis. It is unlikely that cancer-related 
cachexia is the result of competition for calories, as it occurs when 
tumors comprise less than 0.01 % of body weight (131). TNF-a 
is an important element in the pathogenesis of cachexia. TNF-a 
was isolated from rabbits with severe weight loss and hypertriglyc
eridemia and an associated inhibition of lipoprotein lipase, result
ing in catabolic effects on fat cells (132). TNF-a and other cyto
kines both decrease lipoprotein lipase and increase lipolysis. It is 
of interest to note that fish-oil supplementation of the diet of 
patients with pancreatic cancer, who are particularly susceptible 
to cancer cachexia, reverses cachexia and weight loss (133 ). EPA 
derived from fish oil directly inhibits lipolysis and the breakdown 
of nitrogen from muscle protein in an animal model of lymphoma 
(134). Serum from these mice promotes lipolysis in non-tumor
bearing mice, suggesting that a catabolic factor produced by 
tumors can induce weight loss via lipolysis. The effect occurred 
without increasing calorie consumption or intake of nitrogen and 
is specific to EPA, and EPA reverses the lipolysis and protein 
degradation that occurs in these mice. EPA may exert its anti
cachexia effects via altering cyclooxygenase activity or the 
potency of eicosanoids both at the level of target organ by inhibit
ing nitrogen loss and by inhibiting the generation of TNF-a by 
macrophages (135). 

Human immunodeficient virus patients also suffer weight loss 
in spite of adequate caloric intake. In a prospective study, in spite 
of counseling and maintenance of caloric intake, weight loss occurs 
(136). This weight loss has been attributed to the hypermetabolism 
which occurs in HIV -infected patients (137). In addition, malab
sorption may account for some of the weight loss occurring in 
HIV -infected patients. This malabsorption occurs even in patients 
without diarrhea or severe weight loss (138). It is of interest to note 
that enteral supplementation with a fish-oil-containing formula 
prevented the HIV -associated cachexia in human patients, whereas 
one lacking fish oils did not prevent it (136). 

Finally, it is likely that cytokines alone may not explain all of 
the cachexia seen in HIV-positive and cancer patients. Regions 
of the brain communicating with the pituitary and adrenal glands 
[the hypothalamic-pituitary-adrenal axis (HPA)] playa central 
role in regulation of body weight in response to decreased (and 
increased) food intake and in the wasting syndromes associated 
with AIDS and cancer (139). It is also of interest to note that 
malignancy-induced cachexia is the only circumstance in which 
adipocytes are known to undergo death, by apoptosis (140). 

ANOREXIA AND BULIMIA Fear of fatness has become a 
part of life among adolescent girls (141) and it is notable that 
this angst over body weight and thinness parallels the widely 
documented increase in the incidence of obesity over the past 20 
yr among virtually all age groups. Furthermore, it is not just fear 
of fatness but a desire to be "ultrathin" that is found when adoles
cent girls are questioned about their perceptions of body weight 
(142). It is especially troubling that dieting behavior in these 
adolescent girls is associated with lowered intake of micronutrients 
compared to girls who do not diet (143). 

Young women from middle school through college ages are 
especially susceptible to anorexia and bulimia, which are behaviors 
that reduce caloric intake sometimes to the point of starvation. 
Anorexia and bulimia are poorly understood, difficult to treat and 
carry staggering emotional and financial costs for patients and 
their families. They are presumed to be related to social pressures 
to lose weight and a perception of being "overweight" in spite of 
being of normal weight, or nearly so (144). Factors that conspire 
to create this perception include fashion standards that promote 
a lean, even prepubescent, physique. The natural physical develop
ment of adolescents as they move increasingly away from this 
fashion standard may parallel the perception of "fatness." 

Anorexia is not a newly described disease, as the essence of 
it was observed and characterized in the 19th century (144). 
Anorexia and bulimia affect up to 3% of women at some point 
during their lives (144,145). Anorexics demonstrate the following 
characteristics: extreme dieting, fear of eating, dangerous loss of 
weight, increased physical activity, depression, reduced heart rate 
and blood pressure, increased cortisol levels, and markedly 
reduced estrogen (or androgen) production with amenorrhea, 
which is a hallmark feature (144,146). The metabolic effects of 
anorexia resemble semistarvation observed in marasmic children 
and protein malnutrition observed in hospitalized patients in afflu
ent countries (147). A recent study of albumin metabolism in 
anorexics has shown some of the anticipated metabolic effects of 
starvation: decreased body weight, decreased BMI, and decreased 
lean body mass (148). However, in contrast to famine-induced 
undernutrition, serum albumin levels do not tend to fall (148). 
Treatment of the disease is to prescribe a 2000- to 4000-cal diet 
combined with supervision, counseling, and monitoring at an 
impatient facility or a day-treatment program (144). Restoration 
of body weight is usually achieved, but relapse is also common 
(149). The causes of anorexia remain elusive, but normalization 
of these abnormalities with restoration of body weight argue 
against an obvious biological cause. However, the observation that 
serotonin metabolites and leptin levels are increased in recovered 
anorexics raises the possibility of an underlying biological distur
bance (144). Mortality from anorexia because of suicide or starva
tion is approximately 5% per each 10 yr of follow-up (150). 
Problems are lifelong in at least half of all patients, including 
continued preoccupation with weight gain, depression, and meta
bolic problems such as osteoporosis, which is not prevented by 
estrogen-replacement therapy (144). 

In contrast to anorexics, who are underweight, bulimics usually 
have normal body weights (144). Bulimia nervosa was recognized 
as a disorder in 1980, and bulimics share with anorexics a preoccu
pation with weight and body shape occurring mainly in young 
women (144). However, in bulimics, weight loss is not as severe, 
and eating is in binges that are typically followed by purging 
behavior (self-induced vomiting, use of laxatives or diuretics, and 
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compulsive exercise) (151). Reported crude mortality rates for 
anorexics range from 3% to 20% during follow-up periods of 
6-20 yr, and figures for bulimia nervosa are somewhat lower, 
around 3% (152). It is increasingly recognized that bulimia and 
anorexia may coexist, such that up to half of all anorexics develop 
bulimic symptoms and severe restriction and bulimic behaviors 
may alternate in the same affected individual (153). Treatment 
with either behavioral therapy or antidepressant medications is 
associated with resolution in up to 50% of patients (144). 

THE HOSPITALIZED PATIENT Major surgery and trauma 
are stresses that lead to hypermetabolic states. Stored fats, glyco
gen, and labile protein are broken down as energy sources, and 
a variety of hormones, including adrenocorticotropin, catechola
mines, cortisol, and glucagon, act to oppose the action of insulin 
and promote the generation of glucose. They also stimulate net 
protein catabolism with the potential for losses of as much as 
20-30 g/d of nitrogen (155). Up to one-third of hospitalized 
patients were noted by Butterworth over 20 yr ago to be severely 
malnourished (146). Furthermore, the longer severely ill, injured, 
or postoperative patients stay in the hospital, the more likely they 
are to suffer from steadily worsening malnutrition. Parenteral 
and enteral nutrition have become part of the armamentarium of 
treating and supporting postsurgical, trauma, bum, sepsis, and 
other patients who have special nutritional needs (155). Anticipa
tion and prevention of nutritional stresses is now the favored 
approach to these patients. Catabolism accompanies major surgery 
and normally persists for up to 72 h when a shift to anabolic 
metabolism occurs. Serum albumin levels below 35 gIL and low 
total protein and cholesterol levels have been used as laboratory 
values to identify a group of patients at risk for complications 
associated with nutritional deficits (156). There is evidence that 
protein-energy malnutrition is associated with increased length of 
hospitalizations, impaired immune and skeletal muscle function, 
and decreased wound healing (157). However, nutritional inter
vention with parenteral or enteral supplemental nutrition is compli
cated by the potential for increased risk of infection (158). At a 
practical level, it is suggested that if feeding cannot be resumed 
5 d after surgery, nutritional support is indicated. 

FAMINE It is unlikely that you will encounter malnutrition 
resulting from a lack of available calories or protein in wealthy 
countries such as the United States. However, famine is a regular 
and fearsome part of human history, and a few words about 
the causes and consequences of famine are in order. Famine is 
sometimes the simple result of crop failure because of drought or 
plant diseases, and if populations are dependent on locally pro
duced food, famine can result. However, famines caused by gov
ernment policies have killed many millions of people during the 
20th century. It is nearly impossible for us to envision famine in 
which starvation and associated diseases can easily carry away 
one-third of the population and cause entire countries to be depop
ulated by emigration (159). The Irish potato famine and the Finnish 
famine of 1866-1868 were initiated by natural causes and were 
closely associated with diseases such as tuberculosis (160). War
fare is closely associated with famine, and the 900-d siege of 
Leningrad, which was at its worst in November of 1941, is beyond 
description. During a period of 3 wk, it is estimated that 200,000 
people died when the daily ration of food in Leningrad was 125 
g in the form of edible grain baked into a loaf (161). This is 
equivalent to a cup of rice or two thin slices of bread, an amount 
of food that sustained life for 2 wk at best, given the malnutrition 

of the city's inhabitants. The Great Leap Forward, undertaken by 
Mao Tse-tung in China in the late 1950s, exemplifies a man-made 
famine caused not by war but by government policy. Astonish
ingly, rations of food available to residents in Pingyuan county 
in northeastern China during the entire period of 1959 through 
1960 were similar to those available to citizens of Leningrad in 
November of 1941 (161). The Great Leap Forward was a plan to 
collectivize agriculture and move more than 90 million peasants 
off of their lands and employ them in producing steel using primi
tive smelters. Peasants scoured the countryside for metal of any 
kind, including hoes, shovels and other farming tools, to be melted 
down and used for steel production. Between 30 and 50 million 
people died in the ensuing famine. Finally, earlier in the century, 
a similar plan of collectivization was developed by the Russian 
Communist government, led by Stalin, and directed mainly at 
Ukrainians. By conservative estimates, this led directly to the 
deaths of 11 million people from 1930 to 1937 (162). Perhaps 
knowledge of these millions of famine-caused deaths in our own 
century will serve as reminders of the tenuous balance of natural 
and man-made forces required to maintain a reliable supply of 
food. 

SUMMARY 
This chapter introduces the concept that obesity is not a condition 
that is the simple result of overeating. Although populations 
around the world, as a whole, are becoming progressively more 
obese, there is an ever-increasing body of scientific evidence that 
genetic and neurohormonal factors drive the tendency toward 
obesity among individuals. In other words, although the trends 
toward decreasing physical activity and increased dietary fat intake 
may explain the ever-increasing incidence of obesity, they do not 
explain the wide individual variations in body weight. We are 
on the cusp of greater scientific understanding of the complex 
interactions of peripheral and central nervous system humoral and 
genetic factors that modulate body weight, satiety, and eating. 

Obesity has been epidemiologically linked to an increased 
risk of death from cancer, atherosclerosis, and diabetes and with 
musculoskeletal morbidity resulting from bearing increased 
weight on joints. As with many risks, moderate obesity is less 
troublesome than extreme obesity and recommendations to lose 
weight must be tempered by a balanced view of the likely benefits. 
Because it is so difficult to lose weight and keep it off by following 
the "eat less and exercise more" prescription, drug treatment for 
obesity will continue to have an enormous attraction. Whether 
the reason for losing weight is primarily for the sake of appearances 
or for medical purposes, there is an intense drive to appear slim 
and attractive. 

Although losing weight is generally a good thing for most of 
us, anorexia/bulimia among young girls is the tragic consequence 
of a poorly understood response to a "fear of fatness." This is a 
potentially fatal condition that presents tragedy and stress for the 
patients and families. Otherwise perfectly healthy girls are afflicted 
and essentially become starved. Other forms of undernutrition 
include the cachexia observed in HIV and cancer patients. Ca
chexia occurs in spite of adequate caloric intake, or, at least, the 
resulting weight loss is out of proportion to the anorexia that many 
cancer and HIV patients experience. Hospitalization is a risk factor 
for undernutrition. Patients undergoing general anesthesia and 
surgery are fasting, and patients who have suffered trauma, bums, 
and infections may be unable to take food by mouth or they may 
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have extreme protein losses because of catabolism and/or their 
injuries. Although parenteral nutrition is of great value in support
ing these patients, it is not without complications, particularly the 
risk of infection resulting from the indwelling catheters used to 
provide the nutrition. Famine as a cause of undernutrition is seldom 
merely the result of crop failure. It is almost always complicated 
by war, and even more tragically, it has been used as an instrument 
of terror and genocide. Famine, war, and pestilence will undoubt
edly follow us into the next century. Finally, the chapter includes 
a discussion of imprinting that describes the permanent modifica
tion of genes into adult life as a result of events occurring during 
fetal and early postnatal life. This is a fascinating arena which 
offers data that contradict our usually assumed notions that "fatness" 
at birth is bad. In fact, most evidence suggest that there are signifi
cantly increased risks of atherosclerotic cardiovascular disease dur
ing adult life among individuals who are "skinny' at birth. 
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5 Protein and Amino Acids 

VERNON R. YOUNG 

INTRODUCTION 
The usual source of amino acids the body cannot make (the 
nutritionally indispensable, or essential, amino acids) and of the 
nitrogen required for the synthesis of other amino acids (the nutri
tionally dispensable or nonessential amino acids) and numerous 
physiologically important nitrogen-containing compounds is from 
the protein -containing component of the diet. In the case of special 
nutritional therapies, the required amino acids and nitrogen can 
be supplied by formulations that are given via enteral or parenteral 
administration. Inadequate protein or amino acid intakes cause 
diminished content of protein in cells and organs and deterioration 
in the capacity of cells to carry out their normal function. This 
then results in growth faltering in the young and, in all individuals, 
increased morbidity and eventually death if the poor diet continues. 
Furthermore, intakes in considerable excess of physiologic needs 
also might be disadvantageous. Thus, an adequate diet, whether 
consisting of normal foods or specially formulated medical/nutri
tional products, must contain an appropriate level of protein (nitro
gen) and balance of amino acids one to another, so that adequate 
growth, development, and/or long-term health can be achieved 
and sustained. 

Before focusing on the quantitative needs for dietary protein 
(nitrogen) and for specific amino acids, it might be worthwhile 
to begin with a short survey of the functions of amino acids and 
proteins. This will then be followed by a brief overview of some 
general features of amino acids and proteins. This will then be 
followed by a brief overview of some general features of protein 
metabolism, at the whole-body level, and particularly those that 
serve to determine the nutritional needs of the host. This is intended 
to provide a better understanding for the basis of the approaches 
taken to estimate human and amino acid needs. The currently 
accepted values for these requirements and host factors that affect 
them will then be reviewed and critiqued. 

AMINO ACID AND PROTEIN FUNCTIONS 
Amino acids serve as the currency of the nitrogen and protein 
economy of the host. Although there are hundreds of amino acids 
in nature, only 20 of these commonly appear in proteins, via 
charging by their cognate tRNAs and subsequent recognition of 
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a codon on the mRNA. In the special case of selenoproteins, such 
as glutathione peroxidase and type 1 iodothyronine 5' deiodinase, 
the formation and incorporation of selenocysteine into these pro
teins involves a complex process, including conversion of a seryl
tRNA to selenocysteinyl-tRNA, which is then recognized by a 
UGA codon (1). Other amino acids, such as hydroxyproline or 
N'-methylhistidine, as examples, are also present in proteins. These 
arise via a posttranslational modification of specific amino acids 
residues, which endows particular structural and functional proper
ties to proteins; for example, there is a vitamin K-dependent car
boxylation of glutamic acid residues in a number of proteins, such 
as those involved in blood coagulation and bone matrix deposition 
(2). It is, however, the common 20 amino acids, together with a 
selected few others that are not in peptide-bound form, such as 
ornithine, citrulline, and taurine, that are of major quantitative 
importance in the maintenance of nitrogen economy and protein 
nutritional status of the human subject. 

Whereas all plants can synthesize the 18 amino acids and 2 
amides (asparagine and glutamine) commonly found in proteins, 
the animal kingdom, from protozoa up to mammals, is dependent 
on at least 9 of the amino acids being supplied from exogenous 
sources; these amino acids are referred to as the essential or 
indispensable amino acids (3) and we will return to these later. 

The nutritionally relevant amino acids serve multiple and 
diverse physiologic functions; examples of these are listed in Table 
1, as well as an indication of those functions played by the proteins 
elaborated from their individual amino acids via peptide bond 
formation. In the course of carrying out their physiologic and 
functional roles, the proteins and amino acids tum over and part 
of their nitrogen and carbon is irretrievably lost via the excretory 
pathways, including CO2 in expired air, and urea and ammonia 
in urine. Hence, to maintain an adequate body protein and amino 
acid nutritional status, these losses must be balanced by an appro
priate exogenous, or dietary, supply of (1) a utilizable source 
of nitrogen for synthesis of physiologically important nitrogen
containing compounds to support cell and organ function and (2) 
the indispensable amino acids, together with certain so-called 
"conditionally indispensable" amino acids under specific patho
physiological states. These dietary components are used to replace 
those lost during the course of daily metabolic transactions and/ 
or that are needed for deposition of new tissues during growth 
or for repair and protein repletion following disease or other 
unfavorable nutritional conditions. 
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Table 1 
Some Functions of Amino Acids and Proteins 

Function 

Amino acids 
Substrates for protein synthesis 
Regulators of protein turnover 
Regulators of enzyme activity (allosteric) 
Precursor of signal transducer 
Methylation reactions 
Neurotransmitter 
Ion fluxes 
Precursor of "physiologic" molecules 
Transport of nitrogen 
Oxidation-reduction properties 
Precursor of conditionally indispensable amino acids 
Gluconeogenic substrate and fuel 

Proteins 
Enzymatic catalysis 
Transport 
Messenger/signals 
Movement 
Structure 
Storage/sequestration 
Immunity 
Growth; differentiation; gene expression 

Example 

Those for which there is a codon 
Leucine, arginine 
Arginine and NAG synthetase; Phe and PAR activation 
Arginine and nitric oxide 
Methionine 
Tryptophan (serotonin); glutamate 
Taurine; glutamate 
Arg (creatinine); glycine (purines) 
Alanine; glutamine 
Cyst( e )ine; glutathione 
Methionine (cys); phe (tyr) 
Alanine; serine; glut (NR2) 

BCKADR 
B-12 binding proteins; ceruloplasmin; apolipoproteins 
Insulin; growth hormone 
Kinesin; actin 
Collagens; elastin 
Ferritin; metallothionein 
Antibodies; TNF; interleukins 
EGF; IGFs; transcription factors 

Note: PAR: phenylalanine hydroxylase; BCKADH: branched-chain ketoacid dehydrogenase; TNF: tumor necrosis factor; NAG: N-acetyl
glutamate. 

THE MAJOR SYSTEMS INVOLVED IN BODY 
PROTEIN AND AMINO ACID METABOLISM 
The principal metabolic systems responsible for the maintenance 
of body protein and amino acid homeostasis are shown in Fig. 1. 
They are: 

1. Protein synthesis; 
2. Protein breakdown or degradation; 
3. Amino acid oxidation, with elimination of carbon dioxide 

and urea production; and 
4. Amino acid synthesis, in the case of the nutritionally dis-

pensable or conditionally indispensable amino acids. 

Dietary and nutritional factors determine the dynamic status of 
these systems; such factors include the intake levels relative to 
the host's protein and amino acid requirements, the form and route 
of delivery of nutrients (i.e., parenteral and enteral nutritional 
support) and timing of intake during the day, especially in relation 
to the intake of the major energy yielding substrates. Changes in 
the rates of these systems lead to an adjustment in whole-body 
nitrogen (protein) balance and retention, with the net direction 
and the extent of the balance depending upon the sum of the 
interactions occurring among the prevailing factor(s). 

Protein synthesis rates are high in the newborn and per unit 
of body weight, these rates decline with progressive growth and 
development (Table 2) (4). Three points that are relevant to nutri
tional requirements might be drawn from the data summarized 
here. First, the higher rate of protein synthesis in the very young, 
as compared to that in the adult, is related to the fact that a net 
protein deposition occurs during growth and also a high rate of 
protein turnover (synthesis and breakdown), which is associated 
with tissue remodeling. Hence, protein synthesis in the premature 

Protein 
SynthesiS 

Protein 

Protein 
Breakdown 

~ AminoAcids ~ 
Intake I De Novo 

Oxidation Synthesis 

Urea and CO2 

Fig. 1. The principal biochemical systems responsible for homeosta
sis of protein and amino acid metabolism in vivo. Changes in the 
rates of these systems account for the adaptation to alterations in 
dietary protein/amino acid intakes. 

infant (5) is about twice as high as in the preschool child and 
approximately three or four times as high as in the adult. Second, 
at all ages in healthy subjects, the rates of whole-body protein 
synthesis and breakdown are considerably greater than usual 
intakes or levels of dietary protein thought to be necessary to 
meet the needs for maintenance or for the support of adequate 
growth (2). It follows, therefore, that there is an extensive reutiliza
tion within the body of the endogenous amino acids liberated 
during the course of protein breakdown. Third, a general relation
ship can be seen here between the age-related differences in protein 
turnover and in the dietary protein needs for each specific age 
group. This suggests that when rates of synthesis and breakdown 
of body proteins change in response to various stimuli, such as 
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Table 2 
Comparison of Whole-Body Protein Synthesis Rates 
with Dietary Protein Allowances at Different Ages1 

Protein Protein 
Age group synthesiS' (A) allowanceb (B) 

Infant (premature) 11.3,14 -3 
Newborn 6.7 1.85 
Child (15 mo) 6.3 1.3 
Child (2-8 yr) 3.9 1.1 
Adolescent (-13 yr) -5 1.0 
Young adult (-20 yr) -4.0 0.75 
Elderly (-70 yr) -3.5 0.75 

"Extended slightly from Young et al. (4). 
bIn units of g proteinlkgld. 

Table 3 
Whole-Body Protein Turnover in Relation 
to Resting Metabolic Rate (MR) in Adult 

of Mammalian and Avian Species 

Weight Protein turnover MR (B) 
Species (kg) (A) (g/kgld) (k/kgld) 

Mouse 0.04 43.5 760 
Rat 0.35 22.0 364 
Rabbit 3.6 9.2 192 
Wallaby (Parma) 4.2 7.5 163 
Sheep 63 5.6 96 
Man 70 4.6 107 
Cow 575 3.0 60 
Birds (chickens) 1.4 27 439 

Ratio 
AlB 

4.3 
3.6 
4.8 
3.5 

-5 
-5.3 

4.7 

Ratio 
BIA 

11 
17 
20 
21 
17 
23 
20 
16 

Note: From a summary of literature by Young et al. (8), where original 
references are given. 

in sepsis and trauma, the dietary requirement for nitrogen and 
specific amino acids intakes will change. This supposition is con
sistent with the increased total nitrogen needs of injured 
patients (6,7). 

An additional metabolic relationship, of nutritional interest, is 
that there is also a general relationship between the basal or resting 
metabolic rate of the organism and the rate of whole-body protein 
turnover; from an interspecies survey (Table 3), it can be estimated 
that about 15-20 kJ (4-5 kcal) of basal energy expenditure are 
expended in association with each gram of whole-body protein 
synthesis (8). It then follows from this relationship that amino 
acid transport and peptide synthesis alone might account for at 
least 20% of total basal metabolism. This being so, it could be 
concluded that major changes in body protein turnover resulting 
from, for example, severe infection or major trauma would not 
only affect the protein and amino acid requirements but also 
the status of body energy expenditure and requirements. In turn, 
changes in energy status will affect protein turnover (9) and thus, 
influence the requirement for protein. 

Because the basal metabolic rate accounts for a significant 
proportion of total daily energy expenditure, where ATP is the 
currency (10) and because of the relationship with protein turnover 
noted in the previous paragraph, a point might be raised here about 
the contributions made by the major different ATP-consuming 
reactions to the metabolic rate, including that for protein synthesis. 

Table 4 
Some Energy-Dependent Processes Associated with Protein 

Turnover and Amino Acid Homeostasis 

Protein tumover 
Formation of initiation complex 
Peptide bond synthesis 
Protein degradation 

Ubiquitin dependent 
Ubiquitin independent 
Autophagic degradation (sequestration, lysosomal, proton 

pump) 
RNA tumover 

rRNA; tRNA 
Pre-mRNA splicing (spliceosome) and mRNA 

Amino acid transport 
Regulation and integrity 

Reversible phosphorylation, enzymes, factors 
GTP-GDP exchange proteins (signal transduction) 
Second messengers (phosphatidyl inositol system) 
Ion pumps and channels 
ATP-dependent heat-shock proteins (folding) 
Protein translocation 

Nitrogen metabolism 
Glutamate-glutamine cycle 
Glucose-alanine cycle 
Urea synthesis 

Table 4 lists a number of energy-dependent processes that are 
associated with protein and amino acid function and homeostasis, 
and in this context, Rolfe and Brown (11) have estimated that 
the sodium-potassium ATPase pump, protein turnover, and urea 
synthesis, combined, account for about 40-50% of whole-body 
oxygen use. Using a similar set of assumptions, Yu and co-workers 
( 12) estimated that 25 % of the increase in energy expenditure in 
bum patients was due to the increased rate of protein synthesis 
and urea production. The point of emphasis is that there are 
significant quantitative interrelationships between energy and pro
tein metabolism and their nutritional requirements. 

Clearly, then, it should not be difficult to appreciate that both 
the level of protein as well as level of energy intake can affect 
body N balance; the available data reveal that the effects of these 
two nutritional factors are interdependent and their interactions 
can be complex. It was pointed out more than 40 yr ago by 
Calloway and Spector (13) that the level of caloric intake, whether 
above or below requirements, determines the degree of change in 
the N balance that is prompted by a change in N intake. Further
more, the level of N-intake determines the quantitative effect of 
energy intake on N balance. Munro (14) captured this complexity 
in schematic form, as shown in Fig. 2. 

In quantitative terms, for human subjects, an excess energy 
intake at adequate levels of N intake causes a retention of approxi
mately 1-2 mg Nlkcal (15), but at limiting or low N intakes, this 
relationship is markedly attenuated (14). However, at lower energy 
intakes, within the submaintenance range, there is a greater impact 
of changes in energy intake on N balance. Hence, in normal men, 
for each kilocalorie change in energy intake, it appears that at 
low energy, the N balance is altered by as much as 8 mg, with 
the relationship "breaking" at a total energy intake of about 1400 
kcal daily (15). This energy-level effect also applies for depleted, 
hospitalized patients for whom a value of approximately 7.5 mg 
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Fig. 2. Relationship of nitrogen balance and energy intake with diets 
of differing protein content. Between energy intakes A (low) and B 
(higher), the two lines are parallel. (From ref. 14.) 

Nlkcal has been established, with energy intakes up to about the 
equivalent of 15 kcal/kg body weight/d (16) (Fig. 3). 

The foregoing energy-nitrogen relationships have been empha
sized because of their profound consequences for the design and 
interpretation ofN-balance experiments, especially those intended 
to aid in the determination of protein and amino acid requirements. 
Thus, Garza et al. (17) and Inoue et al. (18) showed how relatively 
small changes in the level of energy intake can affect N balance 
and, therefore, the estimated protein requirements in healthy adult 
men. Indeed, the excess energy intakes given to subjects in the 
balance studies by Rose (19) were a concern to the investigator 
and this is a problem that has undoubtedly contributed to a under
estimation of the quantitative needs for the indispensable amino 
acids in healthy adults (8,20). 
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Fig. 3. Relationship between N balance and energy intake in post
absorptive and depleted patients. (From ref. 16.) 

GENERAL NUTRITIONAL ASPECTS OF 
AMINO ACIDS 

AMINO ACIDS CLASSIFIED The nutritional requirement for 
dietary protein consist of two components: They are (i) a utilizable 
source of nitrogen (often called nonspecific nitrogen or NSN) that 
may be supplied as a specific amino acid or a nitrogen compound 
such as urea or diammonium citrate or as a mixture of dispensable 
(nonessential) amino acids and (ii) the indispensable amino acids 
(essential) amino acids. Under certain conditions, there are the 
"conditionally essential" or "conditionally indispensable" amino 
acids. These various classes of amino acids are listed in Table 
5 (4,21). 

It will be noted from Table 5 that the conceptual organization 
of the present classification differs from that proposed by Rose 
et al. (21), following their classical N-balance studies carried out 
about 45 yr ago. Thus, it is now accepted that the human being 
requires at least nine indispensable amino acids under all condi
tions. Furthermore, from research carried out subsequent to the 
classic studies in Illinois (19,21), an assessment of the dietary 
significance of the various amino acids is more elaborate than 
the earlier classification suggested. Several developments have 
contributed to this expanded understanding of the role of dietary 
(exogenous) amino acids in human metabolism and function: 
These include (a) the successful clinical application of parenteral 
and enteral feeding techniques, requiring specific, chemically 
defined formulations, (b) the potential benefit of perioperative 
artificial nutrition, whether by the enteral or parenteral routes (22), 
and the possibility of maintaining patients on highly regulated 
and well-defined feeding regimens for prolonged periods, and (c) 
an increased understanding of the metabolism and function of the 
amino acids (see refs. 23 and 24 for review). In consequence, 
research in the area of amino acid nutrition has shifted away from 
the earlier and rather narrow focus on nitrogen balance, as the 
dominant paradigm for establishing the qualitative and quantitative 
aspects of nutritional needs, toward a more comprehensive evalua
tion of the consequences of altered amino acid levels and balance 
of intake on the metabolic and functional status of individuals. A 
paradigm shift has been enabled, to a major extent, by the applica
tion and further development of tracer techniques, especially the 
use of stable nuclides, in metabolic/nutritional research (25). It 
has also been promoted by the availability and study of new 
and novel amino-acid-based substrates, which include glutamine
enriched total parenteral nutrition solutions (26), short-chain pep
tides containing glutamate, tyrosine, or cysteine, and taurine conju
gated (4). Hence, an additional class of amino acids has emerged 
in human amino acid nutrition and these are the so-called condi
tionally indispensable amino acids (28). Depending on the physio
logical and metabolic condition of the host, these may include 
arginine (29,30), proline (30,31), glutamine (26,32), cysteine (33), 
and, possibly, glycine (34). 

The metabolic regulation of the conditionally indispensable 
amino acids and their roles in nutrition are a current focus of 
research in human protein and amino acid metabolism. Studies 
in healthy human adults (35) have led to the conclusion that the 
endogenous synthesis of arginine is relatively constant, whereas 
the degradation of arginine varies with dietary change. Thus, it 
seems as though the status of arginine degradation determines the 
arginine status of the body, and if this is so, then this would seem 
to explain the apparent increase in the need for arginine in catabolic 
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Table 5 
The Changing View of the Role of Amino Acids in Human Nutrition 

Indispensable (essential) Conditionally indispensable Dispensable 

I 954a Present> Present I 954a Presentb 

Valine 
Isoleucine 
Leucine 
Lysine 
Methionine 
Phenylalanine 
Threonine 
Tryptophan 

Valine 
Isoleucine 
Leucine 
Lysine 
Methionine 
Phenylalanine 
Threonine 
Tryptophan 
Histidine 

Glycine 
Cystine 
Glutamine 
Tyrosine 
Proline 
Arginine 
Taurine 
Glutamic acid? 

Glycine 
Cystine 
Glutamic acid 
Tyrosine 
Proline 
Arginine 
Alanine 
Serine 

Glutamic acid? 

Alanine 
Serine 
Aspartic acid 
Asparagine 

"Based on "final classification" by Rose et al. (21). 
b A current interpretation. 

states (36,37). On the other hand, it appears that the endogenous 
synthesis of arginine plays an important role in regulating arginine 
homeostasis in neonatal (38) and in postweaning pigs (39). Hence, 
it will be important to know whether this also applies to the status 
of arginine metabolism in human infants and young children. 
Similarly, proline synthesis appears to be limited in the newborn 
pig (40) and laying hen (41) and the state of proline synthesis 
balance in the human neonate (42) and in bum patients (31) also 
suggests a dietary requirement for this amino acid in these cases. 

A likelihood that there is a limiting availability of endogenously 
synthesized glycine under conditions of high metabolic demand, 
as in the rapid recovery state from malnutrition, has been hypothe
sized (34). Measurements of urinary L-5-oxoproline excretion, 
used as an index of glycine status, have indicated a number of 
possible physiological conditions (43,44) under which an enriched 
intake of glycine might be beneficial. There are no data, however, 
on which to base an estimate of what this actual intake of glycine 
should be. 

In this chapter, we are principally concerned with the quantita
tive needs for protection and amino acids and so it must be stated 
that little can be said yet about the amounts of the individual, 
conditionally indispensable amino acids needed to optimally sup
port the nitrogen economy of the host, under any specific condition. 
There is even doubt now about the quantitative nutritional interre
lationships between the two sulfur amino acids methionine and 
cyst( e )ine, for which a close metabolic association has long been 
recognized. For example, earlier nitrogen-balance investigations 
in adults suggest that dietary cystine could spare the requirement 
for methionine by approximately 16% to as much as 90% (45). 
This nutritional problem has been explored in a series of investiga
tions using labeled methionine as a tracer. From studies with both 
healthy young adults (46,47) and elderly men and women (48), 
there does not appear to be a profound methionine-sparing effect 
of dietary cyst(e)ine. Therefore, it has been proposed (47,48) that 
approximately two-thirds of the requirement for the total sulfur 
amino acids (SAAs) should be supplied as methionine, together 
with a generous addition of cysteine. However, the optimum ratio 
of methionine-to-cyst(e)ine and the desirable total SAA intake 
cannot yet be stated with any substantial degree of confidence. 

Aspartic acid 
Histidine 
Hydroxyproline 
Citrulline 

In view of the role played by cyst(e)ine in the regulation of 
glutathione (L-y-glutamyl-L-cysteinylglycine) synthesis andhomeo
stasis (49-51), the quantitative determination of the nutritional 
relationships between cystine and methionine deserve to be more 
completely established. 

NONSPECIFIC NITROGEN Although the required intake 
levels of the conditionally indispensable amino acids for specific 
situations are not known, it is clear, as reviewed elsewhere (28), 
that studies in the growing rat, chick, human infant, and adult 
have revealed the importance of an adequate level and appropriate 
dietary source of "nonspecific nitrogen" (NSN) for maintenance 
of an adequate state of body protein balance and nutriture. Indis
pensable amino acids alone, even when supplied in excess of 
their physiological requirements, do not maintain either adequate 
growth or maintenance in the rat (52). Furthermore, in human 
studies, the nutritional value of diets that supply a low amount of 
total nitrogen or diets containing predominantly the indispensable 
amino acids may be improved when NSN is added (53). 

To summarize, in addition to the nitrogen obtained from the 
indispensable amino acids, there is a requirement for a sufficient 
intake of "nonspecific nitrogen." This can be met effectively from 
the dispensable amino acids or from utilizable nitrogen sources 
but not from an excessive intake of indispensable amino acids 
alone. The extent to which a single specific chemical source(s) 
of the nonspecific nitrogen component might be sufficient to meet 
total "protein" (nitrogen) and amino acids needs is not entirely 
clear. Thus, a 1965 FAO/WHO (54) Expert Group on protein 
requirements concluded that the healthy human body is able to 
utilize most "nonessential" nitrogen compounds with equal effi
ciency. However, recent work describing the metabolism of the 
amino acids within the lumen of the intestine and the metabolic 
fate of dietary glutamate, in particular, might soon lead to a 
possible reassessment of the nutritional significance of specific 
amino acids (55,56). Dietary glutamate, for example, appears to 
be an important source for glutathione synthesis and for energy 
metabolism in the intestinal mucosa and little of the dietary gluta
mate reaches the portal circulation. Finally, an additional reason 
why it is important to better establish the nutritional requirement 
relationships between the "nonspecific nitrogen" and the indis-
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Fig. 4. Nitrogen balance in relation to N intake and estimation of 
the nitrogen (protein) requirement. Similarly, amino acid balance can 
be determined by measurement of amino acid loss via oxidation. xR = 
mean requirement. 

pensable amino acid component of the total protein requirement 
is because it has been hypothesized that high levels of nonspecific 
nitrogen in the diet can diminish the oxidative losses of the indis
pensable amino acids (57) and that this accounts for the relatively 
low requirement values for the indispensable amino acids as have 
been recommended by the FAOIWHOIUNU (58). However, stable 
isotope tracer studies (59) in young adults failed to demonstrate 
any significant sparing effect of dietary specific nitrogen on leucine 
oxidation or phenylalanine hydroxylation, which were used as 
indices of indispensable amino acid losses or of the sparing by 
nonspecific nitrogen. 

PROTEIN REQUIREMENTS 
The foregoing has concentrated on the qualitative nature of the 
amino acids in human nutrition and so we now tum to the question 
of the quantitative needs for dietary protein and the individual 
indispensable amino acids. The protein requirement will be consid
ered first, beginning with a short account of the ways by which 
the quantitative needs are established. Emphasis is given here 
to the approaches used by the United Nations (58) because the 
publications arising from these bilateral agencies have served to 
establish global nutrition policy and programs. They have also 
frequently been used as a major basis for establishing dietary 
recommendations by various national and/or professional groups. 

COMMENTS ON APPROACHES AND METHODS The 
requirement for protein (nitrogen) is defined as the lowest level 
of intake that will balance the losses of nitrogen and amino acids 
(via oxidative catabolism) from the body in persons maintaining 
energy balance and a modest level of physical activity (58). In 
the case of children and pregnant and lactating women, the require
ment also includes the needs associated with the deposition of 
protein in tissues or the secretion of milk at rates consistent with 
good health. 

Hence, the starting point for estimating total protein needs is 
the direct measurement of nitrogen needed for achieving zero 
balance in adults during short-term and long-term studies (58) 
(Fig. 4). Most estimates of protein requirements, therefore, are 
obtained directly or indirectly from measurements of the N bal
ance. Although this approach has been discussed in detail in 
the 1985 FAOIWHOIUNU (58) report on energy and protein 
requirements, some points might be made here before summarizing 
the estimates of protein requirements for the various age groups. 

Table 6 
Criteria for Valid Nitrogen-Balance 

Measurement of Protein Requirements 

Design and technical criteria 
Sufficient period of stabilization to new test protein level 
Periods sufficiently long for a stable response 
Urine collections complete and precisely timed 
Fecal collections complete and suitably aliquoted 
Correction for integumenal and miscellaneous N losses 
Overall design must be appropriate for intended purpose 

Dietary criteria 
Energy intake to match energy expenditure 
Fluid intake controlled 
Protein intake precisely controlled and monitored 
Multiple test levels encompassing near requirement level 

Host Factors 
Subjects should be fully replete 
Subjects free of mild infections 
Daily physical activity regular and not excessive 

Source: Based on ref 60. 

First, the nitrogen-balance technique involves the determina
tion of the difference between the intake of nitrogen and the 
amount excreted in urine, feces, and sweat, together with minor 
losses via other routes. There are (i) a number of inherent sources 
of error in nitrogen-balance measurements and (ii) a number of 
experimental requirements must be met if reliable N balance data 
are to be obtained. These have been summarized by Scrimshaw 
(60) (Table 6) and they include: 

1. The need to closely match energy intake with energy need, 
for the various reasons discussed earlier, 

2. An appropriate stabilization period to the experimental 
diet and periods long enough to reliably establish the full 
response to a dietary change, 

3. Timing and completeness of urine collections, and 
4. The absence of even mild infections and of other sources 

of stress. 

A detailed review of the concepts behind and techniques involved 
in reference to nitrogen-balance measurements and their applica
tion has been made by Manatt and Garcia (61), which should be 
consulted for further details. 

In most previous N-balance experiments, only the nitrogen 
content of the diet, urine, and feces has been measured. Therefore, 
losses by other routes must be assumed and these are based on a 
rather limited body of published data (62). However, for this 
purpose, the UN group (58) accepted a value of 8 mg N/kg/d as 
a suitable correction, or allowance, for these unmeasured losses. 
Although Millward and Roberts (63) propose a value of 5 mg N/ 
kgld based on their assessment of the literature, it would seem 
prudent to accept the higher value at this time, especially because 
it has been used to set current international recommendations for 
protein intakes. 

Second, the minimum physiological requirement is estimated 
by extrapolating or interpolating the N-balance data to the zero 
balance point (N equilibrium) for adults or for the achievement 
of adequate growth (positive N balance) in children. Some of the 
early balance studies involved a diet period without protein and, 
often, the levels of protein intake tested were far below the require-
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ment. However, from studies in experimental animals and in man, 
it is known that the N-balance response is not linear throughout the 
entire submaintenance range: The slope decreases as the intakes 
approach and slightly exceed zero balance (64). Therefore, it is 
now preferred that studies assessing requirements should include 
several levels of intake test protein and that these encompass but 
not greatly exceed the expected range of requirements. Therefore, 
the multicenter studies on adult protein requirements sponsored 
by the United Nations University applied a standardized N-balance 
protocol, in accordance with these principles that have been 
described elsewhere (65). 

Where direct N-balance determinations of the protein require
ment data are lacking, as is the case for a number of age groups, 
an interpolation of requirements between two age groups might 
be made. In addition, a factorial approach may also be applied, 
as was done previously by the 1973 FAOIWHO Expert Group 
(66) on energy and protein requirements. In this approach the so
called obligatory urine and fecal nitrogen losses are determined, 
following a change to a protein-free diet, and these are summated 
with other obligatory losses. For children, estimates of N deposi
tion or retention are also included. The estimates of average 
requirements, as obtained by the 1973 FAOIWHO group, were 
the summated factorial losses that were then corrected by a factor 
of 1.3 to account for the fact that even high-quality dietary proteins 
are not used with 100% efficiency; in this case, the efficiency was 
taken to be close to 70%. This factorial approach was discarded 
largely by the 1985 FAOIWHOIUNU Expert Group (58), although 
this group used a modification of it to arrive at the protein require
ments of children from 6 mo onward. In this latter case, the 
maintenance requirement for this age group was derived from 
results of several short-term N-balance studies and it was judged 
to be 120 mg N/kg/d at 1 yr falling to 100 mg N/kg/d at 20 yr 
(58). Then, the requirement for growth was estimated, using (a) 
published values for N accretion, which were increased by 50% 
to account for intra-individual variation in the day-to-day deposi
tion of protein and (b) then, again, the figure was adjusted assuming 
a 70% efficiency of dietary N retention. Finally, an assessment 
of interindividual variability in maintenance and growth require
ments was then made in order to arrive at a safe level of protein 
intake, which would cover the needs of virtually all healthy 
children. 

For infants 0-6 mo, the 1985 UN report (58) derived their 
protein requirements from estimated intakes by fully breast-fed 
infants. This required adoption of values for the protein content 
of human milk, the breast milk intake, and an assumed utilization 
of the nonprotein nitrogen fraction in human milk, a major propor
tion of which is urea (67). These points will be addressed fur
ther later. 

Protein requirements for young adult men and women have 
been based on both short- and long-term studies (58) (Table 7). 
This also applies to the healthy elderly, whose protein requirements 
were judged (58) not to be different from those of younger adults, 
although some have even speculated on the possibility that they 
may be even lower for the old as compared to the young (63). In 
the case of pregnant women, the FAOIWHOIUNU group (58) 
estimated their additional requirements based on (i) an assumed 
average protein gain during pregnancy of 925 g plus 30% to 
account for variation (2 standard deviations [SDD of birth weight 
and (ii) an assumed efficiency factor for dietary N utilization. 
The extra protein requirements for lactation were arrived at from 

Table 7 
Summary of Approaches for Arriving 

at Protein Requirements of Adults 

1. Short-term N-balance studies 
Intakes expected to promote N eqUilibrium 
Mean 0.63 g/kg highly digestible, good quality protein 
For variability in requirements, a coefficient of 12.5% assumed; 

:.Mean + 2 SD (25%) = safe protein intake 
2. Longer-term N-balance studies (24-89 d) 

Six investigations: proposed that the data suggested a mean 
requirement of 0.5 g/kg/d 

3. Safe level of protein intake: 0.75 g/kg/d 
4. Young women; older adults and elderly: same recommendations 

Source: ref 58. 

estimates of breast milk output, protein content, and an allowance 
for variation in breast milk volume. 

PROTEIN REQUIREMENTS, AS PROPOSED IN 1985 BY 
FAO/WHOjUNU (58) Because the 1985 report of the FAO/ 
WHOIUNU Expert Consultation (58) includes an extensive dis
cussion of the approaches taken to arrive at estimates ofthe mean 
requirements for protein in various age and physiological groups, 
a summary of the safe protein intakes for infants and young 
children, together with those for adults and lactating, and pregnant 
women, as proposed by this Expert Consultation group is presented 
in Table 8. 

It should be emphasized that the recommendations for safe 
protein intakes shown in Table 8 include a factor for variation in 
protein requirements among apparently similar individuals. For 
adults, FAOIWHOIUNU (58) estimated that the biological vari
ability in protein requirements amounted to a coefficient of varia
tion of 12.5. Therefore, the Consultation group accepted that a 
value of 25% (2 SD) above the mean physiological requirement 
(0.6 g/kg/d) would be expected to meet the needs of all but 2.5% 
of individuals within the population. Hence, the mean requirement 
was increased to a level of 0.75 g/kg/d to give the safe protein 
intake for the healthy adult. Of course, most individuals would 

Table 8 
1985 FAO!WHO/UNU Safe Protein Intakes for 
Selected Age Groups and Physiological States 

Safe protein level 
Group Age (yr) (g/kg/d) 

Infants 0.3-0.5 1.47 
0.75-1.0 1.15 

Children 3-4 1.09 
9-10 0.99 

Adolescent 13-14 (girls) 0.94 
13-14 (boys) 0.97 

Young adults 19 + 0.75 
Elderly 0.75 
Women: 

Pregnant 2nd trimester +6 g daily 
3rd trimester +11 g daily 

Lactating 0-6 mo -+ 16 g daily 
6-12 rna -+11 g daily 

Note: Data summarized from FAOIWHOIUNU (58). Values are for pro
teins such as those of quality equal to hen's egg, cow's milk, meat, or fish. 
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require less than this intake to maintain protein nutrition al status 
with some subjects requiring as little as 0.45 g high-quality/kg/ 
d. Because it is impossible to identify those subjects whose require
ments fall at the lower end of the range of requirements in a given 
population without directly determining their individual needs, it 
would not be prudent to generally accept a level lower than about 
0.6 g/kg/d of good qUality protein (68) where protein restriction 
was advisable on clinical grounds, such as in renal disease. 

Another point worth underscoring is that the recommendations 
shown in Table 8 apply to healthy individuals. However, it is 
highly likely, as alluded to earlier, that the needs of sick or less 
healthy patients would differ from and presumably usually exceed 
those of healthy subjects. In this case, the values given in this 
table can only be regarded as a basis from which to begin an 
evaluation of how disease and stress, including surgery, affect the 
needs for dietary protein. Unfortunately, the quantitative needs 
for protein (total nitrogen) in sick, hospitalized patients can 
only be very crudely approximated. In fact, very little headway 
seems to have been made on this aspect of protein requirements 
since Munro and Young (69) made some tentative recommenda
tions in 1980; these are reproduced with slight modification in 
Table 9 (70). 

Increased interest has also been given recently to the metabo
lism (71,72) and needs for protein in older individuals. Based on 
their data and a review of the literature, Campbell and Evans (73) 
have concluded that the safe level of protein intake for older adults 
may be higher than currently recommended. This contrasts with 
the conclusion drawn by Millward and Roberts (63) that the avail
able studies on the protein requirements of older individuals do 
not indicate a change with advancing age or a mean requirement 
value that exceeds that defined by FAOIWHO/UNU (58). Because 
older individuals are generally less healthy than young adults and 
stress increases requirements, Young et al. (70) propose a modestly 
higher protein intake recommendation for this age group, which 
they set at not less than 12-14% of energy intake for protein of 
quality similar to that of a balanced, mixed-protein diet. 

INTERNATIONAL DIETARY ENERGY CONSULTANCY 
GROUP The UN protein recommendations presented above 
serve, as already noted, as a major basis for various national 

Table 9 
Some Tentative Estimates of Protein 

Needs in Specific Diseases 

I. Nonnal adult: 
(a) for N equilibrium: 0.75 glkg, raised to 0.83 glkg for 

dietary protein digestibility of 90% 
(b) Customary intake: 1-2 glkg 

II. Metabolic response to severe burn injury and trauma: 
(a) acute phase: 2-4 g/kg plus energy 
(b) convalescence: 2+ g/kg 

III. Malabsorption and GI diseases: 
(a) malabsorption syndrome: 1 glkg 
(b) ulcerative colitis: 1-1.4 glkga 
(c) ileocecostomy: 1-1.4 mglkg" 

IV. Liver disease: 
(a) acute hepatic encephalopathy; very low!> 
(b) recovered encephalopathy: 1-1.5 glkg 
(c) chronic encephalopathy: 0.5 glkg 

V. Renal disease: 
(a) uremia: 0.6 glkg!> (including ketoanalogs) 
(b) nephrosis: 1-1.4 glkga 

VI. Malignant disease: increased protein energy needs 

aIntake restricted on clinical grounds. 
bJn each condition, losses of protein and double minimal requirement. 
Source: ref 70. 

recommendations worldwide. In 1994, the International Dietary 
Energy Consultancy Group (IDECG) conducted a workshop to 
assess (a) whether the 1985 FAOIWHO/UNU (74) recommenda
tions needed to be revised and (b) if so, on what basis and what 
any new recommendations might be (74). This more recent expert 
group reassessed the protein requirements of infants and chil
dren (75). 

The IDECG determination of intakes by breast-fed infants 
included new assumptions about values for the protein content 
and volume of breast milk and efficiency of utilization of the 
nonprotein nitrogen component. Thus, the revised estimate of 
"adjusted" protein intake was arrived at from (i) a new analysis 
of breast milk volume from two studies (76,77) and (ii) an assess-

Table 10 
Revised Estimates by IDECG (75) of the 1985 FAO!WHOjUNU (58) Intakes of "Protein" by Breast-Fed Infants 

Breast milk Total nitrogen intake!> Crude "protein" intake Adjusted protein intakec 

Age intake 
(mo) N (g/d)" Weight (kg) mg/d mg/kg/d g/d g/kg/d g/d g/kg/d 

1d 37 794 4.76 1723 362 10.8 2.26 9.3-9.7 1.95-2.04 
2d 40 766 5.62 1486 264 9.3 1.65 7.9-8.3 1.41-1.48 
3d 37 764 6.30 1406 233 8.8 1.46 7.5-7.9 1.19-1.25 
3' 61 812 6.24 1472 236 9.2 1.48 7.9-8.3 1.27-1.33 
4d 41 782 6.78 1408 208 8.8 1.30 7.5-7.8 1.11-1.16 
6' 12 881 7.54 1486 197 9.3 1.23 8.0-8.4 1.05-1.11 

aExclusively breast-fed infants; data for milk intake from Butte et al. (77) and Heinig et al. (76) were corrected for insensible water loss [+5.7%, 
Heinig et al. (76)]. 
!>Including nonprotein nitrogen. 
cBased on milk protein concentration plus 46-61 % of the NPN (protein=6.25 x nitrogen). 
dfrom ref 77. 
'From ref 76. 
Source: ref 75. 
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Table 11 
IDECG (75) Revised Estimates for the Average 

Requirements and Safe level of Protein Intakes for Infants 

Average protein requirement' 

Age IDECG 1985 FAOIWHOIUNU 1DECG safe proteina,b 
(mo) (75) (58) intake 

0-1 1.99 2,69 
1-2 1.54 2,25 2,04 
2-3 1.19 1.82 1.53 
3-4 1.06 1.47 1.37 
4-5 0,98 1.34 1.25 
5-6 0,92 1.30 1.19 
6-9 0,85 1.25 1.09 

9-12 0.78 1.15 1.02 

aIn units of g proteinlkg/d, 
blnc1udes separate variations for maintenance (12,5% Coefficient of Varia
tion) and growth, as described in Table 5 of IDECO (75). 

ment of the utilization of the nonprotein nitrogen fraction of breast 
milk, Here, it was assumed that all of the a-amino nitrogen and 
glucosamines are used and that 17-40% of the remaining nonpro
tein nitrogen can be utilized, Thus, the new values summarized 
in Table 10 are given for a range representing 46-61 % utilization 
of nonprotein nitrogen in human milk. When expressed per kilo
gram of body weight, the intakes are about 0.20-0,46 g/kg/d less 
than the values listed in Table 29 of the 1985 report (58), or 
a difference of about 10-26%, depending on the age used for 
comparison. This is largely the result of the proportion of nonpro
tein nitrogen fraction utilized, but it is also the result of differences 
in the value used for milk protein concentration and means for 
birth weight of infants. 

For infants and children over 6 mo, the IDECG group (75) 
also examined the assumptions involved in the modified factorial 
method used in the 1985 FAOIWHOIUNU report (58), as 
described earlier. Thus, (i) a maintenance requirement value of 
90 mg N/kg/d was chosen (rather than the F AOIWHOIUNU value 
of 120 mg N/kg/d), (ii) values for body protein gain for infants 
after 6 mo were taken to be lower than those used by the UN 
group, and (iii) no additional augmentation was made for day-to
day (intraindividual) variability in growth. Instead, this latter factor 
was considered to be covered adequately by the interindividua1 
variation in growth. These changes gave rise to requirement esti
mates for infants between 6 and 12 mo that were about 27-35% 
lower than the 1985 values (Table 11), Nevertheless, the IDECG 
group concluded that there was strong epidemiological support 
based, in part, on an analysis by Beaton and Chery (78) for the 
lower recommendations that it made for infants, as compared to 
those made in 1985 by FAOIWHOIUNU (58). 

Similarly, the average protein requirements and estimates for 
a safe level of protein intake for children and adolescents were 
reassessed by IDECG (75), using a maintenance requirement of 
100 mg N/kg/d and without the 50% augmentation for intraindivid
ual variation in growth used in the 1985 report (58), This new 
assessment gave estimates for preschool children that were about 
17-20% lower than the 1985 values, whereas for older children 
and adolescents, the IDECG group concluded that the available 
data suggests that the 1985 values were probably appropriate 

Table 12 
IDECG (75) Revised Estimates of the 1985 FAO/WHO/UNU 

(58) Requirements for Protein for Selected Age Groups in 
Children and Adolescents 

Age Average requirement Safe intake 
(yr) (g proteinlkgld) (g proteinlkgld) 

2-3 0,74 0.93 
5-6 0,69 0.86 
7-8 0,69 0.86 

9-10 0,69 0,86 
Girls 

12-l3 0,69 0,85 
14-15 0,66 0.82 
17-18 0,63 0.78 

Boys 
12-l3 0.71 0,88 
14-15 0,69 0.86 
17-18 0.66 0,81 

Data taken and calculated from Tables 19 and 20 in ref 75, 

(Table 12), The IDECG group did not review the protein needs 
of adults in any detail. Hence, the 1985 FAOIWHOIUNU (58) 
values remain, as far as official, international recommendations 
are concerned. 

INDISPENSABLE AMINO ACID REQUIREMENTS 
With respect to the amino acids, it is possible to slightly modify 
the earlier definition for the requirements for protein (nitrogen) 
such that the dietary need for a specific indispensable amino acid 
can be stated to be as follows: "the lowest level of intake that 
achieves nitrogen balance or that balances the irreversible oxida
tive loss of the amino acid, without requiring major changes in 
normal protein turnover and where there is energy balance with 
a modest level of physical activity." Again, in infants, children, 
and pregnant and lactating women, the requirements for the amino 
acid will also include that amount of the amino acid needed 
additionally for net protein deposition and for the synthesis and 
secretion of milk proteins. The foregoing is an operational defini
tion of requirement, as in the case of protein, Ideally, a functional 
definition and determination of these requirements inherently 
would seem to be preferable but the choice and nature of the 
functional index or (indices) and its quantitative definition remains 
a challenge for future research, 

COMMENT ON APPROACHES AND METHODS In gen
eral, the approaches and methods that have been used to determine 
specific indispensable amino acid requirements are similar to those 
that have been applied for the estimation of total protein needs, 
Thus, amino acid requirements have been assessed by nitrogen 
balance in male adults, starting with the classical work of Rose 
(19) and through similar studies in women by other investigators 
(45): by determining the amounts needed for normal growth and N 
balance in infants, preschool children (79-82), and school children 
(82,83) by assessment of the intakes provided by breast milk 
(58,75) or those supplied from intakes of good quality proteins 
(84). In addition, factorial predictions of the amino acid require
ments of infants (75) and adults (85,86) have been made. 

For adults, Millward and Rivers (57) proposed that minimum 
rates of oxidation or losses of the indispensable amino acids might 
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be estimated from obligatory nitrogen losses (66) and Young et 
al. (85-87) extended this estimation as a basis for predicting the 
average minimum physiological intakes (requirement) necessary 
to maintain body amino acid balance in a healthy, well-nourished 
individual. The approach used by these investigators involves 
three major assumptions: 

1. The total obligatory nitrogen losses are taken to be approxi
mate 54 mg/kg nitrogenld in the adult (58). 

2. The average amino acid composition of body proteins can 
be used to estimate the contribution made by each amino 
acid to this obligatory nitrogen output (equivalent, there
fore, to the obligatory amino acid losses) (85). 

3. At requirement intake levels, an absorbed amino acid is 
used to balance its obligatory oxidative loss with an effi
ciency of approximately 70%. This value is derived from 
published nitrogen-balance data in adults (58). 

This predictive approach is analogous to the factorial method 
used by the 1973 FAOIWHOIUNU Expert Committee (66) for 
estimating the total-nitrogen (protein) requirement of individuals 
at various ages. Although, as already stated, the factorial approach 
was abandoned for this purpose by the 1985 FAOIWHOIUNU 
Expert Committee (58), the MIT group (86,87) considered it to be 
a useful procedure for an initial reassessment of the indispensable 
amino acid requirements in healthy adults. This approach has 
been criticized by some (88,89), but Young and EI-Khoury (85) 
concluded that there is reasonable justification and validity for 
the approach, as an initial basis for establishing the requirement 
value in the absence of more direct studies. 

Finally, in relation to establishing adult amino acid require
ments, which also are a current focus of active research and 
vigorous debate (88-92), tracer techniques are now being applied 
in the further assessment of the quantitative needs for the indis
pensable amino acids. Two major tracer paradigms have been 
applied and they are (1) the indicator amino acid oxidation method 
and (2) the direct tracer balance technique. 

First, in the indicator amino acid oxidation approach, the oxida
tion of a l3C-Iabeled "indicator" amino acid at different levels of 
the test amino acids is used as a means of establishing a require
ment value (93). When the test amino acid intake reaches a require
ment level, the oxidation of the indicator amino acid reaches its 
lowest rate (Fig. 5). The biochemical rationale that underlies this 
methodology is that the body requires a pattern of amino acids, 
and for protein synthesis to proceed at an adequate rate, all of the 
necessary amino acids must be present in sufficient amounts at 
the active site of polypeptide chain initiation and elongation. If 
the intake of the test amino acid is too low, or limiting, then the 
other amino acids (including the indicator amino acid) would be 
present in relative excess and would be oxidized rather than being 
used efficiently for protein anabolic purposes. This indicator amino 
acid oxidation approach has been used successfully by Zello and 
co-workers in Toronto to estimate the lysine (94,95) and trypto
phan (96) requirement in human adults. In those studies, measure
ments of the oxidation of l3C-phenylalanine as an indicator were 
made at different dietary levels of lysine and tryptophan intake. 
The oxidation rate was measured in subjects during the fed state 
and while receiving the test diet only on the day during which 
the oxidation measurements are made. The Toronto investigations 
have been criticized (97) because of a lack of dietary adaptation 
period for the test amino acid levels examined, prior to the conduct 

c 
o 
~ 
"0 
'x o 
"0 
'(3 
« 
o 
c 
E « .... 
o rn 
() 

"0 
c 

13C-Phenylalanine oxidation 
/ 

Requirement intake 

Test Amino Acid Intake 
(Leucine or Lysine) 

Fig. S. A schematic presentation of the indicator amino acid oxida
tion approach for estimating the requirements for specific indispens
able amino acids. Here, the indicator used is l3C-phenylalanine. 

of the tracer studies. However, a counterargument could be made 
that the lack of an adaptation period at more limiting lysine intakes 
would, in fact, tend to result in a lower rather than a higher 
requirement value with this experimental design (98). Fereday et 
al. (99), in their assessment of the protein requirements of the 
elderly, also did not include a period of dietary adaptation before 
conducting their l3C-Ieucine-balance studies. 

A modification of the original indicator amino acid oxidation 
technique was recently introduced by Kurpad and co-workers 
(100) to estimate leucine balance, in which l3C-Ieucine was used 
as an indicator while coupled to a 24-hr tracer infusion protocol. 
The purpose of that study, carried out for healthy Indian adults, 
was to assess the appropriateness of the MIT-derived estimates 
of the lysine requirements of healthy adults (see below) for healthy, 
Third World populations, whose habitual intakes of IAAs are 
likely to be much lower than those characteristic of US individuals. 

The second technique is the direct tracer balance method, which 
is analogous to the classical nitrogen-balance approach because 
it involves a direct estimate of the amount of the amino acid 
needed in the diet to replace its losses from the body; the amino 
acid loss is estimated directly by the loss (oxidation) of carbon 
from a labeled amino acid. Here, a l3C-carboxyl-labeled amino 
acid is given as the tracer, either by mouth or by vein, and the 
amount of the amino acid oxidized is determined by measuring 
the l3COz exhalation in the breath and the isotopic l3C abundance 
of the test amino acid in the plasma (taken to be an index of the 
isotopic level in the pool undergoing oxidation). Tracer protocols 
have been conducted for either 8 h (tracer given for 3 h during 
the fast state followed by tracer infusion during ingestion of small 
meals over 5 h) (86,87) or for 24 h (12 h fast followed by ingestion 
of small meals over the remaining 10-12 h) (100-103). Using 
this tracer balance approach, the group at MIT has determined 
new requirement estimates for the IAAs leucine, lysine, valine, 
threonine, methionine, tryptophan, and phenylalanine, which will 
be presented later. 

There are a number of difficult technical problems associated 
with the 24 h tracer balance approach; these include: 



CHAPTER 5/ PROTEIN AND AMINO ACIDS 59 

Table 13 
1985 FAO/WHO/UNU t Estimates 

of Amino Acid Requirements (mg/kg/d) at Different Ages 

Infants Children School boys 
Amino acid (3-4 mo) (2 yr) (10-12 yr) Adults 

Histidine 28 ? ? [8-12] 
Isoleucine 70 31 28 10 
Leucine 161 73 44 14 
Lysine 103 64 44 12 
Methionine 58 27 22 13 

and cystine 
Phenylalanine 125 69 22 14 

and tyrosine 
Threonine 87 37 28 7 
Tryptophan 17 12.5 3.3 3.5 
Valine 93 38 25 10 

Total 714 352 216 84 

Total per gram 434 320 222 111 
of proteina 

aTotal mg/g crude protein. Taken from Table 38 in ref. 58 and based on 
all amino acids minus histidine. 
Source: ref. 58. 

1. The substantial amount of 13C-Iabeled that is given over 
the 24-h period in those studies. 

2. The difficulties of estimating the true rates of oxidation 
because the isotopic enrichment of the free amino acid 
pools that serve as the site for oxidative losses cannot be 
directly probed. 

3. The possible overestimation of the net loss of amino acids 
as determined using the 13C tracer approach, because of a 
hypothesized substantial inflow of IAAs into the body that 
is caused by and arises from the metabolic activity of the 
intestinal flora. 

These potential problems have been discussed elsewhere (104) 
and are not repeated here, except to say that point 3. does not 
appear to be a problem. 

INDISPENSABLE AMINO ACID REQUIREMENTS There 
are principally three major sets of proposed amino acid require
ments for healthy subjects that should be mentioned and are sum
marized here. First, there are the requirements proposed by FAOI 
WHOIUNU (58) for the various age groups, which are presented 
in Table 13. As noted earlier, IDECG (75) also has assessed the 
amino acid needs of infants by using a factorial method; these 
are summarized in Table 14. It should be noted that the latter 
would approximate the average requirements, whereas the intakes 
supplied by the breast milk (shown in Table 14 for comparison) 
are well above the mean requirement in order to meet the needs 
of virtually all infants (e.g., ref. 78). 

It should be noted that the requirement values given in Tables 
13 and 14 are based on limited data; the values for the preschool 
child age group are derived from a single set of investigations 
carried out at the Institute for Central America and Panama (80,81), 
whereas those for the school-age child come from studies con
ducted by a single group of investigators in Japan (82). Those for 
the adult (Table 13) are based on the studies in men by Rose (19) 
and in women by various investigators (summarized in ref. 45). 

There are multiple reasons for questioning the nutritional sig-

Table 14 
IDECG (75) Factorial Estimate of the Amino Acid Needs 
of the Infant and Amino Acid Supply from Breast Milk: 

age 3-6 mo; Median Body Weight 6.3 kg 

Requirement 
Intake from 

Growth Total Total 800 mL milk 
Amino acid (mg/d) (mg/kg/d) (mg/d) (mg/d) 

Lysine 134 63 347 482 
Aromatic 132 60 378 564 
Sulfur 68 27 170 244 
Valine 89 38 239 346 
Leucine 142 54 340 707 
Isoleucine 65 32 202 360 
Threonine 78 34 214 299 
Tryptophan 34 11 69 170 
Glycine 307 150 
Arginine 237 244 
Alanine 225 238 

Total 1890 6800 

Essential 742 320 2016 3196 
Nonessential 1148 3604 

Source: Data extracted and calculated from Table 18 in ref. 75. 

nificance of the adult FAOIWHO/UNU (58) values (Table 13) 
and the arguments have been presented by the MIT investigators 
in a number of reviews (92,98,104,105). The major concerns for 
the international adult amino acid requirement values are related 
to the inappropriate experimental design of the studies by Rose 
(19), as discussed by Young and Marchini (106) and the inade
quacy of the nitrogen-balance technique and the criterion of nitro
gen balance used to judge the nutritional adequacy of the levels 
of amino acid intake tested. However, not all N-balance studies 
suffer from the design flaws that characterize so many of the 
earlier N-balance investigations of adult amino acid requirements. 
One acceptable investigation was that by Jones et al. (107) on the 
lysine requirements of adult women. Nevertheless, with a re
evaluation of the nitrogen-balance data as reported by Jones et 
al. (107) using standard statistical techniques and after adjusting 
their published nitrogen-balance data for an assumed 8-mg/kg 
N/d loss via unmeasured miscellaneous routes (58), it seems appar
ent that the lysine requirement in these young adult women was 
considerably higher than the value (<10 mg/kg/day) proposed by 
the original authors; this unpublished analysis (108) suggests the 
medium requirement to approx 28 mg/kg/d, with a wide variation 
among the 14 women studied. 

Therefore, the MIT group has proposed new, tentative amino 
acid requirement values for the adult and these are shown in Table 
15 together with a comparison with the 1985 FAOIWHO/UNU 
(58) adult values. It might also be noted that when these adult 
amino acid requirements are expressed as a pattern, or concentra
tion, of the individual amino acids in relation to the protein require
ment, it is not profoundly different from that for the preschool 
child or that is even not much lower than the factorially derived 
amino acid requirement pattern for the 6-mo-old infant, according 
to the IDECG (75) (Table 16). 

In summary and in contrast to the reasonable consensus regard
ing the requirements for total protein in the nutrition of healthy 
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Table 15 
Newly Revised MIT Estimates of Amino Acid Requirements in Adults 

and a Proposed New MIT Amino Acid Scoring Pattern for This Age Group 

i985 FAOIWHO/UNU New revised MiT estimatesb 

Requirement Patterna Requirement Pattern 
Amino acid (mg/kg/d) (mg/g protein) (mg/kg/d) (mg/g protein) 

Isoleucine 10 13 23 38 
Leucine 14 19 39 65 
Lysine 12 16 30 50 
Met + Cys (SAA) 13 17 15 25 
Phe + Tyr 14 19 39 65 
Threonine 7 9 15 25 
Tryptophan 3.5 5 6 10 
Valine 10 13 20 35 

Total 83.5 111 187 313 

aEstimates from ref 58. 
bData from ref 86. 

Table 16 
Comparison of Various Amino Acid Requirement (Scoring) 

Patterns for Infants, Preschool Children and Adults 

Amino acid pattern 

infant, 3-6 mo Preschool child 
Adult 

Amino acid (lDECG)a (FAOIWHO/UNUl FAOIWHO/UNUb MiT" 

Isoleucine 32 
Leucine 54 
Lysine 63 
Met + Cys (SAA) 27 
Phe + Tyr 60 
Threonine 34 
Tryptophan 11 
Valine 38 

Total 319 

aData calculated from ref 76. 
bData from Table 38 in ref 56. 
'Based on data from ref 86. 

human adults, the requirements for the individual indispensable 
amino acids and, under certain pathophysiological conditions, for 
the conditionally indispensable amino acids are far less securely 
established. Tentative estimates based on the use of tracer tech
niques are generally much higher than earlier determinations based 
on the nitrogen-balance approach. 

DIETARY PROTEIN QUALITY Knowledge of the require
ments for the specific indispensable amino acids provides the 
basis for evaluating the relative capacity (or quality) of individual 
protein foods or mixture of food protein sources to meet human 
amino acid requirements. Therefore, brief consideration might be 
given here to the application of amino acid requirement values 
or, specifically, amino acid scoring patterns for the evaluation of 
dietary protein quality. This topic has been reviewed extensively 
(l09-ill) and so some of the key features and issues only need 
to be covered here. 

Briefly, the use of amino acid scoring systems has progressed 
over the years since the earlier expectation that not only should an 

28 13 38 
66 19 65 
58 16 50 
25 17 25 
63 19 65 
34 9 25 
11 6 10 
35 13 35 

320 111 313 

amino acid score be able to predict the potential protein nutritional 
value of a food or diet for humans but that it also should (with 
or without a protein digestibility consideration) correlate directly 
with the results of animal assays, such as net protein utilization 
(NPU) (l09). However, it is now generally agreed that scoring 
systems developed to predict the nutritional value of protein 
sources for humans need not necessarily be expected to agree 
with values obtained with growing rats. Thus, it is now contended 
that the appropriate standard for dietary assessment should be via 
direct experimental study in human subjects or predicated from the 
human amino acid requirement or scoring pattern. Furthermore, for 
animal bioassays to be useful, they should be designed to give 
predictions in line with those based on human amino acid require
ments rather than the reverse. 

Thus, accepting the validity and usefulness of the amino acid 
scoring approach, the various estimates made of the amino acid 
requirements in humans at all ages would serve as the reference 
amino acid scoring pattern. In 1991 a Joint FAOIWHO Expert 
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Table 17 
Predicted Quality (Amino Acid Score) of Wheat Proteins in Relation 

to Use of Various Amino Acid Requirement (Scoring) Patterns 

Amino acid score (%) based on 

Lysine content 
1985 FAOIWHO/UNU 

Protein (mg/g protein) Adult pattern Preschool MIT pattern 

Whole wheat flour 24 
Wheat flour 20 
Wheat bran 16 
"Animal proteins" 85±9 
Legumes 65±7 

>100 (L) 
>100 (L) 

100 (L) 
>100 
>100 

41 (L) 
34 (L) 
28 (L) 

48 (L) 
40 (L) 
32 (L) 

>100 
>100 

Note: Data combined from Tables 6 and 7 in ref 105. 
(L) = Lysine is the linking amino acid. 

Consultation (110) reviewed the appropriate methods for measur
ing quality of food proteins for the nutrition of human populations. 
This consultation concluded that the most appropriate method 
available was the protein digestibility-corrected amino acid score 
method (PDCAAS method) and it was recommended for interna
tional use. This amino acid scoring procedure, including a correc
tion corrected for digestibility, uses the amino acid requirement 
pattern for the 2- to 5-yr-old child as proposed in 1985 by FAO/ 
WHOIUNU (58) (Table 16, column 2) as the reference pattern 
for this purpose (110). 

The PDCAAS is estimated from the following equation: 

PDCAAS = 
Concentration of most limiting digestibility

corrected amino acid in a test protein 
Concentration of that amino acid in the 1991 

FAOIWHO amino acid scoring pattern 

In addition to establishing the amino acid reference pattern for 
use in the PDCAAS method, the FAOIWHO Consultation (110) 
also considered the procedures for measuring and estimating 
amino acids and digestibility. This approach offers considerable 
benefits over that of animal bioassays, which traditionally have 
been used to assess protein quality of food protein in human diets. 
An important benefit is that the PDCAAS approach uses human 
amino acid requirements as the basis of evaluation, which ensures 
that appropriate levels of indispensable amino acids will be pro
vided in the diet. Also, use of the proposed amino acid scoring 
procedure facilitates an evaluation of blending of foods to optimize 
nitrogen utilization and meeting protein and amino acid needs. 

The development of an internationally derived procedure for 
evaluating protein quality using the amino acid scoring concept 
is a step that had long been required. This PDCAAS procedure 
can be modified as new knowledge about specific amino acid 
requirements emerges and as the determination of availability of 
dietary amino acids is improved and the factors affecting digest
ibility and availability are better understood. For the present, the 
PDCAAS proposed by FAOIWHO (110) would appear to be 
very useful for evaluating the nutritional quality of human food 
protein sources. 

Two additional points in reference to adult amino acid nutrition 
might be emphasized. First, comparisons can be made of the 
prediction of the protein quality of whole wheat protein based on 
the 1991 FAOIWHO scoring pattern, on the one hand, and the 

Table 18 
Biological Assessment of the Nutritional Quality of 

Whole Wheat Proteins in Young Adults 

Measure of 
quality 

RPva 
RNRc 

Experimental 
value 

Predicted from amino acid values 

1985 FAOIWHO/UNU MIT pattern 

>100 
>100 

48 
48 

aRPV = relative protein value (see ref 109). 
hExpressed in comparison with beef protein as reference protein (112). 
'RNR = relative nitrogen requirement. 

1985 FAOIWHOIUNU adult amino acid requirement pattern, on 
the other. Thus, as shown in Table 17, the nutritional value of 
wheat is predicted to be quite different from that based on the 
1985 adult amino acid scoring pattern showing a predicted value 
that is comparable to those for high-quality animal protein source. 
Clearly, the appropriate choice of the reference amino acid scoring 
pattern is obviously very important. 

Second, when the nutritional quality of wheat protein is evalu
ated by use of the MIT adult amino acid requirement pattern (see 
Table 16, column 4), the comparative nutritional value of whole 
wheat is estimated to be about half of that for high-quality animal 
proteins, or slightly higher than that value predicted by use of the 
1991 FAOIWHO (110) amino acid scoring pattern. In contrast, 
as already noted, the nutritional value of whole wheat proteins is 
similar to that for high-quality proteins when the 1985 FAO/ 
WHOIUNU (58) adult requirement pattern is used for reference 
purposes. However, the lower estimate of the nutritional quality 
of whole wheat protein when based on use of the MIT pattern is 
entirely consistent with the results of nitrogen-balance experiments 
in healthy adults carried out at MIT approximately 25 yr ago 
(112). Thus, the nitrogen-balance response to graded intakes of 
test dietary protein in healthy adults, expressed as relative protein 
value (RPV=[N-balance slope with wheat + N-balance slope with 
reference protein] x 100), was 54 for whole wheat protein, using 
beef protein as a reference (112). Expressed as relative nitrogen 
requirement (RNR = 1/[amount of wheat protein to achieve nitro
gen balance is 97.5% of population + amount of beef protein] x 
100), the response was about 56 (Table 18). The MIT amino acid 
requirement pattern predicted a value of 48. Hence, it is apparent 
that there is good agreement between the experimentally derived 
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(nitrogen balance) and predicted (from amino acid score) estimates 
of the nutritional quality of whole wheat proteins. In contrast, use 
of the 1985 FAOIWHOfUNU adult amino acid pattern gives a 
contradictory estimate of the nutritional value of wheat protein. 
Notwithstanding the problems that occur in attempts to aggregate 
nitrogen-balance data across separate studies carried out in differ
ent laboratories or within the same laboratory on different occa
sions (89), the above supports the conclusion that the 1985 FAO/ 
WHOfUNU lysine requirement value of 12 mg/kg/d for the adult 
should be discarded (113). Furthermore, they provide additional 
justification for the MIT tentative working value of 30 mg/kg/d 
(or 50 mg lysine/g protein), and they support the recommendation 
that this figure be used until additional data become available that 
may make any further change in the amino acid requirement 
pattern both necessary and desirable. It is important that these 
uncertainties be resolved, in view of the importance of reliable 
amino acid requirement data for the appropriate planning of future 
world food and protein needs (114). Use of either the 1991 FAO/ 
WHO (110) amino acid scoring pattern, or possibly, preferably, 
the MIT amino acid scoring pattern (Table 16, column 4), with 
its modestly lower concentration of lysine, would be prudent in 
considerations of dietary protein quality and human protein 
nutrition. 

SUMMARY 
The functions of amino acids and the metabolic basis for their 
requirements, including energy-protein relationships, and for a 
utilizable source of nitrogen were reviewed briefly. Also, the 
methods and approaches used to arrive at estimates of the total 
protein and specific amino acid requirements of individuals from 
infancy to the later years of adult life have been reviewed. The 
current international assessments of protein requirements and rec
ommendations for safe protein intakes were then summarized, 
together with an account of some of the more recent revisions 
proposed by IDECO for infants and children (75). The protein 
requirements in elderly people remain somewhat elusive, but the 
current international recommendations for this age group provide 
a reasonable benchmark for planning diets for individuals, recog
nizing that the elderly may need a somewhat higher protein intake 
because of the effects of stress and disease in increasing nutrient 
needs. Current knowledge about the requirements of specific indis
pensable amino acids was outlined, with the conclusion that there 
is a great deal of uncertainty and imprecision attached to the 
amino acid requirement values for all age groups. Results from 
tracer studies of the amino acid requirements in adults suggest that 
the international figures are far too low. Thus, for the evaluation of 
protein quality and planning of diets, it is considered prudent to 
use the 1991 FAOIWHO amino acid scoring (requirement) pattern 
(11 0) or a proposed modification of it based on data obtained 
from tracer studies (86). 
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6 Specific Nutrient Requirements 
Trace Elements 

JANET C. KING 

INTRODUCTION 

Trace elements, like vitamins, are needed for vital cellular func
tions. Often they function as cofactors for enzymes. The quantity 
of trace elements required in the diet to maintain those functions 
is very small. Dietary intakes range from as little as 20 /lg/d to 
about 20 mg/d. The requirements for macrominerals, such as 
calcium, phosphorus, magnesium, and potassium, are 20-fold to 
WOO-fold higher. Furthermore, the sum weight of the essential 
trace elements in an adult is less than 10 g; they constitute less 
than 1 % of the weight of all of the minerals in the body. 

Fifteen trace elements are considered to be important for health 
(iron, zinc, copper, selenium, chromium, iodine, fluoride, manga
nese, molybdenum, boron, nickel, silicon, vanadium, arsenic, and 
cobalt), but questions currently exist about the essentiality of four 
of these trace elements (chromium, boron, fluoride, and vana
dium). Their essentiality is questioned because they fail to meet 
all of the following criteria for essentiality: 

1. It is present in all healthy tissue of living things; 
2. Its tissue concentration from one animal to the next is 

fairly constant; 
3. Its withdrawal from the body induces the same physiologi

cal and structural changes reproducibly, regardless of 
the species; 

4. Its addition either reduces or prevents the functional abnor
malities; 

5. The functional abnormalities induced by deficiencies are 
always accompanied by specific biochemical changes; 

6. The biochemical changes are prevented or cured when the 
deficiency is prevented or cured; and 

7. Excessive intakes also induce functional abnormalities that 
are accompanied by specific biochemical changes. 

Trace elements generally are required as components or cofac
tors for enzymes (Table 1). Some of the elements have additional 
unique functions: Iron is required for the normal synthesis of 
heme, iodine for the synthesis of thyroid hormones, and fluoride 
for increasing the resistance of teeth enamel to acid erosion. Severe 
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deficiencies cause multiple biochemical and physiological changes 
that lead to clinical signs and symptoms that are easy to recognize 
(i.e., skin rashes, hair loss, reduced immunity, growth retardation). 
For example, deficiencies of iron, zinc, iodine, copper, and manga
nese cause a failure to grow normally. Impaired immune function 
occurs when the intakes of iron, zinc, copper, and selenium are 
inadequate. Marginal or subclinical deficiencies are more difficult 
to recognize. This is particularly true in humans because a defi
ciency of one trace element often coexists with deficiencies of 
other nutrients. 

Deficiencies of trace elements often stem from one or more 
of the following conditions: 

1. Low intakes of the trace element resulting from poor food 
selection or consumption of foods grown in trace element 
poor soil; 

2. Low bioavailability of the trace element resulting from the 
presence of factors in the diet that inhibit absorption; and 

3. Presence of underlying disease or use of drugs that 
increases trace element loss or reduces whole-body utili
zation. 

A deficiency resulting from poor intakes and/or poor bioavailabil
ity of the element for the food source is called a primary deficiency; 
a deficiency resulting from the presence of underlying disease is 
termed a secondary deficiency. In developed countries such as 
the United States or the European Union, trace element deficiencies 
are generally secondary to underlying disease or use of drugs. In 
developing countries where cereal products are the dietary staple, 
primary trace element deficiencies generally occur as a result of 
low bioavailability of the trace element. 

Because more than one trace element may share binding sites 
for intestinal absorption or membrane transport or because trace 
elements may substitute for each other as cofactors for enzymes, 
interactions between them is not uncommon. An excess of one 
trace element may cause a deficiency of another. For example, a 
slight manganese overload aggravates an iron deficiency, and iron 
supplementation reduces zinc absorption. Conversely, a deficiency 
of one trace element may increase susceptibility to a toxic reaction 
from another. Iron deficiency, for example, makes the body more 
susceptible to lead toxicity. Some of the common trace element 
interactions are summarized in Table 2. 
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Table 1 
Functions of Some of the Trace Elements 

Mineral Function Deficiency symptoms 

Iron 
Zinc 

Part of hemoglobin, myoglobin, and cytochrome enzymes 
Catalytic, structural, and regulatory functions in over 50 

different enzymes 

Microcytic anemia, fatigue, reduced work performance 
Growth retardation, reduced immunity, loss of appetite, 

skin rashes, failure in wound healing 
Copper Cofactor or component of enzymes that often catalyze 

reactions involving molecular oxygen; required for 
normal iron metabolism 

Microcytic anemia, neutropenia, poor growth, impaired 
immunity, abnormal bone growth 

Selenium Cofactor for enzymes involved in peroxide metabolism and 
thyroid hormone metabolism 

Cardiomyopathy, muscle pain, and weakness 

Iodine 
Manganese 

Molybdenum 
Fluoride 
Chromium 

Component of thyroid hormones 
Component of enzymes (i.e., arginase, pyruvate 

carboxylase, and MnSOD) 
Component of enzymes (i.e., xanthine dehydrogenase) 
Increases resistance to acid erosion of teeth 
May increase insulin action 

Goiter, poor growth and development, cretinism 
None in humans 

None in humans 
Increased risk of dental caries 
None in healthy humans; may improve glucose tolerance in 

diabetics 

Table 2 
Trace Element Interactions 

Interaction Proposed mechanism Physiologic effect 

Iron-zinc High iron intakes may compete with zinc absorption. Secondary zinc deficiency; supplemental zinc 
recommended if >60 mg supplemental iron is taken. 

Zinc-copper Excess zinc intakes (>150 mg/d) may interfere with 
copper absorption. 

Selenium-iodine Selenium is required for iodothyronine deiodinase. 

Iron-manganese Supplemental manganese may interfere with iron 
absorption 

Whenever the concentration of trace elements in tissues is too 
high, function is also impaired and clinical signs of trace element 
toxicity may become evident. For some trace elements, such as 
selenium, toxicities occur at levels that are only several-fold higher 
than the amounts required for normal function. Others have a 
broader range of tolerance. To avoid the risk of trace element 
toxicity, the total intake from the diet and supplements should 
remain within the range associated with normal function and 
health. Keeping total intake to less than two times the recom
mended intake is a good rule of thumb. 

Immune function and resistance to disease is influenced by 
trace element nutrition. Infections, particularly of the gastrointesti
nal tract, can lead to increased losses and a secondary deficiency. 
These relationships between trace elements and immune function 
and disease are discussed elsewhere in this volume. Because the 
roles of iron, zinc, copper, and selenium in immune function are 
best known, the specific functions and requirements for these 
elements are discussed in this chapter. Emphasis is placed on 
those populations of increased risk because of growth, such as in 
infants, adolescents, and pregnant women, or because of reduced 
utilization, such as in the elderly. 

IRON 
Total-body iron averages about 3.8 g in men and 2.3 g in women. 
Iron-containing compounds in the body can be grouped into two 

Symptoms of copper deficiency with chronic zinc 
supplementation. 

Serious thyroid failure has occurred in endemic cretins 
undergoing selenium repletion. 

Chronic manganese supplementation is not common in 
humans; potentially could cause a secondary iron 
deficiency in individuals with marginal iron status. 

categories: functional compounds that serve a metabolic or enzy
matic role and storage compounds that represent transport or stor
age iron. Approximately two-thirds of the total-body iron exists 
in a functional form, and most of this is as hemoglobin. Men tend 
to have much higher amounts of storage iron; about one-third of 
the total body iron is storage iron in men and one-eighth is in 
women. The two principal forms of storage iron are ferritin and 
hemosiderin. 

IRON METABOLISM The iron status, or health, of an indi
vidual is determined by three factors: amount absorbed, stored, 
and excreted. Dietary iron intakes and the capacity to absorb 
that iron dictates the amount absorbed. Iron balance is regulated 
primarily by the gastrointestinal tract. The amount of iron absorbed 
can range from <l % to >50% of the food iron. The amount 
absorbed is determined by the interaction between the food supply 
and the regulatory mechanisms reflecting total-body iron need. 
Heme and nonheme iron are absorbed by different mechanisms. 
Heme iron comes primarily from hemoglobin and myoglobin in 
animal flesh, and it accounts for less than 20% of the total iron 
intake. It is absorbed two to three times more efficiently than 
nonheme iron, however. Nonheme iron absorption is dependent 
on its solubility in the upper part of the small intestine. A number 
of dietary factors enhance or inhibit iron absorption. Enhancers 
include vitamin C and the presence of meat in the meal. Inhibitors 
include phytic acid from unprocessed whole grain cereals, bran, 
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calcium phosphate, and polyphenols (in tea and some vegetables). 
Iron entry into the body from the mucosal cells is regulated in 
some manner by total-body stores. Nonheme iron absorption is 
regulated to a greater extent than heme iron absorption. Iron is 
transported in circulation bound to transferrin. The delivery of 
iron to cells is accomplished by the binding of transferrin to cell
membrane-specific receptors for transferrin (1). The number of 
receptors is highly regulated (2). When the iron supply to the cell 
is inadequate, the number of transferrin receptors increases. Serum 
transferrin receptors are proportional to the number of cell surfaces 
and serve as a biochemical indicator of iron status (3). 

Iron is stored in the liver, reticuloendothelial cells, and bone 
marrow as ferritin and hemosiderin (4). On average, ferritin con
tains about 25% iron by weight. Iron is stored in ferritin as a 
hydrated ferric phosphate surrounded by 24 polypeptide units. 
Hemosiderin contains iron as a large iron-salt-protein aggregate. 
Ferritin iron is mobilized more readily than hemosiderin iron. 
The amount of iron stores can vary widely without any apparent 
impairment to body function. Storage iron is almost completely 
depleted before the signs of iron deficiency are apparent; a >20-
fold increase over normal may occur before any tissue damage 
is evident. 

Daily iron losses average about 1.0 mg/d in men and about 
1.3 mg/d in menstruating women. Most of the loss (approx 0.6 
mg/d) is via the feces from bile, desquamated mucosal cells, and 
the loss of minute amounts of blood (5). Another 0.2-0.3 mg/d 
is lost via desquamated skin cells and sweat, and a minor amount 
is lost in the urine (approx 0.1 mg/d). The most common cause 
of a negative iron balance is excessive blood loss. Hookworm 
infection causes gastrointestinal blood loss and is a major cause 
of iron deficiency in tropical countries (6). In the United States 
a sensitivity to cow's milk in children, the use of aspirin, bleeding 
ulcers, or tumors may cause gastrointestinal blood loss and iron 
depletion. 

IRON FUNCTION Functional forms of iron can be divided 
into heme and nonheme compounds. The heme-containing com
pounds include hemoglobin for oxygen transport, myoglobin for 
muscle storage of oxygen, and cytochromes for oxidative produc
tion of cellular energy in the form of adenosine triphosphate. 
Hemoglobin possesses the unique ability to become almost fully 
oxygenated in lung tissue and to then become largely deoxyge
nated during its transit through tissue capillaries. Anemia, or a 
reduced oxygen-carrying capacity in the blood, is frequently the 
result of an iron deficiency, although many other pathological 
conditions can affect hemoglobin or erythrocyte synthesis. In mod
erate anemia, biochemical changes occur in the tissues to compen
sate for reduced oxygen-carrying capacity. In severe anemia, 
reduced oxygen delivery causes a chronic tissue hypoxia. 

Whereas hemoglobin is only present in erythrocytes, myoglo
bin is only present in muscles. Myoglobin transports and stores 
oxygen in the muscle so it can be released quickly when needed 
for muscle contractions. Iron-deficient rats tend to have reduced 
amounts of myoglobin in their skeletal muscles (7). 

Cytochromes a, b, and c are essential for the production of 
energy by oxidative phosphorylation; they serve as electron carri
ers in transforming adenosine dephosphate (ADP) to adenosine 
triphosphate (ATP). Animals with severe iron deficiency have 
lower levels of cytochromes band c and reduced rates of oxidation 
by the electron-transport chain (7). Cytochrome P450 is located 
in the microsomal membranes of the liver and intestine. This 

enzyme degrades endogenous compounds or environmental toxins 
by oxidative degradation. 

Nonheme-iron-containing enzymes include the iron-sulfur 
complexes of NADH dehydrogenase and succinate dehydroge
nase. These enzymes are required for the first reaction in the 
electron-transport chain. Hydrogen peroxidases, such as catalase 
and peroxidase, are another group of iron-dependent enzymes 
that protect against the accumulation of highly reactive hydrogen 
peroxide (H20 2). Rat and human erythrocytes show increased lipid 
peroxidative damage with iron deficiency (8). Other nonheme
iron-containing enzymes include aconitase, phosphoenolpyruvate 
carboxykinase, and ribonucleotide reductase. 

IRON DEFICIENCY AND EXCESS Iron deficiency is the 
most common nutritional problem in the United States and world
wide affecting primarily older infants, young children, and women 
of childbearing age (9). The primary causes of iron deficiency are 
reduced absorption because of the presence of inhibitors of iron 
uptake in the diet, excessive iron loss due to chronic blood loss, 
and repeated pregnancies in women with marginal iron intakes. 

Unless the anemia is severe, the clinical symptoms of iron 
deficiency are subtle and difficult to detect (10). Anemia is the 
best known consequence of iron deficiency. Mild anemia has little 
effect on function because compensatory mechanisms maintain the 
tissue oxygen supply. Those compensatory mechanisms include an 
improved extraction of oxygen from hemoglobin by the tissues, 
redistribution of blood flow to vital organs, and increased cardiac 
output (11). With severe anemia (hemoglobin <70 gil), compensa
tion is no longer possible and acidosis develops. The risk for 
maternal and infant mortality rises as hemoglobin concentrations 
drop below 70 gIL (12). Reduced resistance to infection is observed 
in experimental iron deficiency in rats and humans (13). Iron
deficient children tend to have impaired lymphocyte and neutrophil 
functions, but an increased number of infections resulting from 
iron deficiency per se has not been demonstrated. Although iron 
deficiency and infections often coexist in children in the develop
ing countries, a cause and effect has not been established. 

Other functional consequences of iron deficiency include a 
reduced work capacity, impaired intellectual performance and 
behavioral changes, a decreased capacity to maintain body temper
ature, and adverse pregnancy outcome. The impaired work capac
ity may be the result, in part, of poor tissue oxygenation associated 
with anemia, but studies in experimental animals suggest that a 
marked oxidative capacity in skeletal muscles may contribute 
to the problem (14). Cognitive changes in association with iron 
deficiency have been demonstrated primarily in iron-deficient 
infants. The effects include a decreased responsiveness and activity 
with a greater tendency toward fatigue (15). The longer the pres
ence of iron deficiency, the greater the severity of the symptoms. 
Most studies show that the developmental deficits are corrected 
with iron treatment, but others do not (16,17). The decreased 
ability to maintain body temperature appears to be related to a 
reduction in thyroid-stimulating hormone and thyroid hormones; 
a blood transfusion corrects the abnormality (18). Adverse preg
nancy outcomes because of iron deficiency include preterm deliv
ery, low birth weight, and fetal death (19,20). 

Recently, there has been growing concern that iron overload 
may increase the risk of certain chronic diseases. This concern 
stems from the fact that iron may serve as a catalyst for redox 
reactions by donating or accepting electrons. When redox reactions 
are not modulated by iron-binding proteins or antioxidants, cellular 
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components such as fatty acids, proteins, or nucleic acids may be 
damaged. Epidemiological studies suggest that elevated levels of 
serum ferritin or transferrin saturation are associated with cancer 
and coronary heart disease (21,22). The potential impact of iron 
overload on health disorders needs to be investigated. In the 
interim, active programs to identify and prevent iron overload, 
especially hereditary hemochromatosis, will reduce any potential 
morbidity related to iron. 

POPULATIONS AT RISK The populations at greatest risk 
for iron deficiency include older infants and children, adolescents, 
menstruating women, and pregnant women. The prevalence of 
iron deficiency is higher among the poor. Factors increasing the 
risk of iron deficiency in children include birth from an iron
deficient mother, preterm birth, or low birth weight because those 
infants are often born with lower iron stores and the more rapid 
growth rates during infancy will deplete their marginal iron stores. 
During the rapid growth phases of adolescence the need for iron 
is high due to expansion of the red blood cell mass and the 
deposition of iron as myoglobin in the muscle. Heavy menstrual 
losses place women at risk, particularly if they also are of high 
parity. The demand for iron during gestation is high due to the 
expansion of the blood volume of the mother and the demands 
for fetal and placental tissue synthesis. 

For the U.S. population as a whole, approximately 9% of 
children between 1-2 years of age have iron deficiency. During 
the later childhood years the incidence falls to about 6%, but it 
rises again during adolescence to as much as 12% in males and 
6% in females. The incidence in males is higher due to the more 
rapid growth rates and the greater gain of muscle tissue. Five to 
14% of menstruating or pregnant females are iron deficient (23). 
The incidence of iron deficiency in women living in developing 
countries is much higher, possibly as much as 35-50%. 

DIAGNOSIS OF IRON DEFICIENCY The clinical symp
toms of iron deficiency are too subtle to prompt concern. There
fore, evidence of increased risk based on the dietary and medical 
history along with measurement of a low hemoglobin or hematocrit 
can prompt physicians to evaluate individuals at risk. A low mean 
corpuscular volume (MeV) is strong supportive evidence of iron 
deficiency. If the history and blood count suggest a risk for iron 
depletion, a hemoglobin analysis of venous blood is indicated. 
Additional tests that may be conducted include an erythrocyte 
protoporphyrin, serum ferritin, and transferrin saturation. A simpli
fied erythrocyte protoporphyrin test has been developed for the 
measurement of lead poisoning in children; this test can also be 
used to assess individuals for iron deficiency (7). A screening 
cutoff for erythrocyte protoporphyrin is 0.35 mg/L of whole blood 
or 3.0 Ilg/g of hemoglobin. 

IRON REQUIREMENTS AND DIETARY SOURCES The 
estimated need for absorbed iron is based on the amount of iron 
loss. Additional needs for growth is added to that value for infants 
and children. To estimate the dietary requirement, an assumption 
must be made about the proportion of dietary iron available for 
absorption. A value of 5% is used for cereal-based diets; 15% is 
proposed for more varied diets that are rich in meat and ascorbic 
acid. In the United States, a working value of 12.5% for availability 
is reasonable. Thus, the iron requirement for replacement and 
growth needs is multiplied by 8 to derive the dietary require
ment (7). 

The current Recommended Dietary Allowances (RDAs) (24) 
are summarized in Table 3. A factor of 1.25 is added to the 

Table 3 
Recommended Dietary Allowances 

for Iron, Zinc, Selenium and Copper 

Iron Zinc Selenium Copper 
Age group (mg/d) (mg/d) (Ilg/d) (mg/d) 

0-6 mo 6 5 10 0.4-0.6 
7-12 mo 10 5 15 0.6-0.7 
1-10 yr 10 10 20-30 0.7-2.0 
11-14 yr M: 12 M: 15 M: 40 1.5-2.5 

F: 15 F: 12 F: 45 
15-18 yr M: 12 M: 15 50 1.5-2.5 

F: 15 F: 12 
19-24 yr M:lO M: 15 M: 70 1.5-3.0 

F: 15 F: 12 F: 55 
25-50 yr M:1O M: 15 M: 70 1.5-3.0 

F: 15 F: 12 F: 55 
50+ yr 10 M: 15 M: 70 1.5-3.0 

F: 12 F: 55 

Source: ref 24. 

estimated requirement for absorbed iron to cover individual vari
ability. The RDA for pregnancy, 30 mg/d, cannot be met from 
food iron alone and supplementation is recommended. Although 
selected foods in the bread, legume, or fruit and vegetable groups 
are good sources of iron, meat iron is more available because 
much of it is in the heme form that is absorbed two to three times 
more readily than nonheme iron in the other foods. Nonheme iron 
absorption can be enhanced by ascorbic acid if it is ingested with 
the meal. 

ZINC 
The adult total-body content of zinc ranges from about 1.5 g in 
women to 2.5 g in men. Zinc is present in all tissues and fluids 
in the body. It is primarily an intracellular ion with over 95% 
found within the cells; 60-80% of the cellular zinc is located in 
the cytosol. Approximately 85% of the whole-body zinc is found 
in the skeletal muscle and bone (25). 

ZINC METABOLISM The zinc status, or health, of an indi
vidual is determined largely by the regulation of zinc absorption 
and endogenous excretion in the small intestine. Zinc is absorbed 
all along the small intestine, but most seems to be taken up in 
the jejunum (26). Various exogenous and endogenous ligands in 
the lumin can either enhance or inhibit zinc uptake. Histidine and 
cysteine enhance zinc absorption; zinc in animal proteins rich in 
these amino acids tends to be higher than absorption from vegeta
ble proteins. Phytic acid, the storage form of phosphorus in cereals, 
inhibits zinc absorption. The presence of large amounts of other 
divalent cations, such as iron and calcium, may compete with zinc 
for mucosal-cell-binding sites. 

As intraluminal concentrations of zinc rise, the efficiency or 
fractional absorption of zinc declines, but the total amount of zinc 
absorbed increases. This is because transcellular uptake of zinc 
increases as the luminal concentrations rise. Thus, regulation of 
the intestinal absorption of zinc only provides "coarse control" 
over total-body zinc. Endogenous fecal zinc losses are thought to 
provide the "fine control." However, the mechanisms regulating 
endogenous gastrointestinal excretion are not known. Fractional 
absorption of zinc from a typical diet varies widely from about 
20% to 40%. This variation may reflect differences in zinc status 
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of the individual as well as differences in the availability of zinc 
from the foods in the diet. 

Albumin is the primary portal carrier for newly absorbed zinc. 
Changes in the systemic level of albumin may alter zinc absorption 
(27). In the general circulation, plasma zinc comprises only 0.1 % 
ofthe whole-body zinc with approximately 70% bound to albumin 
and 20% bound to alpha-2-macroglobulin. Plasma zinc fluctuates 
markedly in response to specific physiological stimuli and dietary 
intakes; zinc circulating in the plasma turns over about 100 times 
or more in a day. 

There is no specific store for zinc, although cytosolic zinc may 
serve as a cellular reserve. 

In addition to endogenous fecal zinc, small amounts of zinc 
are also lost in the urine (about 0.5 mg/d). Reductions in urinary 
zinc excretion only occur if the dietary supply is very low; how
ever, increased zinc intake from highly available sources, such as 
zinc supplements, can lead to an increase in urinary zinc. Surface 
zinc losses through desquamation of skin cells, out growth of hair, 
and sweat contribute another milligram of zinc lost daily. Semen 
is high in zinc, and approximately 1 mg is lost per ejaculate. 

ZINC FUNCTION The ubiquitous distribution of zinc 
among cells coupled with zinc being the most abundant intracellu
lar trace element points to it having very basic functions (28). 
Its functions can be grouped into three general areas: catalytic, 
structural, and regulatory. Catalytic roles are found in all six 
classes of enzymes. Over 50 different enzymes require zinc for 
nonnal activity. There are numerous examples of zinc depletion 
and changes in the activity or concentration of zinc metalloen
zymes in the literature. It is difficult, however, to show a clear 
relationship between zinc intake and enzymatic function in 
humans. The physiological consequence of a change in enzyme 
activity may not be evident unless the zinc-requiring enzyme was 
acting at a rate-limiting step (28). 

The role of zinc in metalloenzymes is often structural. The 
zinc-finger motif is an example of an important structural function 
for zinc. Zinc fingers tend to have the following general structure: 
-C-X2-C-Xn-C-X2-C-, where C designates cysteine and X des
ignates other amino acids (28). This structure allows zinc to be 
bound as a tetrahedral complex with four cysteines. Zinc fingers 
are associated with multiple functions. They are located in the 
nucleus and in the transcription factors for retinoic acid and 1,25-
dihydroxycholecalciferol receptors (29). Zinc-finger motifs are 
also associated with protein-protein interactions affecting cellular 
differentiation, signal transduction, and cellular adhesion. The 
influence of zinc nutrition on the zinc fingers is unknown, but 
three observations are clear: (1) Considering their abundance, zinc 
fingers contribute to the overall zinc requirements, (2) they explain 
the tight homeostatic control for zinc, and (3) they may explain 
the basic functions of zinc in membrane integrity, receptor actions, 
and cellular proliferation and differentiation (28). 

Regulation of gene expression is the third biochemical function 
of zinc. A role for zinc in the expression of metallothionein has 
been demonstrated (30). A metal-binding transcription factor and 
a metal-responsive element in the promotor region of the regulated 
gene are required. The metal-binding transcription factor in the 
cell cytosol acquires zinc and then binds with the metal responsive 
element to stimulate transcription. 

It is difficult to reconcile these basic biochemical functions of 
zinc with physiological functional changes during zinc depletion. 
Changes in immune function, apoptosis, membrane integrity, lipid 

peroxidation, and reproduction have been observed in zinc defi
ciency. Immune defects associated with zinc deficiency include 
reduced thymic honnone production and activity, impaired func
tions oflymphocytes, natural-killer cells and neutrophils, impaired 
antibody-dependent cell-mediated cytotoxicity, altered immuno
logic ontogeny, and defective lymphokine production (31). Zinc 
deficiency reduces the mass of lymphoid tissues more than any 
other tissue. A reduction in cell-division rates may explain some 
of these changes in immune function. Also, zinc may be needed 
for structure and activity of thymulin, a nine-amino-acid peptide 
found in plasma that stimulates T-cell development (32). There 
is also evidence that intracellular zinc concentrations alter the cell 
selection process through apoptosis. Increased apoptosis appears 
to signal cellular zinc deficiency, whereas high concentrations 
inhibit cellular death (33). 

ZINC DEFICIENCY AND TOXICITY The classical symp
toms of zinc deficiency in experimental animals include retarded 
growth, depressed immune function, skin lesions, depressed appe
tite, skeletal abnonnalities, and impaired reproduction. In humans, 
zinc deficiency causes severe growth retardation and sexual imma
turity (34). The characteristic rapid reduction in growth in zinc 
deficiency occurs without a reduction in tissue concentrations (35). 
Anorexia and cyclic food intake is a classical response to zinc 
deficiency in experimental animals (36). Poor appetite is also a 
sign of zinc deficiency in children (35,37). The reduction in food 
intake may be adaptive because tissue concentrations are con
served by limiting growth. Also, cyclical food intake leads to an 
intermittent breakdown of muscle tissue and release of zinc for 
essential functions (38). 

A deficiency of zinc during early development is highly terato
genic. Typical malformations include brain and eye defects, spina 
bifida, cleft lip and palate, and numerous malfonnations of the 
heart, lung, skeleton, and urogenital system (39). Zinc deficiency 
during gestation can also cause parturition difficulties, with 
delayed deliveries and excessive bleeding. Male reproductive 
function is also altered by zinc deficiency. The testes are reduced 
in size with atrophy of the seminiferous epithelium and impaired 
spermatogenesis and testosterone secretion (40). 

Marginal or mild zinc depletion is more typical in humans, 
but it is difficult to detect because impaired growth velocity is an 
early response. Furthennore, the marked reduction in endogenous 
zinc losses with reduced intakes conserves tissue zinc and prevents 
the onset of specific features of zinc deficiency (41). 

Acute zinc toxicity with intakes in the range of 1-2 g causes 
gastric distress, dizziness, and nausea. High chronic intakes from 
supplements (150-300 mg/d) may impair immune function and 
reduce concentrations of high-density lipoprotein cholesterol (28). 
Also, hypocupremia occurred when sickle cell anemia patients were 
treated with 150 mg Zn!d (42). Subsequently, high intakes of zinc 
have been used to treat Wilson's disease, a copper-accumulation 
disorder. It is thought that zinc induces the synthesis of metallothi
onein in the intestinal mucosal cells, which preferentially bind 
copper and leads to copper loss via desquamation of the cells. 
On balance, zinc is relatively nontoxic, but chronic use of zinc 
supplements may induce nutrient imbalances and physiological 
effects not encountered when zinc is supplied by food. 

DIAGNOSIS OF ZINC DEFICIENCY Despite our knowl
edge of zinc function and metabolism, the diagnosis of zinc defi
ciency has proven to be difficult because of the lack of a sensitive, 
specific indicator of zinc status (43). Plasma/serum zinc concentra-
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tions do not fall with low zinc intakes, unless the dietary levels 
are so low that homeostasis cannot be re-established. Also, a 
number of other metabolic states influence plasma zinc concentra
tions. Stress, infection, food intake, short-term fasting, and the 
hormonal state of the individual all influence plasma zinc. Other 
static measures also hold little promise. Erythrocyte zinc responds 
very slowly to changes in dietary zinc. Leukocyte zinc is difficult 
to measure and the response to poor zinc intake is not consistent 
among various laboratories. Hair zinc levels seem to be depressed 
in mild zinc depletion, but they are unchanged in severe states 
where hair growth is arrested. Urinary zinc excretion falls in severe 
depletion, but this measurement is not sensitive to less severe 
states and is confounded by many clinical conditions that increase 
urinary zinc losses. 

Currently, zinc deficiency is best diagnosed by using a combi
nation of dietary, static, and functional signs of depletion. There 
should be evidence that the dietary supply is low and/or poorly 
available or that the individual has a clinical disorder known to 
impair zinc nutrition. Second, a low plasma or hair zinc concentra
tion is a static indicator of poor status. Finally, a functional marker 
provides definitive evidence of zinc depletion. This might be a 
low erythrocyte metallothionein concentration, a decline in lym
phocyte messenger RNA for metallothionein, an increase in the 
fragility of erythrocyte membranes, or a decrease in the activity 
of a zinc-dependent enzyme, such as 5' nucleotidase. 

ZINC REQUIREMENTS AND DIETARY SOURCES Dietary 
zinc requirements have been estimated from a variety of methods: 
balance studies, measures of total endogenous losses, and radioac
tive and stable isotope studies of zinc turnover. The Recommended 
Dietary Allowances are based on the amount required in the diet 
to maintain balance. Because the absorption of zinc varies with 
endogenous need and food sources, a standard fractional absorp
tion of 20% was assumed (24). Using this approach, the zinc RDA 
is 5 mg/d for infants, 10 mg/d for children under 10 yr of age, 
15 mg/d for males over age 10, 12 mg/d for females over age 10, 
15 mg/d for pregnancy, and 19 and 16 mg/d for lactation during 
the first and second 6 mo, respectively. (Table 3). 

Foods vary greatly in their inherent zinc content, with red meat 
and shellfish constituting the best sources. Foods of vegetable 
origin tend to be low, except for the germ of grains and seeds, 
such as nuts and legumes. Although the amount of zinc provided 
by a vegetarian diet may reach recommended intakes, the availabil
ity of the zinc from those foods is reduced by the presence of 
phytic acid, and fractional absorption is likely to fall below 20%. 

COPPER 

The total amount of copper in adults is approximately 110 mg 
(44). Kidneys have the highest concentrations, followed by liver 
and brain and then heart and whole bone. Whole blood and plasma 
contain about 1 Ilg of copper/g. 

COPPER METABOLISM Copper absorption occurs primar
ily in the duodenum. The efficiency of copper absorption tends 
to be higher than that of other essential cations, about 40-70%. 
The efficiency of absorption declines, however, with high intakes 
and increases with low intakes (45). Copper absorption is affected 
by the presence of other trace elements in the diet. As explained 
earlier, high intakes of zinc decrease copper absorption. It is 
thought that this is due to the induction of metallothionein by 
zinc, which then traps the copper and makes it unavailable for 

absorption. The presence of certain amino acids and citrate appears 
to enhance copper absorption, possibly by acting as copper ligands. 

After being absorbed, copper enters the bloodstream bound to 
albumin and is quickly deposited in the liver. In rats, virtually all 
of the absorbed copper is cleared from after circulating 2 hand 
can be found almost exclusively in the liver, kidney, and liver
derived products, such as the bile (46). After this initial uptake 
of copper by the liver, it reappears in circulation as ceruloplasmin. 
This copper in ceruloplasmin is available for uptake by most 
tissues of the body. 

Copper is not stored in tissues. There is some deposition in 
the liver, as metallothionein-bound copper, but this is not a store 
per se. Deposition of hepatic copper occurs in utero, possibly to 
serve as a reserve of copper for rapid postnatal growth because 
milk is not rich in copper (47,48). 

Although there is some regulation of absorption with more 
being absorbed in deficiency and less in the face of copper ade
quacy, copper homeostasis is maintained primarily via excretion. 
The bile is the major excretory route for copper, but copper is 
also lost in gastric, pancreatic, and intestinal secretions. The total 
amount of copper secreted into the gastrointestinal tract is about 
three times the amount consumed in the diet. Most of this copper 
is reabsorbed, although there is some evidence that biliary copper 
is not readily absorbed (44). Very little copper is lost in the urine, 
hair, or desquamated skin cells. 

COPPER FUNCTION Copper functions primarily as a 
cofactor or component of enzymes. Almost without exception, 
copper-dependent enzymes catalyze reactions that involve molec
ular oxygen. At least three copper enzymes have a role in antioxi
dant defense. These are the intracellular and extracellular superox
ide dismutases (SODs), extracellular ceruloplasmin, and the 
intracellular copper thioneins. All SODs catalyze the conversion 
of superoxide anions to peroxides, which are then converted to 
H20 by catalase or glutathione peroxidase. Several other copper 
enzymes are involved in molecular oxygen-requiring reactions 
that lead to cross-linking or polymerization of amino acids or 
other substituents. Examples include lysyl oxidase of connective 
tissue, which is needed for maturation of collagen and elastin. 
The copper-containing enzyme tyrosinase is involved in the syn
thesis of the melanin polymer that determines the pigment in our 
skin, hair, and eyes. Copper-containing enzymes are also involved 
in the formation and inactivation of hormones. For example, dopa
mine-~-monoxygenase catalyzes the synthesis of epinephrine and 
norepinephrine (44). 

Copper appears to be essential for the normal utilization of iron. 
Ceruloplasmin and ferroxidase II (a copper-containing enzyme) 
oxidize iron to Fe3+ so that it can bind to transferrin in the plasma 
and facilitate the transport of iron to the bone marrow for hemato
poiesis (44). 

COPPER DEFICIENCY AND TOXICITY The symptoms of 
copper deficiency in both experimental animals and humans 
include hypochromic anemia, neutropenia, hypopigmentation of 
the hair and skin, abnormal bone formation with skeletal fragility 
and osteoporosis, vascular abnormalities, and uncrimped or steely 
hair (49). In addition, alterations in lipid and glucose metabolism 
have been observed in copper-deficient animals. The symptoms 
include hypercholesterolemia, hypertriglyceridemia, glucose 
intolerance, and enhanced sorbitol production. The exact role of 
copper in the development of these symptoms is unknown (44). 
Fertility and immunity also appear to be dependent on copper 
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sufficiency. Pups born to copper-deficient dams have impaired 
hematopoiesis and abnormally developed bone and vasculature. 
Sperm motility is also reduced in copper deficiency (50). With 
respect to immunity, copper-deficient animals are much more 
susceptible to infection. Specific defects observed in the immune 
function include hyporesponsiveness of lymphoid cells to mito
gens, decreased antibody production, decreased thymus weight, 
decreased activity of natural killer cells, and decreased antimicro
bial activity of phagocytes (51-53). 

Copper is relatively nontoxic. A few cases of liver cirrhosis 
have been reported, however, as a result of ingesting a chronic 
excess of copper. With very high intakes (i.e., 2000 /lg/g), the 
gastrointestinal tract is damaged. Epigastric pain, nausea, vomit
ing, and diarrhea occur. Most of the toxic effects of copper are 
thought to be due to the production of oxygen radicals by Cu+ 
chelates; ascorbic acid may be involved in producing those Cu+ 
chelates (45). Those oxygen radicals scar liver tissue, leading to 
changes in liver function. 

POPULATIONS AT RISK FOR COPPER DEFICIENCY 
Although primary copper deficiency due to poor intakes is rare 
in humans, deficiencies have been observed in several special 
circumstances. Infants recovering from malnutrition, preterm and 
low-birth-weight infants fed milk-based diets, and patients sup
ported on total parenteral nutrition have developed copper defi
ciency. The deficiency probably was a result of increased tissue 
need for tissue synthesis along with a marginal dietary supply. 
Chronic use of zinc supplements providing at least 150 mg zinc/d 
may induce a secondary copper deficiency. The prevalence of 
subclinical copper deficiency is unknown. Many diets provide less 
than 2 mg copper/d. Until the symptoms of mild copper depletion 
are known, the presence of subclinical copper deficiencies in the 
popUlation should not be dismissed. 

ASSESSMENT OF COPPER STATUS Serum copper and 
ceruloplasmin concentrations fall rapidly with severe copper 
depletion and are reliable biomarkers of copper status (54). How
ever, they may not be sensitive to mild deficiency, and ceruloplas
min, as an acute-phase protein, may be elevated in a variety of 
conditions masking a copper deficiency. Other potential indicators 
of copper status include erythrocyte superoxide dismutase, eryth
rocyte cytochrome oxidase, or possibly hair or urinary copper con
centrations. 

COPPER REQUIREMENTS AND DIETARY SOURCES The 
estimated safe and adequate daily dietary intake of copper recom
mendation by the Institute of Medicine, Food and Nutrition Board, 
is l.5-3.0 mg copper/d (24). The World Health Organization (49) 
recently published standards for copper intake. They estimate that 
the requirement for absorbed copper is between 0.7 and 0.8 mg/d. 
The minimum intake of a population of adults to provide the 
estimated need for absorbed copper is l.2 mg/d for women and 
1.3 mg/d for men. 

Copper is widely distributed in plants and animals. Good 
dietary sources of copper (> 2 /lglg) include seafood, organ meats, 
legumes and nuts. Refined cereals and dairy products tend to 
be low. 

SELENIUM 
Most selenium in animal tissues is present in two forms: seleno
methionine and selenocysteine. Selenomethionine must be derived 
from the diet because it cannot be synthesized in tissues. Seleno
cysteine is the form of selenium in its various biological roles (55). 

SELENIUM METABOLISM Seleno-amino acids are the 
dietary forms of selenium, whereas inorganic selenium is often the 
form used in experimental diets and some supplements. Inorganic 
selenium absorption is not regulated; it tends to be high (approx 
70-80%) and is not influenced by selenium status (56,57). The 
absorption of selenomethionine is like that of methionine. The 
uptake of selenocysteine is not known. The metabolism of 
absorbed selenium is regulated to maintain an available supply 
of selenocysteine and to achieve tissue selenium homeostasis. 
Selenide is the common form of selenium found in the cells. 
Selenocysteine derived from selenomethionine, the diet, or seleno
protein catabolism is converted to selenide via selenocysteine p
lyase (58). Selenide is metabolized to selenophosphate, which is 
used for the synthesis of selenoproteins and seleno-tRNA (55). 
Selenide is also methylated to form the typical excretory products 
of selenium found in the urine and breath. 

Selenium homeostasis is maintained through urinary excretion. 
As dietary intakes of selenium rise, urinary losses also increase. 
A small percentage of urinary selenium is trimethylated (59); the 
remaining forms have not been characterized. 

SELENIUM FUNCTION As is the case for other trace ele
ments, selenium also functions as a cofactor for several enzymes. 
Approximately 10 different selenoproteins have been identified 
in rats (55). Four selenium-dependent glutathione peroxidases 
have been characterized. GSHPx-l is the most abundant and is 
found in all cells. It reduces H20 2 and free hydroperoxides. 
GSHPx-2 is located in the gastrointestinal tract and GSHPx-3 is 
the plasma form. GSHPx-4 is high in the testis but is present in 
most cells. It is the only form of GSHPx that can reduce fatty 
acid hydroperoxides present in phospholipids (60). 

Recent evidence shows that type I iodothyronine deiodinase 
is a selenoprotein (61). Selenium deficiency causes the activity 
of this enzyme to decline, but if iodine status and thyroid function 
are good, a compensatory rise in plasma T4 prevents hypothyroid
ism. Type II and type III iodothyronine deiodinases were also 
recently shown to be selenoproteins. Type II regulates TJ produc
tion in brain, pituitary, brown fat and placental tissue and controls 
thyroid-stimulating hormone secretion (62). Type III also degrades 
TJ and other thyroid hormones. 

Selenoprotein P is an extracellular protein rich in selenocyste
ine residues (55). Its function is not known, but it may be an 
extracellular antioxidant. Selenoprotein W is found in the muscle. 
It may be involved in the muscle degeneration seen with sele
nium deficiency. 

SELENIUM DEFICIENCY AND TOXICITY Selenium defi
ciency has been seen among women and children in certain regions 
of China. They develop a characteristic disorder, Keshan Disease, 
which includes myocardial necrosis. The coronary arteries are not 
affected, but the membranous organelles, such as mitochondria, 
show early necrotic changes (63). Kashin-Beck disease is another 
disorder linked with low selenium status. It is an endemic osteoar
thropathy that affects children in certain parts of China and the 
Soviet Union. Degeneration and necrosis of the hyaline cartilage 
tissue seems to be the primary defect. Although these disorders are 
considered to be primarily due to a selenium deficiency, marginal 
vitamin E deficiency may also be involved, and a role for infection
induced oxidative stress has also been suggested (63). Beck and 
co-workers (64) have shown that selenium-deficient mice are more 
susceptible to heart damage because of coxsackievirus B than 
selenium-sufficient mice. In addition, inoculation of a benign strain 
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of coxsackievirus B3 into selenium-deficient mice cause a mild 
degree of heart damage. Isolation of the virus from the selenium
deficient mice and reinoculation into normal mice also caused heart 
damage (65). This suggests that the benign virus had undergone a 
genotypic change in the selenium-deficient animals that increased 
its virulence. A change in the RNA at six of seven sites confirmed 
the genotypic change (66). Similar viral changes were also 
observed when the virus was passed through vitamin E-defi
cient mice. 

High intakes of selenium have been protective against tumori
genesis in experimental animals. A double-blind selenium-supple
mentation cancer prevention trial was just completed in 1312 
individuals living in the southeastern United States. Individuals 
receiving 200 Ilg seleniumJd for about 4.5 yr had a significant 
reduction in total cancer mortality, total cancer incidence, and 
incidences of lung, colorectal, and prostate cancers. Primarily 
because of the apparent reductions in total cancer mortality and 
total cancer incidence in the selenium group, the blinded phase 
of the trial was stopped early (67). A follow-up study in seven 
countries is planned. 

The risk of selenium toxicity is higher than that of most other 
trace elements. Selenium poisoning occurred in China where indi
viduals were ingesting nearly 5 mg seleniumJd in a vegetable diet 
(68). The clinical signs of selenosis include hair and nail loss, 
skin lesions, and abnormalities of the nervous system. It is thought 
that the symptoms of selenosis stem from interference with sulfur 
metabolism and inhibition of protein synthesis (69). The Environ
mental Protection Agency has established a reference dose (RID) 
of 350 Ilg/d, or 5 Ilg/kg/d (70). 

POPULATIONS AT RISK FOR SELENIUM DEFICIENCY 
Selenium deficiency in humans seems to be limited to individuals 
in selected regions where the soil content is low and, therefore, 
the food supply of selenium is also low. Although the soil in 
certain parts of the United States is low in selenium (i.e., Oregon), 
the population does not seem to be at risk because food is supplied 
from all over the country. Furthermore, concomitant vitamin E 
deficiencies or infections may be necessary for the expression of 
selenium deficiency. 

ASSESSMENT OF SELENIUM STATUS Blood selenium 
concentrations appear to reflect dietary intakes (71). Plasma sele
nium concentrations respond rapidly to changes in the diet and 
are a measure of short-term selenium status (72). Plasma selenium 
concentrations tend to be low among people living in areas with 
selenium-poor soil, such as New Zealand. Supplementation with 
selenomethionine raises blood levels markedly because this form 
of selenium is not subject to homeostatic regulation. Hair selenium 
concentrations have been used to evaluate selenium status in 
China, but it may not be valid in the United States because many 
hair products contain selenium. Blood glutathione peroxidase 
activity is correlated with blood selenium concentrations up to 
1.27 Ilmol/L (73). Above that value, the activity of glutathione 
peroxidase plateaus; however, it is a useful functional indicator of 
selenium status within the range of usual dietary selenium intakes. 

SELENIUM REQUIREMENTS AND DIETARY SOURCES 
The RDA for selenium is 55 Ilg/d for women and 70 Ilg/d for 
men (24) (Table 3). This standard is based on the amount needed 
in the diet to maximize plasma glutathione peroxidase activity. The 
WHO (63) recently estimated that the requirement for absorbed 
selenium is about 0.4 Ilg/kg/d in adult men and women. Based 
on the normal variation in selenium intakes, 30 Ilg/d are needed 

in the diet of women to meet this need and 40 Ilg/d are needed 
by men. 

The selenium content of foods varies widely depending on the 
amount of selenium available in the soil for uptake by plants. 
Thus, the values for selenium in foods given in food composition 
tables are of marginal use in estimating the amount of selenium 
consumed. The selenium content of cereal products tends to vary 
the most, based on the amount of selenium in the soil. Concentra
tions of selenium in cereals ranges from <0.1 to >0.8 mg/kg wet 
weight (63). If the soil is rich in selenium, cereals may comprise 
about 75% of the total selenium intake; if the soil is poor, cereals 
may provide less than 10% of the intake. Liver, kidney, and 
seafood tend to have the highest amounts of selenium (0.4-1.5 
mg/kg wet weight). Dairy products provide <0.1 to 0.3 mg/kg, 
and fruits and vegetables are low, with <0.1 mg/kg. 

SUMMARY 
At least 15 trace elements are required in the diet for normal 
cellular functions. The tissue concentrations and the total dietary 
need for these nutrients are very small (ppm concentrations). 
Analysis of minute quantities of trace elements in tissues and 
foods became routine with the widespread availability of atomic 
absorption spectroscopy in the early 1960s. Furthermore, the use 
of isotopic tracers, both stable and radioactive, extended the scope 
of studies from mere measurements of the quantity consumed 
and lost to measurements of tissue distribution, turnover, and 
metabolism. Like vitamins, trace elements primarily function as 
cofactors for enzymes. Some have additional unique functions; 
for example, the requirement for iron to facilitate oxygen transport 
or the need for iodine to synthesize thyroid hormones. The metabo
lism, function, deficiency symptoms, methods for assessment, and 
dietary requirements and food sources for four trace elements 
(iron, zinc, copper, and selenium) are discussed in this chapter. 
All four of these elements have been shown to affect immune 
function or the risk for infectious disease. Iron and zinc deficiencies 
are common in populations of growing infants and children and 
pregnant women who are subsisting on cereal-based diets with 
poor iron/zinc bioavailability. Selenium deficiency is a problem 
in some regions of the world (e.g., China), where the soil is low 
in selenium and the population is consuming a vegetable diet. 
Because copper is widely distributed in foods and is readily 
absorbed, copper deficiency among healthy humans is unusual. 
Human deficiencies have been reported, however, in preterm or 
low-birth-weight infants, in patients supported on total parenteral 
nutrition, and in individuals chronically taking supplemental zinc. 
Because trace elements are cofactors for enzymes, organ meats, 
and animal flesh are good sources. 
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7 Vitamins 
Overview and Metabolic Functions 

ROBERT RUCKER 

INTRODUCTION 
The concept that specific food components play important roles 
in tissue growth and repair has been evident since the writings 
of early Egyptian, Greek, and Asian philosophers. For example, 
nutrition is a topic in the Hippocratic collection; the Papyrusebers 
(written about 1580-1570 B.C.) prescribes beef liver for eye dis
eases. The concept that vitamins are essential dietary compounds, 
however, did not evolve with any clarity until the early 1900s. 
Up to the early 1900s, it was widely held that only the major 
constituents in the diet (i.e., carbohydrates, protein, fat, and some 
minerals) were needed for nourishment (1). Nevertheless, the view 
that small amounts of certain factors seemed necessary for optimal 
growth and development eventually became apparent. It is now 
appreciated that vitamin status influences a number of relationships 
important to metabolic regulation. Consequently, a goal in this 
chapter is to provide a summary of the functions for each of the 
compounds now conventionally classified as vitamins or vitamin
like. A perceptive on vitamin requirements will also be developed. 
To the extent that vitamin status influences the ability to deal with 
foreign antigens and infections, another goal is to amplify those 
aspects of vitamin function important to the discussion of acquired, 
adaptive, and innate immunity that are developed elsewhere 
throughout this volume. 

NOMENCLATURE 
As a group of compounds, vitamins have been defined as organic 
substances present in minute amounts in natural foodstuffs that 
are essential to normal metabolism, the lack of which causes 
deficiency diseases. This definition, however, is not specific and 
could apply to a number of compounds derived from the secondary 
metabolism of amino acids, simple sugars, and fatty acids. Vita
mins may also be classified according to their chemical and physi
cal properties (i.e., whether they are soluble in aqueous solutions 
or lipid solvents). The varied functions of vitamins, however, 
complicate the development of a simple system for nomenclature. 
The chemical structures for many of the vitamins were also poorly 
understood initially; thus, a system of letter designations was 
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developed as a method of simple categorization based on physio
logic function (2). This system became less useful when it was 
discovered that some of the functions originally ascribed to vita
mins were due to other substances, such as the essential amino 
acids. The lack of chemical composition data also resulted in a 
complex system of expressing dosages as arbitrarily defined units, 
in which a unit was defined in relationship to a biological phenome
non or response in a given animal model. Table 1 summarizes 
some of the common designations for the vitamins. 

GENERAL FEATURES OF VITAMIN 
METABOLISM AND UTILIZATION 
The vitamins that are soluble in lipid solvents are absorbed and 
transported by conventional lipid-transport processes (3; Fig. 1). 
For water-soluble vitamins, their respective aqueous solubility 
coefficients, in part, dictate relative absorption. Within normal, 
physiological ranges of intakes, active transport and receptor
mediated processes are utilized for water-soluble vitamin absorp
tion (4,5). At higher concentrations (5-10 times the physiological 
need) passive and pericellular processes may also be involved. 
Most vitamins are absorbed in the upper intestine. Notable excep
tions are folic acid and vitamin B12• Folacin or folate (the family 
of folic acid derivatives) is absorbed through the mid-intestine; 
vitamin Bl2 is absorbed primarily in the ileum (6). 

A general appreciation for the diversity and complexity of 
vitamin metabolism and processing is important. Vitamins in foods 
are often present as cofactors or chemically complex forms. Pan
creatic and intestinal cell-derived enzymes are required to initiate 
normal uptake and absorption. Nucleosidases, phosphatases, and 
peptidases are key factors in processing cofactors to vitamins (Fig. 
2). Once absorbed, most vitamins are processed and modified 
chemically in the liver for eventual delivery to given target cells 
and tissues. Table 2 indicates specific proteins known to be 
involved in vitamin transport. Such proteins serve a number of 
important functions; for example, delivery to specific cellular sites, 
protection from unwanted interactions and side reactions, and 
refinements in overall regulation. 

FAT-SOLUBLE VITAMINS 
VITAMIN A Descriptions of vitamin A-related deficiency occur 
throughout written history (2). From a modem perspective, the 



76 PART II / SPECIFIC NUTRIENT REQUIREMENTS 

Trivial 
and IUPAC 

Vitamin Designations" 

Vitamin A Antixerophthalmic factor, retinol, 
metinol, axerophthol 

Vitamin D Ergocalciferol or D2 derived from 
plant sources; cholecalciferol or 
D3 derived from 7 -dehydro-
cholesterol; rachitic factor, 
calciol (D3)\ ercalciol (D2) 

Vitamin E Various isomers of tocopherols, the 
most potent of which is R,R,R-
a-tocopherol (formally d-a-
tocopherol) or all-rac-a-
tocopherol 

Vitamin K K2 from micro-organisms: 
menaquinone (MK), 
phylloquinones (from plants); 
antihemorrhagic factor, K3 is 
menadione, a synthetic precursor 
of vitamin K 

Ascorbic acid Vitamin C, antisorbutic or scurvy 
factor 

Niacin Antipellagra factor, vitamin B5 

Riboflavin Vitamin B2, vitamin G 

Thiamin Vitamin B2, anti-beri-beri factor 

Vitamin B6 Now used as the designation for 
the vitamins: pyridoxine 
(-CH2NH2 form), pyridox-
ylamine (-CH2NH2 form), and 
pyridoxal (-CHO). 

Pantothenic acid Antidermatitis factor 

Biotin Vitamin H 

Folate Folacin, folate polymers; pteroates 
(pteroylglutamate) (PteGlu, PteGluz, PteGlu3, etc.) 
and folic acid! 
pteroylglutamic 
acid) 

Vitamin B12 Designation for various forms of 
the cobalamines 

"International Union of Pure and Applied Chemistry. 
bRecommended Daily Allowances, if established. 

Table 1 
The Vitamins 

Adult daily need 
(per 1000 kcal or 
4180 kJ) or RDAb 

0.3-0.4 mg as retinol; 300-400 as 
retinol equivalents (RE), where 
one RE = 1 Ilg of retinol; 
1000-1300 international units 
(IV), where 1 IV = 0.3 Ilg of 
retinol; current RDA: 1000 Ilg/d 
(males) or 800 Ilgld (females) 
as RE 

Adults I Ilg to infants/children 2-4 
Ilg as vitamin D3; 400-1600 IV 
where 1 IV = 0.025 Ilg as 
vitamin D2 or D3 

2-4 mg as R,R,R-a-tocopherol, 
1 international unit = 1 mg of 
R,R,R -a-tocopherol acetate; 
current RDA: 10 mg/d (males) 
or 8 mg/d (females) 

50-150 Ilg as MKc; current RDA: 
80 Ilg/d (males) or 65 Ilg/d 
(females) 

30-60 mg, current RDA: 60 mg/d 

6-12 mg; current RDA: 15 mg/d 
(males) or 12 mg/d (females) 

0.5-1.0 mg; current RDA: 1.7 mg/ 
d (males) or 1.3 mg/d (females) 

0.3-0.6 mg; current RDA: 1.5 mg/ 
d (males) or 1.1 mg/d (females) 

0.6-1.8 mg; current RDA: 2.0 mg/ 
d (males) or 1.6 mg/d (females) 

2-4mg 

75-25O llg 

Current RDA: 200 Ilgld (males) or 
180 Ilgld (females) 

300-1000 ng; current RDA: 2000 
ng/d 

Sources 

Plant carotinoids; palm oil, many 
germ oils, tubers, legumes, 
maize, pigmented fruits, peppers, 
vegetables; most organ meats, 
particularly liver, and marine 
fish 

Animal products, edible skins 
(poultry), fish oils 

Various plant oils 

Green leafy vegetables, certain 
plant oils (grape seed, olive, 
soybean) 

Fruit and vegetable juices, many 
berries, peppers 

Organ meats, fish, white grains 

Milk, cheese, organ meats, green 
vegetables tryptophan-rich 
protein sources 

Seeds, nuts, meat, yeast 

Organ meats, muscle, eggs, cereals 

Meats, cereals, and most 
vegetables, yeast 

Dairy products, egg yolk, grains, 
oil seed meals, molasses 

Green vegetables, organ meats, 
eggs cheese, yeast 

Animal products, milk, eggs, fish 
and seafood (clams and oysters) 

cBased on the amount that optimizes osteocalcin carboxylation based on the most recent information from balance studies. 
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Fig. 1. Fat-soluble-vitamin absorption. Fat-soluble vitamins (A, E, K, and D) are absorbed into and transported from intestinal cells by 
processes important to the absorption and transport of lipids in general. For vitamin A, the oxidation of ~-carotene to retinal (see Fig. 4) and 
the esterification and re-esterification of retinol (see Fig. 4) are specific features. From the liver, vitamin A is transported to extrahepatic 
tissues bound to retinal-binding protein (RBP). Vitamins E and K are transported by low-density and very low-density lipoprotein particles. 
The levels of vitamins E and K are influenced by factors that also influence the assembly and metabolism of low-density and very low-density 
lipoprotein particles. Vitamin D and its metabolites are transported by proteins designed for secosteroid transport. Receptors for the chylomicron 
remnant is depicted by the shaded oval and the low-density lipoprotein receptor is depicted by the open circle. 
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Fig. 2. Water-soluble-vitamin absorption. The processing of water-soluble vitamins as cofactors in food requires, first, the action of pancreatic 
and intestinal enzymes (e.g., nucleosidases, phosphatases, and specific peptidases) and active or facilitative processes (A or B). At high 
concentrations, the absorption of many vitamins is passive (C) or can occur by pericellular diffusion (D). The uptake of vitamins from the 
luminal surface may be facilitative, whereas active transport is often involved in delivery of given vitamins into circulation from the serosal 
membrane. The liver is the next major step in water-soluble vitamin processing. In the liver, given vitamins are modified (e.g., converted 
into cofactors), directed to a specific liver-derived transport protein for eventual delivery to a target cell or tissue, degraded, or shunted into bile. 
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Vitamin 

Vitamin A 
Retiny I esters 
Vitamin D 

Vitamin E 
Vitamin K 
Riboflavin 
Vitamin B6 
Folate 
Vitamin BIZ 

Table 2 
Vitamins for Which Plasma Transport 

Proteins Have Been Characterized 

Transport proteins in plasma 

Retinol-binding protein 
Very low-density lipoprotein 
Vitamin D-binding protein (member of the 

globulin family of proteins 
Low-density lipoprotein 
Very low-density lipoprotein 
Riboflavin-binding protein 
Albumin 
Folate-binding protein 
A family of transcobalmins (I, II, and III); 

transcobalmin II predominates 

observations by Hopkins, Stepp, and others that a growth-stimulat
ing factor could be extracted from milk into lipid solvents eventu
ally led to the identification of vitamin A (7). Vitamin A was next 
identified as being present in egg yolk, butter, and cod liver oil. 
In nature, compounds with vitamin A are largely present as retinyl 
esters in animal tissues and as carotenoids, the provitamin form 
vitamin A in plants (Fig. 3). 

Over 600 carotenoids have been isolated; however, only about 
50 appear to have some degree of provitamin A activity (8). In 
plants and prokaryotes, carotenoids serve as mediators of photo
energy-related processes. Carotenoids can also quench singlet 
oxygen and act as weak antioxidants. In plants, carotenoids occur 
in association with chloroplasts, complexed with protein and other 
lipids which can decrease their availability (9). General features 
of vitamin A metabolism are given in Fig. 4. Once inside targeted 
cells, vitamin A, as retinol, interacts with cellular binding proteins 
that function to control its subsequent metabolism (e.g., oxidation 
to retinal or to retinoic acid). Some cellular binding proteins are 
also a part of the superfamily of glucocorticoid-retinoid-thyroxine 
transcriptional factors. It is the role of such proteins in the tran
scription and regulation of specific genes that makes vitamin A and 
retinoic acid important to many facets of cellular regulation (8). 

Metabolism of retinoids in liver cells proceeds by two path
ways. The principal pathway is cystolic and involves one or more 
of the alcohol dehydrogenase isozymes. The other pathway 
involves microsomal (smooth endoplasmic reticulum) enzymes 
that are inducible by dietary excesses (e.g., chronic and acute 
alcohol consumption or drugs); for example, high doses of pheno
barbital or ethanol can cause depletion of liver retinol by the 
induction of microsomal enzymes (10). 

The major functions of vitamin A are in vision, cell differentia
tion, and tissue growth (8,11). With respect to vision, only a small 

CH3 15 15" CH3 

17 20 
CH3 

All - trans -RetInal 

AIl-InInS-Relinyi 
Acyl Esler 

15 
CHO 

20 
CH3 15 

1~ COOH 
14 

All - trans -ReIinoIc acid 

15 
COO R (Most often palmitic acid] 

Fig. 3. Vitamin A derivatives and ~-carotene. The structures for all-trans-retinol, retinal, retinyl acyl ester, and retinoic acid are shown. The 
interconversions occur in all cells. Oxidation of retinal to retinoic acids is not reversible. ~-Carotene is the most potent vitamin A precursor. 
For vitamin A activity, the presence of the ~-ionone ring structure is essential. For structures similar to ~-carotene oxidation at the 15, 15' 
position is a requirement to eventually generate a molecule of vitamin A. Retinyl esters are found in animal products. The carotinoids are 
common plant pigments. 
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Fig. 4. Major steps in vitamin A metabolism. Carotenoids, retinoids, and retinyl esters associated with chylomicra and intestinal very low
density lipoprotein particles are transported to the liver sininoids via the lymphatic system. These compounds are transported first into liver 
stellate cells. Liver stellate cells communicate with adjacent liver parenchymal cells. Each of these cells produces retinol-binding protein 
(RBP), which facilitates the transport of retinol into secretory pathways that allow the delivery of retinol into blood and to extrahepatic tissue. 
Excess retinol in cells is stored as retinyl ester (RE). Excess retinol is also oxidized by dehydrogenases in the cytosol as well as by microsomal 
oxidases associated with the smooth endoplasmic reticulum (SER). The SER oxidase system results in a variety of oxidation products as well 
as retinyl glucuronides. Some of these products are delivered via bile into the intestine. In given target cells, specific retinoids act as important 
signaling and regulatory agents in the transcription of specific genes. 

fraction of the total vitamin A requirement is involved in this 
process. In vision, vitamin A, as a component of rhodopsin, facili
tates the efficient transfer of energy from photons of light to 
electrochemical signals (Fig. 5). 

Regarding vitamin A's importance to growth, a key feature is 
the role of the vitamin A metabolites, retinoic acid, in the mainte
nance and differentiation of epithelial cells. Vitamin A deficiency 
causes abnormal differentiation of epithelial cells to squamous, 

keratin-enriched cells (12). In response to very low doses of reti
noids, epithelial cells undergo "terminal differentiation." Retinoids 
and associated transcription factors control the expression of vari
ous proteins important to mucus formation and cytoskeletal integ
rity (e.g., keratin and transglutaminase) and the rate of cell cycling. 
In response to reduced levels of retinoids, vitamin A, and retinoic 
acids, epithelial cells lose their normal columnar shape, become 
flattened or squamous, and increase their cytosolic content of 
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Fig. 5. Vitamin A and vision. When all-trans-retinol enters the rod cell, it first combines with cytosol retinoid-binding protein (CRBP). 
Retinol and the all-trans-retinyl ester are capable of isomerization. Reactions involving all-trans-retinol and retinyl esters occur by pathways 
that utilize CRBP-retinoid complexes as substrates. Retinol is oxidized to retinal. Cis-retinal reacts with opsin to form rhodopsin. The multiple 
arrows from rhodopsin back to opsin are meant to represent conformational changes in rhodopsin that occur upon light stimulation. Activated 
rhodopsin interacts with transducin, which, in turn, activates phosphodiesterase, which eventually causes a decrease in cGMP levels. This 
sequence of reactions causes an alteration in sodium channels and alters membrane polarization to activate optic-nerve signal propagation. 
With incremental decreases in active rhodopsin, there is the need for an increasing intensity of light to activate nerve signal propagation. 

keratin (stabilized by transglutaminase catalyzed cross-links). In 
the dermis, this process can normally result in a protective outer 
layer. However, in locations in which the primary function of the 
epithelial cell is to provide a moist surface or to function in the 
process of absorption, squamization and overkeratinization leads 
to loss of functional integrity. The normal expression of phagocytic 
cells associated with the immune response (e.g., the production 
of normal differentiation of the B cells and T cells) is also respon
sive to changes in vitamin A status (13). 

The requirement for vitamin A depends on age, sex, rate of 
growth, and reproductive status. The current Recommended 
Dietary Allowance for vitamin A is given in Table 1. Pathological 
conditions that influence vitamin A status include malabsorption, 
pancreatic insufficiency, cholestatic disease, cystic fibrosis, liver 

disease, and kidney disease. Many forms of liver disease also 
interfere with the production or release of retinal-binding protein, 
which results in a lower plasma level of vitamin A. Renal failure 
can result in the loss of retinal-binding protein in urine. Vitamin 
A toxicity is also a concern (14). In high concentrations, vitamin 
A and its pharmacological analogs are teratogenic. 

VITAMIN D The D vitamins are 9,10 secosteroids. Their 
various designations are given in Table 1. Under most instances, 
humans can synthesize sufficient quantities of vitamin D3 if they 
receive adequate exposure to ultraviolet light (280-320 nm). As 
vitamin D3 is produced at one site (skin) and acts at other sites, 
including bone and intestine, it fulfills the definition of a prohor
mone (15). 

Initially, it was assumed that vitamin D was a cofactor for 
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Fig_ 6_ Vitamin D metabolism. Dehydrocholesterol in skin can be converted to pre-vitamin D by the action of ultraviolet light. At body 
temperature, pre-vitamin D is spontaneously converted to vitamin D3 (also known as cholecalciferol or calcitriol). Related derivatives (e.g., 
lumisterol and tachysterol) are also formed. Vitamin D-binding protein (DBP) aids in the transport of vitamin D from skin to the liver, where 
vitamin D is converted to 25-hydroxy-vitamin D3. Next, calcitriol or 1,25-dihydroxycholecalciferol production occurs primarily in the kidney, 
although recent evidence suggests calcitriol production can also occur in macrophages, placenta, and intestine. In an eucalcemic or hypercalcemic 
state, 24,25-dihydroxycholecalciferol (24R-hydroxycalcidiol) production is the primary product. The primary function of 1,25-dihydroxychole
calciferol (calcitriol) is in regulation of intestinal calcium absorption, although newer evidence also suggests a broader range of functions. 
Calcitriol receptors are present in most cells involved in optimal immune function. 

reactions that served to maintain calcium and phosphorus (a phos
phate). When isotopes of calcium became available, it was soon 
appreciated that there was a time lag between the administration 
of vitamin D and its effect on calcium-related metabolism. This 
lag was shown to result from the conversion of vitamin D3 to 
active forms of the vitamin (16). The sequence of events is outlined 
in Fig. 6 (17). The kidney is the major site of 1,25 dihydroxychole
calciferol (calcitriol, I ,25-(OHk D3 production. Other organs, such 

the placenta, bone, and macrophages are also capable of synthesis 
in vitamin D3 small quantities. This discovery together with the 
finding that 1,25-(OHkD3 is found in the nuclei of intestinal cells 
suggested that vitamin D3 functions mechanistically analogous to 
steroid hormones (18). The production of 1,25-dihydroxychole
calciferol is normally regulated through feedback control by the 
action of 1,25-dihydroxycholecalciferol and/or parathyroid hor
mone [PTH (18,19)]. A fall in plasma calcium also triggers the 
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release of PTH from the parathyroid gland. These events reduce 
plasma calcium (specifically ionizable calcium) and/or PTH stimu
lates the production and activation the 1 a-hydroxylase that cata
lyzes formation of 1,25-(OH)2-D3. A separate hydroxylase, 25-
hydroxyvitamin Dr 24-hydroxylase, which catalyzes 24,25-(OH)r 
D3 formation, is activated under eucalcemic and hypercalcemic 
states. Whether 24,25-(OH)2-D3 has unique hormonal activity is 
controversial. There is evidence that 24,25-(OH)rD3 is required 
for some of the biological responses attributed to vitamin D (19). 

Vitamin D receptors have been found in a large number of 
cell types, ranging from skeletal muscle cells to cells important 
to immune and phagocytic functions (e.g., macrophages) (20). In 
pancreatic beta calls, 1,25-(OH)2-D3 has also been observed to be 
important to normal insulin secretion. Vitamin D increases insulin 
release from isolated perfused pancreatic cells. Moreover, vitamin 
D metabolites can suppress immunoglobulin production by acti
vated lymphocytes. T Cells are also affected by vitamin D metabo
lites. 1,25-(OH)2-D3 exhibits permissive or enhancing effects on 
T-cell suppressor activity (19). 

Humans require 5 /lg or less of vitamin D3 per 1000 kcal of diet. 
When intake exceeds 5-10 times this amount, there is a risk of toxic
ity, characterized by hypercalcemia and eventual calcification of 
soft tissues-in particular, blood vessels of the lung, kidney, and 
heart. Acute doses of vitamin D (20 times the requirements) can 
eventually result in a negative calcium balance, because bone 
resorption is accelerated (19). 

VITAMIN E Vitamin E plays an important role in defending 
cell membranes from oxidants. In the diet, vitamin E comes pri
marily from plant seed oils. The most active form of vitamin E 
is RRR-a-tocopherol. In cell membranes, vitamin E functions to 
block free-radical-mediated chain reactions and peroxide radical 
formation (Fig. 7). 

The identification of vitamin E as an essential dietary factor 
evolved from studies that were carried out in the early 1920s, 
when rats fed diets composed of rancid lard failed to reproduce. 
When whole wheat was added to diets containing rancid fat, 
reproduction was improved. Thus, a bioassay was conceived that 
allowed testing for a unique factor not previously ascribed to the 
known nutritional factors. Once the connection to compounds with 
the properties of tocopherols was made, progress regarding the 
role of vitamin E was rapid. Vitamin E deprivation can cause 
degeneration of tissues rich in unsaturated lipids. It is now gener
ally accepted that the primary role of vitamin E in such processes 
is related to its ability to act as an antioxidant (21). 

Vitamin E is used as the generic term for all of the forms 
that exhibit functional activity in biological or chemical tests of 
antioxidation. RRR-a-tocopherol is possibly the most biologically 
active of the tocopherols. This form of vitamin E is found in plant 
oils, particularly in germ seeds. Synthetic vitamin E is obtained as 
a mixture of isomeric forms and is designated all-rac-a-tocopherol. 
Tocopherols are stable to heat and dilute alkali in the absence of 
oxygen. They are also unaffected by acids at temperatures up to 
100°e. Vitamin E is prepared commercially as an ester, which, 
in part, protects from vitamin E oxidation during storage. Oxidized 
end products of vitamin E include tocopheryl quinone and various 
tocopherol polymers. 

It is important to underscore that the antioxidant functions of 
vitamin E can be linked directly to the signs and symptoms associ
ated with vitamin E deficiency. For example, myopathies, signs 
of muscular dystrophy, defects in capillary permeability, and 

reproductive failure in experimental animals appear to be associ
ated with peroxidative damage. The signs of peripheral neuropathy 
in humans is also associated with vitamin E deficiency, particularly 
in those individuals who suffer from genetic defects that involve 
defects in low-density lipoprotein (LDL) expression or who suffer 
from long-term fat malabsorption. Polymorphism in a hepatic 
protein that is involved in the transfer of the D-form of tocopherol 
to LDL may also influence vitamin E status (22). Patients who 
receive their nutrition from a parenteral (intravenous) route may 
also be susceptible to signs of vitamin E deficiency (21-22). 

Tocopherols are transported in plasma in LDL particles. To
copherols are not easily transported across the placenta into the 
fetus. As a consequence, infants are often born with relatively low 
levels of tocopherols, which can cause accelerated cell-membrane 
damage if the infant is subjected to abnormally high levels of 
oxidants. One well-characterized sign of such damage is red blood 
cell fragility. Fragility of red cells can result in hemolytic anemia. 
The anemia occurs because red cells damaged by oxidation 
become fragile and lyse upon mechanical stress (e.g., as they are 
forced through vessels and capillaries). Such lysis causes a release 
of hemoglobin into circulation, which may result in further tissue 
damage, because of the subsequent accumulation of iron in given 
tissues. Other disorders associated with low vitamin E status are 
retinopathy, bronchopulmonary dysplasia, thromocytosis, and 
abnormal platelet aggregation. In severe cases of vitamin E defi
ciency in infants, hypoflexia and ataxia may occur. 

The nutritional status of vitamin E is often difficult to assess. 
Enzymes such as superoxide dismutases, catalase, glutathione per
oxidase, and related systems for oxidant defense can moderate 
the absolute need for vitamin E. Further high dietary intakes of 
polyunsaturated dietary fats increase the vitamin E requirement, 
because of their eventual deposition in cell membranes and higher 
susceptibility to oxidation. In adult humans, signs of vitamin E 
deficiency are difficult to demonstrate. In part, this relates to the 
elaborate and redundant system in well-differentiated cells for 
dealing excesses of oxidants and adult organs. However, data 
from numerous prospective studies and intervention trials provide 
compelling arguments that vitamin E supplementation in the 200-
to 400-mg/d range may be protective against cardiovascular dis
ease (23). 

VITAMIN K In the 1940s, it became clear that substances 
synthesized by bacteria and leafy plants possessed what is now 
recognized as K activity. As this work progressed, information 
also became available regarding compounds in spoiled clover and 
certain grasses that caused hemorrhagic disorders in cattle and 
served as antagonists to vitamin K. With the isolation and identifi
cation of vitamin K, an understanding of mechanism of its action 
evolved, although not without controversy. A number of questions 
were also raised regarding the structural requirements for vitamin 
K activity. 

The mechanism of action for vitamin K became clear after it 
was demonstrated that the formation of y-carboxyglutamic acid 
(GLA) residues in prothrombin and other proteinases/precursors 
associated with the blood-clotting cascade was vitamin K dependent 
(24). The GLA residues serve as calcium-binding sites in the pro
forms of proteinases associated with blood coagulation. Calcium 
binding is a requisite for their eventual activation. In this regard, 
vitamin K serves as cofactor for microsomal carboxylases, which 
are responsible for GLA formation. The vitamin K-dependent car
boxylase utilizes oxygen and bicarbonate as substrates (Fig. 8). 
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Fig. 7. Structure and function of vitamin E. The principle forms of vitamin E, tocopherol and tocotrienol, are depicted. The tocopherols are 
the most potent antioxidants in biological systems. Vitamin E is particularly important in quenching free radicals that generate from the 
allelic and bis-allelic unconjugated bonds found in membrane polyunsaturated lipids. Other enzymes important to regulation of oxidants are 
also depicted. 

In addition to prothrombin and proteins associated with blood 
coagulation. GLA residues are also found in proteins that are 
involved in the regulation of new bone formation and calcification 
(e.g., osteocalcins) (25). The presence of GLA-containing proteins 
in bone helps to explain why administration of vitamin K antago
nists at levels that cause hemorrhagic disease also can result in 
bone defects, particularly in neonates. The mineralization disor
ders are characterized by complete fusion of the proximal tibia 
growth plate and cessation of longitudinal bone growth. GLA
containing proteins are also present in lymphocytes. 

The establishment of the dietary requirement for vitamin K 
has been difficult, in part due to its short half-life and the synthesis 
of vitamin K isomers by intestinal bacteria. Recent assessment of 
nutritional requirements suggest that small animals should obtain 
approximately 500-1000 Ilg as phyllo- or menaquinone/kg diet. 
Oxidized squalene and high intakes of vitamin E may act as 
vitamin K antagonists. The human requirement is currently set at 
approximately 50 Ilg per day, but recent data based on optimal 
GLA formation in osteocalcin suggest the daily need may be 
300 Ilg per day or more (i.e., similar on a dry-food basis to the 
requirement for most animals). 

WATER-SOLUBLE VITAMINS 

Water-soluble vitamins serve primarily as enzymatic cofactors 
and cosubstrates (Figs. 9 and 10). For example, niacin, riboflavin, 

and ascorbic acid serve to facilitate redox reactions (26). The roles 
of thiamin, pyridoxine (vitamin B6), and pantothenic acid (as a 
component of coenzyme A) are distinguished because of their 
unique roles in carbohydrate metabolism, protein and amino acid 
metabolism, and acyl and acetyl transport, respectively. Biotin, 
folic acid, and vitamin Bl2 (cobalamin) have roles in single-car
bon metabolism. 

Other vitaminlike compounds include inositol, choline, and 
carnitine, compounds that are derived from carbohydrate, amino 
acid, or fatty acid metabolic pathways and perform mainly special
ized transport functions or are involved in signal transduction and 
cell signaling. However, there are "conditional" requirements for 
such compounds (e.g., during developmental periods where utili
zation exceeds the synthesis). 

ASCORBIC ACID Ascorbic acid functions primarily as a 
cofactor for microsomal mono-oxygenases (hydroxy lases) and 
oxidases. In most animals, ascorbic acid is synthesized from glu
cose in the liver or kidney (27,28). In humans, a deficiency of 
gulonolactone oxidase, the last step in ascorbic acid synthesis, 
results in the need for a dietary source. Because of its importance 
in humans, vitamin C deficiency (scurvy) has often determined 
the course of history (e.g., outbreaks of scurvy have influenced 
the outcome of military campaigns and territorial explorations). 

Ascorbic acid, a 2,3-enediol-L-gluonic acid, is the most power
ful reducing agent available to cells and is of general importance 
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Fig. 8. Structure and function of vitamin K. Vitamin K functions as a cofactor for microsomal carboxylases that act on immature clotting 
proteins in the liver or immature proteins in metabolically active bone to cause the formation of peptidyl-y-carboxyglutamyl residues (e.g., 
prothrombin [important in blood coagulation] and osteocalcin [important in bone mineralization]). During the course of this unusual carboxylation 
reaction, vitamin K is converted to vitamin K epoxide. The epoxides may be converted back to vitamin K. The site of action of vitamin K 
antagonists, such as dicoumarol and warfarin, is the reductase regeneration system, which is important to vitamin K regeneration. 

as an antioxidant because of its high reducing potential. Both of 
the hydrogens of the enediol group can dissociate, which results 
in the strong acidity of ascorbic acid (pK =4.2). Enediols are also 
excellent reducing agents; the reaction usually occurs in a stepwise 
fashion with monodehydroascorbic acid, as a semiquinone inter
mediate (29). This intermediate then disproportionates to ascorbic 
acid and dehydroascorbic acid. Dehydroascorbic acid is not as 
hydrophilic as ascorbic acid, as it exists in a deproteinated form. 
As such, this form of ascorbic acid can move easily across cell 
membranes. The dehydro form, however, is easily cleaved by 
alkali (e.g., to oxalic acid and threonic acid) and oxidized (29). 

Dietary ascorbic acid is absorbed from the duodenum and 
proximal jejunum. Measurable amounts can also cross the mem
branes of the mouth and gastric mucosa. Studies indicate that 
within the normal ranges of intake (50-200 mg/d), 80-90% of 
the vitamin may be absorbed. 

In tissues, the highest concentration of ascorbic acid is found 
in the adrenal and pituitary glands, followed by the liver, thymus, 
brain, and pancreas. Cellular uptake of ascorbic acid occurs by both 
active and simple diffusion processes. In diabetes, the ascorbic 
acid content of tissue is often depressed, which suggests elevated 
glucose, and factors responding to hyperglycemic states can com
promise ascorbic acid uptake and status (30). 

Ascorbic acid is maintained in cells by several mechanisms. 

Ascorbate reductases maintain L-ascorbic acid in the reduced form, 
which prevents leakage from the cells as dehydroascorbic acid. 
Ascorbic acid may also be converted to the 2-sulfate derivative. 
In rats, about 5% of a labeled dose of ascorbic acid is recovered 
in urine as 2-0-methyl ascorbic acid. The ability to modify ascorbic 
acid as the 2-sulfate or 2-0-methyl derivative as well as to easily 
degrade an excess of ascorbic acid is a way for cells to compart
mentalize or modulate functional ascorbic acid levels. In the neo
nate, maintenance of relatively high gluthathione levels is also 
important for ascorbate recycling and regeneration. 

Ascorbic acid also been suggested to playa number of regula
tory roles. Ascorbic acid influences histamine metabolism in some 
animals, particularly humans. There is an inverse correlation 
between ascorbic acid levels and serum histamine levels (31). 

As a cellular reducing agent, ascorbic acid serves as a cofactor 
for mixed-function oxidations that result in the incorporation of 
molecular oxygen into various substrates (32). Most of the 
enzymes involved in these processes are metal-requiring enzymes, 
in which the role of ascorbic acid is to maintain the metal (usually 
Cu or Fe) in a reduced state. Examples include prolyl hydroxylase, 
lysyl hydroxylase, dopamine hydroxylase, and various steroid 
hydroxylases. 

Furthermore, steps in the transcriptional regulation of certain 
proteins, such as the fibrillar collagens, also appear to be influenced 
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Fig. 9. The water-soluble vitamins and selected corresponding cofactors. The structure of the vitamin moiety is shown within the circle. 
NAD = nicotinamide adenine dinucleotide; TPP = thiamin pyrophosphate; TPPP = thiamin triphosphate; FAD = flavin adenine dinucleotide; 
PLP = pyridoxal-5'-phosphate. 

by the presence or absence of strong reducing agents, such as 
ascorbic acid (32). 

In humans, impaired collagen synthesis is a principle feature 
of ascorbate deficiency; signs include capillary fragility, bleeding 
gums, delayed wound healing, and impaired bone formation. Con
nective tissue lesions are primarily a result of underhydroxylated 

collagen (at specific prolyl and lysyl residues) being abnormally 
susceptible to degradation. In addition, the inability to deal with 
metabolic stress requiring normal adrenal gland function and the 
reduced ability to metabolize fatty acids, possibly the result of 
impaired carnitine synthesis, contribute to signs of scurvy. 
Ascorbic acid is also essential to phagocytic cell oxidative burst 
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Fig. 10. Vitamins in cellular metabolism. The products of protein, carbohydrate, and lipid metabolism enter cellular compartments in a 
highly regulated fashion C"). Note that pyridoxine and vitamins involved in single carbon metabolism and transfers are particularly important 
to amino acid metabolism. Carbohydrate metabolism has specific requirements for thiamin, pantothenic acid, niacin, and riboflavin. Similarly, 
lipid metabolism has specific requirements for thiamin, pantothenic acid, niacin, and riboflavin, as well as biotin. Also note that NADP is 
generated from the hexose monophosphate shunt pathway. NADP in its reduced form is required for synthetic pathways (e.g., fatty acid synthesis). 

activity and to lymphocyte B- and T-cell functions (13). Ascorbic 
acid acts as a primary reductant to maintain iron in a reduced 
state to facilitate Fenton reactions, H202~OH + OH, important 
to the eventual generation of hypochlorite (OCI) and hydroxyl 
free-radical formation important to phagocytic and chemical 
destruction of foreign material. 

Animals that generate their own ascorbic acid make from 20 
to 60 mg of ascorbic acid per 1000 kcal utilized during the course 
of normal metabolism. As might be expected, the ascorbic acid 
requirement for humans also ranges from 20 to 60 mg/1 000 kcal 
of energy utilized (see the section Perspectives on Vitamin Assess
ment and Related Needs). 

When consumed in gram amounts per day, ascorbic acid can 
result in gastrointestinal distress and bleeding. Also, tissue levels 
of ascorbic acid are homeostatically maintained. Homeostasis 
occurs by the induction of ascorbic acid decarboxylases and cleav
age enzymes that catalyze the degradation of ascorbic acid to CO2 
plus ribulose, or oxalic acid plus threonic acid. These conversions 
protect cells against ascorbic excesses and nonspecific or unwanted 
Fenton-type reactions. 

THE B VITAMINS: NIACIN, RIBOFLAVIN, 
VITAMIN B6, THIAMIN, PANTOTHENIC ACID, 
BIOTIN, FOLACIN, AND COBALAMIN 
The B vitamins provide a diverse set of cofactor functions. Figure 
10 provides an overview of those functions key to energy regulation. 
A description of pyruvate decarboxylation and acetyl-CoA's entry 
into the citric acid cycle is described in Fig. 11 as a way ofhighlight
ing attributes that are important to given cofactor functions. 

NIACIN Niacin is the vitamin moiety of the nicotinamide 
adenine dinucleotide cofactors: NAD and NADP. Through the 

elegant work Goldberger and others, the nutritional deficiency 
disease pellagra was linked to a dietary deficiency of niacin and 
decreased NAD formation. Throughout the 18th and 19th centu
ries, pellagra was prevalent in Western Europe and the southern 
region of the United States. Pellagra is associated with the con
sumption of com (maize). Niacin deficiency occurs when available 
niacin and the amino acid, tryptophan, are limiting. Tryptophan 
is important to niacin status, because niacin is generated upon 
tryptophan degradation (Fig. 12). NAD and NADP both contain 
an unsubstituted pyridine 3-carboxamide that is essential to redox 
reactions with a chemical potential near -0.32 V. Virtually all 
cells are capable of converting niacin to NAD. Most enzymes that 
require NAD are oxidoreductases (dehydrogenases) that aid in the 
catalysis of a diverse array of reactions, such as the conversion 
of alcohols and polyols to aldehydes or ketones. The most common 
mechanism involves the stereospecific abstraction of a hydride ion 
(H:) from the substrate with its subsequent transfer. It is of interest 
that cells generally delegate NAD to enzymes in catabolic pathways, 
whereas NADP is utilized in synthetic pathways (33-34). 

An additional and equally important function of NAD is its role 
as a substrate in monoribosylation and polyribosylation reactions 
(35) and in the generation of cyclic ADP. Cyclic ADP, similar to 
inositoll,4,5-triphosphate is an important secondary messenger in 
intracellular calcium mobilization (36). Monoribosylation and 
polyribosylation are important to a broad array of cellular regulatory 
functions. Enzymes that undergo monoribosylation can become 
activated or deactivated upon addition of ADP-ribose. Somewhat 
analogous to phosphorylation, ribosylation represents another 
example of covalent modification as a regulatory control. In the 
nuclei of cells, polyribosylation of histones precedes the normal 
process of DNA repair. This later phenomenon may be important 
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Fig. 11. Mechanistic features of vitamin action: Selected example-Thiamin and pyruvic acid decarboxylation. The first step in the citric 
acid cycle (the decarboxylation of pyruvate and generation of acetyl CoA) illustrates a major strategy that is important to biochemical 
transformations involving vitamin-derived cofactors. Focus on the carbon atoms in bold. To facilitate decarboxylation, the carbon adjacent 
to the carboxyl group must acquire carbanion character, which can be catalyzed by the interaction of pyruvate with thiamin pyrophosphate 
(TPP) as a part of pyruvate decarboxylase. A principle function of TPP is stabilization of carbanion intermediates. The thiazole ring of thiamin 
maintains negative ion character. The arrangement of atoms, N+=CH-S, known as a ylid, causes the carbon in bold to take on a considerable 
anion (negative ion) character. Carbanions have a negative character and are prime targets for electrophilic substitutions. In this regard, 
oxidized lipoic acid is designed to engage in an electrophilic substitutions. The resulting thiol ester is not stabilized by resonance; accordingly, 
it may be viewed as a "high-energy" intermediate. Thus, the transfer of acetate from coenzyme A can be accomplished without an energy 
source, such as ATP. Ribofiavin- and niacin-derived cofactors are also important. Electrons to and from lipoic acid go from NADH + H+ 
through FADH. Flavin cofactors are well suited chemically to carry out oxidations and reductions, one electron and one proton at a time. 
Oxidation of electronegative atoms with the chemical characteristics of sulfur or oxygen prefer to undergo redox in a stepwise manner, where 
one-electron transfers are a principle feature. In the second step of the sequence, the reaction is again staged because the a-carbon of 
oxaloacetate has positive or carbonion ion character. The ~-carbon of acetyl CoA takes on a negative ion character because of the lack of 
resonance stabilization of thiol esters. This facilitates an addition that results in citrate formation. At each step the character of cofactors and 
the active sites of associated enzymes elicit catalytic reactions by providing properties that optimize given electrophilic and nucleophilic 
substitutions reactions. 
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to pellagra-related lesions of skin following exposure to ultraviolet 
(UV) light. UV exposure results in the dark pigmented lesions asso
ciated with pellagra when there is a lack of niacin and, therefore, 
NAD (35). It is this nonredox function of NAD that accounts for 
the rapid turnover ofNAD in cells. Some estimates suggest that as 
much as 40-60% of the NAD in cells is involved in monoribosy la
tion or polyribosylation reactions (37). 

Niacin is needed in amounts corresponding to 3-6 mg/1000 
kcal of diet. The conversion of tryptophan to niacin is about 1 
mg of niacin for very 50-70 mg of tryptophan degraded. Niacin 
(nicotinamide) is relatively nontoxic, although nicotinic acid can 
cause vasodilatation when consumed in excess of 100 mg. Conse-

quently, there are a number of therapeutic uses for pharmacological 
doses of niacin-derived compounds when increased blood flow 
is desirable. 

RI BOFLA VI N Riboflavin was one of the first of the B vita
mins identified (see Fig. 9). Originally, it was thought to be the 
heat -stable factor responsible for the prevention of pellagra. Ribo
flavin is present in tissue and cells as FAD (flavin adenine dinucle
otide) and FMN (flavin mononucleotide). FAD and FMN are 
cofactors in aerobic processes, usually as cofactors for oxidases, 
although FAD also can function in anaerobic environments as a 
dehydrogenase cofactor (26). Many flavin-containing proteins are 
found in the smooth endoplasmic reticulum of cells (i.e., as micro
somal enzymes). 

Riboflavin deficiency is uncommon, but it can occur when 
high doses of certain antibiotics are prescribed. For example, 
imipramine, chlorpromazine, and amitriptyline interfere with ribo
flavin processing and binding to transport proteins. Glossitis and 
cheilosis are signs of B-vitamin deficiency, which occur when a 
poor diet and antibiotics are factors (38). 

THIAMIN Thiamin in cells occurs either as the pyrophos
phate (TPP) or the triphosphate (TPPP). There are two general 
types of reactions, wherein TPP functions as a magnesium-coordi
nated coenzyme for active aldehyde transfer reactions (39). One 
example is the decarboxylation of a-keto acids (Figs. 9 and 10). 
Decarboxylation of a-keto acids occurs twice in the TCA cycle (Fig
ure 10); the conversion of pyruvate to acetyl-CoA and a-ketogluta
rate to succinyl CoA. The otherreaction ofTPPis the transformation 
of "ketols" (ketose phosphates) in the pentose phosphate pathway, 
designated as a transketolase reaction. In this pathway, NADP is 
reduced to NADPH. As noted in the section Niacin, NADPH is an 
essential reducing agent for synthetic reactions. 

Thiamin triphosphate predominates in neural tissue and in brain 
(40). In the brain, TPPP is proposed to be involved in sodium 
regulation (i.e. the flux of sodium ions across neuronal cell mem
branes). 

Thiamin status should be routinely considered in disease assess
ment, because a number of factors influence thiamin availability 
and may induce a deficiency. Thiamin is heat and alkali labile. 
Extensive destruction of thiamin can occur in the various steps 
of food processing and preservation. Tannins in tea and other 
brewed beverages can cause thiamin to polymerize, which results 
in decreased thiamin absorption. Alcohol also interferes with thia
min utilization. Thiamin can be destroyed enzymatically by thia
minases, whose levels are measurable in raw fish and certain 
fermented sauces. 

Thiamin deficiency is characterized by cardiac myopathies, 
neurologic deficits, wasting, and mental distortions (e.g., confabu
lations). Thiamin-deficiency disease is known as beri-beri. This 
disease still occurs in "rice-eating" cultures (rice is low in thiamin), 
wherein tea, raw fish, and fermented sauces are also consumed. 
The mental disturbances associated with alcohol-induced thiamin 
deficiency are often classified under the heading of a collection 
of physiological and psychological syndromes [e.g., Wernicke and 
Korsakoff (40)]. 

PYRI DOXI N E Vitamin B6 is a collective term for pyridoxine, 
pyridoxal, and pyridoxamine (Fig. 9). Pyridoxine is most abundant 
in plants, and pyridoxal and pyridoxamine are most abundant in 
animals tissues (41). Each of these compounds can be intercon
verted. The active form of pyridoxal is phosphorylated at the 5' 
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position. When pyridoxal-5'-phosphate is in cellular excess, it is 
converted to pyridoxic acid, which is transported into plasma and 
eventually excreted. 

The reactions carried out by vitamin B6 fall into four general 
categories; three related to the metabolism and interconversion of 
amino acids (Fig. 13) and the fourth, the hydrolysis of ether bonds 
in glycogen in the formation of glucose-t-phosphate, which is 
catalyzed by glycogen phosphorylase (42). It is the association 
of vitamin B6 with glycogen phosphorylase that accounts for the 
high concentration of vitamin B6 in muscle (43). 

The requirement of vitamin B6 in animals is positively related 
to the intake of protein and amino acids (41). Although vitamin 
B6 deficiency is rarely seen in nature, drug-induced vitamin B6 
deficiency can occur following administration of the tuberculo-

static drug isoniazid (isonicotinic acid hydrazide). This drug forms 
a hydrazone derivative with pyridoxal or pyridoxal phosphate 
which inhibits the pyridoxal-requiring enzymes. Penicillamine, ~
dimethylcysteine, used in the treatment of Wilson's disease can 
also induce a vitamin B6 deficiency resulting from the formation 
of thioazole derivatives. Moreover, there are naturally occurring 
antagonists to vitamin B6, (e.g., linatine [l-amino-D-proline]), 
which is present in flax seed. To iterate, vitamin B6 deficiency is 
uncommon, although the recent focus on homocysteine and its 
relationship to atherosclerosis has renewed interest in this vitamin. 
Pyridoxal-5'-phosphate is a cofactor for cystathiamin synthetase, 
which is importance to homocysteine clearance (44). 

PANTOTHENIC ACID The functional importance of pan to
thenic acid was put into perspective in the 1950s when Lippman 
and his associate demonstrated that pantothenic acid was a compo
nent of coenzyme A. Pantothenic acid is essential to all forms of 
life and is found in nature in amounts ranging from 20 to 50 Ilg/g 
of typical animal and plant edible tissues. Thus, it is possible to 
meet the currently recommended ranges of intakes for adults with 
a mixed diet containing as little as 100-200 g of solid food (i.e., 
equivalent to a mixed diet corresponding to 600-1200 kcal). In 
this regard, the typical American daily diet contains approximately 
6 mg of pantothenic acid (45). 

Once pantothenic acid is absorbed, the rate of tissue uptake 
or diffusion do not appear to be rate limiting with respect to 
utilization (see Fig. 14). For example, the pantothenic acid content 
of red blood cells (RBCs) can be calculated with reasonable preci
sion knowing only the daily intake of pantothenic acid and the 
daily net pantothenic acid excretion. Most of the pantothenic acid 
in blood is found in erythrocytes and the available data suggest 
uptake, and the content of pantothenic acid at equilibrium in RBCs 
is closely related to relative dietary intake. Likewise, the transport 
of pantothenic acid from the mammary into milk also appears to 
be a function of intake minus excretion. Human milk delivers 
about 5-6 mg of pantothenic acid/lOOO kcal. Furthermore, for 
every milligram of pantothenic acid consumed, about 0.4 mg can 
be transported into milk when lactation is active. 

Because of the widespread occurrence of the vitamin in foods, 
deficiencies are extremely rare. Urinary output of pantothenic acid 
is directly proportional to dietary input and has been used as an 
index of adequacy. For humans, the mean excretion of pantothenic 
acid is 4 mg/d. 

B VITAMINS INVOLVED IN SINGLE·CARBON 
METABOLISM: BIOTIN, FOLIC ACID, AND 
VITAMIN B12 

BIOTIN In food, biotin is present in relatively high concentra
tions in cereals including soybeans, rice, barley, oats, com, and 
wheat (46). Biotin is covalently bound to the enzymes it serves 
as a cofactor; the chemical linkage is a peptide bond between the 
carboxylic acid moiety on biotin and the E-amino function of 
peptidyl lysine in the enzyme (Fig. 9). When biotin-containing 
carboxylases are degraded, biotin is released as biocytin. Biocyti
nase is an important liver enzyme that catalyzes the cleavage of 
the peptide linkage between biotin and lysine to release free biotin 
for reutilization. In the absence of the enzyme, biotin deficiency 
can occur in the newborn. 

Biotin is found in highest concentrations in the liver. Biotin
containing enzymes include acetyl-CoA carboxylase (important 
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to malonyl-CoA formation), pyruvate carboxylase, a key enzyme 
in gluconeogenesis, and malonyl-CoA carboxylase (important to 
succinyl CoA production). 

Biotin and biocytin also have high affinities for certain proteins, 
particularly avidin in egg white. The consumption of raw egg albu
min can induce biotin deficiency, because of the strong association 
of biotin with avidin, which can render dietary biotin unavailable. 
Biotin deficiency leads to impairment of gluconeogenesis and fat 
metabolism. Biotin deficiencies can also induce severe metabolic 
acidosis. The inability to carry out fat metabolism also markedly 
affects the dermis with biotin deficiency. Alopecia and dermatitis 
are characteristics of biotin deficiency in most animals. Biotin defi
ciency in humans is rare. Congenital deficiency of the enzyme, bio
cytinase or biotinidase, causes the inability to release biotin from 
carboxylases (47). 

FOLIC ACID AND VITAMIN 812 Knowledge regarding 
folic acid and vitamin B 12 evolved from efforts to better understand 
macrocytic anemias and a certain degenerative neurologic disor
ders (48,49). The Scottish physician Combe recognized in the 
early 1800s that certain form of macrocytic anemia appears related 
to a disorder of the digestive organs. In classic studies by Minot 
and Murphy, Castle, and others, it became a clearer that the 
disorder was associated with gastric secretions and, in some cases, 
could be reversed by consuming raw or lightly cooked liver (2). 
Through careful clinical investigations and inferences, Castle pos
tulated the existence of an intrinsic factor in gastric juice, which 
appeared to combine with a dietary extrinsic factor to modulate 
the severity of the anemia. In parallel studies, folic acid was 
associated with macrocytic anemia (49,50). The key to understand
ing the essential role offolic acid and vitamin B12 is an appreciation 
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of their roles in purine, DNA synthesis, and methyl transfer reac
tions (Fig. 15). The source of single carbons is primarily from 
amino acid degradation. End products, such as formaldehyde and 
forrnimino groups, are transferred to folate acid. For these conver
sions to occur, folic acid must be in its completely reduced state 
as 5, 6, 7, and 8 tetrahydrofolic acid (THFA). Reduction brings 
the nitrogen at positions 5 and 10 closer together and changes 
electrochemical properties of both nitrogens, which facilitate the 
formation of the various THFA single-carbon derivatives. 

Two vitamin B12 coenzymes participate in mammalian metabo
lism. Vitamin B 12 in its methylated form is the cofactorin the THF A
homocysteine transmethylase system in which the methyl group is 
transferred from methyl THF A to homocysteine. In its adenosylated 
form as 5-deoxyadenosy1cobalamin, vitamin B12 serves as a coen
zyme of methylmalonyl-CoA mutase (Fig. 9). In the latter reaction, 
methylmalonyl-CoA is converted to succinyl CoA for ultimate use 

as a metabolic fuel. In the absence of vitamin B12, methylmalonic 
acid accumulates in blood and is excreted in urine. 

The requirements for folic acid range from 1 to 3 mg/kg of 
diet for most animals. There are some conditions in which the 
folic acid requirements are conditionally high (e.g., when either 
natural or pharmacological folic acid antagonists are present in 
the diet or administered). The requirement for vitamin B12 for most 
animals is in the range of 2-6 glkg of typical diet. Deficiencies of 
both vitamin B 12 and folic acid produce clinical signs of macrocytic 
anemia and dis synchronies in growth and development owing to 
the importance of folic acid to purine and DNA synthesis. Chronic 
deficiencies of either folic acid or vitamin B12 can also promote 
fatty liver disease and indirectly influence extracellular matrix 
maturation stability by causing abnormal elevations in homocyste
ine. Such signs and symptoms are attributable to both THF A and 
vitamin B12 deficiencies, because of the integral relationship of 



92 PART" I SPECIFIC NUTRIENT REQUIREMENTS 

Inositol 

o 
HO 1/...-:;0 -S;"--

\ 
CH2C~NH2 

Taurine 

fOOH 

(OH 

y~ 
H3C \ CH3 

CH3 

Carnitine 

~:gg~~ct~ lH 
-Y~l H2 HJN 

OH 

Coenzyme Q (Reduced State) 

o 
Pyrroloquinoline Quinone and Imidazole adduct 

o H 0 
o H H 

H~AyN)9-CIH-CH3 
H N~·j( OHOH 

2 N N 

:xN II 
HN I )q=9-CHOHCH2"O-'1-0-

H N~ S'/S 0-
2 N N Mo 

H 11\\ 
H 

Biopterin 
a 0 

Biopterin-related 
Molybdenum Cofactor 

qH3 

HO-CH2-CH2- N+CH3 
I 
CH3 

Choline 

Fig. 16. Structures of compounds that are sometimes defined as "vitaminlike." 

vitamin B12 to reduced folic acid regeneration. Dietary intakes of 
folic acid, sufficient to maintain functional levels, can mask the 
initial signs of vitamin B12 deficiency (e.g., macrocytic and mega
loblastic anemia). Prolonged vitamin B12 deficiency results in seri
ous neurologic disorders (e.g., degeneration of the myelin sheath). 

Choline plays a key role in methyl group metabolism, carcino
genesis, and lipid transport (51). Choline is generally the major 
source of methyl groups in the diet, but it can also be synthesized 
de novo from ethanolamine when methionine, dimethy1cysteine, 
or betaine are in adequate supply. The most abundant source of 
choline in the diet is lecithin. The primary sign of a choline 
deficiency is fatty liver. In monkeys, dogs, and rats, it has also been 
shown that prolonged choline deficiency results in hepatocellular 
cancer, a unique example of nutrition deficiency resulting in neo
plasm. The choline requirement is 100-200 mgllOO kcal of diet 
or about 0.5-1.0 g/kg of dry food. 

VITAMINLIKE COMPOUNDS 

LIPOTROPIC FACTORS Nutritional requirements exist for a 
number of compounds at specific periods in development, particu
larly neonatal development, and periods of rapid growth. These 
compounds typically perform specialized transport function, par
ticularly in relation to fatty acids. Apart from specific amino 
acids, such as methionine, examples include choline, inositol, and 
carnitine (Fig. 16). 

Another lipotropic factor is carnitine (52,53). Carnitine plays 
a major role in the lipid-transport process by accepting activated 
fatty acids and facilitating their transport. Carnitine comes both 
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Vitamin 

Vitamin A 

Vitamin D 

Vitamin E 

Vitamin K 

Vitamin C 
(ascorbic acid) 

Riboflavin 

Niacin 

Thiamin 

Vitamin B6 

Biotin 

Vitamin BJ2 

Table 3 
Vitamin Assessment 

Analytical methods 

High-performance liquid chromatographya (HPLC) 
separation and extraction into lipids solvents, UV 
absorption, HPLC and mass spectrophotometry of 
isolated retinoids 

Extraction into lipid solvents, HPLC separation, and UV 
absorption or mass spectrophotometry 

Extraction into lipid solvents, HPLC separation, and UV 
absorption 

Extraction into lipid solvents, HPLC separation, and UV 
absorption 

Plasma assays based on oxidation to dehydroascorbic 
acid coupled to a chromaphoric substance with a high 
extinction coefficient, HPLC separation, and UV 
detection 

HPLC separation and fluorescent detection of urinary or 
plasma riboflavin 

HPLC separation and UV detection of NAD and NADP 
or detection by redox enzyme activity 

Urinary thiamin excretion and plasma thiamin 
determined following HPLC separation and fluorescent 
detection of thiochrome (produced by alkali 
treatment). 

Plasma pyridoxal-5 f -phosphate (PLP) estimation using 
assays based on activation of PLP-requiring enzymes. 

HPLC separation and fluorescence detection, avidin
binding bacterial growth assays 

Competition assays based on binding to cobalamin
binding proteins 

Clinical and chemical methods 

Impaired vision 

Signs of rickets or osteomalacia 

Malonaldehyde detection, diene conjugation, lipid 
peroxidation, hexane and pentane expiration, tissue 
fluorescence 

GLN content in osteocalcin or prothrombin 

Signs of scurvy 

Erythrocyte glutathione reductase activity; stimulation 
without or with added riboflavin, fatigue, cheilosis, 
angular stomatitis 

Signs of pellagra 

Erythrocyte transketolase activity; stimulation without 
and with thiamin added 

Anemia, increased urinary xanthurenic acid after a 
tryptophan load 

Signs of macrocytic anemia formimino glutamic acid 
excretion following a histidine load 

Measurement of holo-trans-cobalamin II levels. Signs of 
macrocytic anemia: positive Schilling test (indirectly 
measures B-12 absorption), deoxyuridine suppression 
test (indirectly measures methylation potential and 
DNA synthesis) 

aHigh-performance liquid chromatography employing straight-phase, reverse-phase, isocratic, or gradient chromatography. 
by-Carboxyglutamic acid. 

from the diet and a complex synthesis pathway in which trimethyl 
lysine serves as a key substrate. Ascorbic-acid-dependent hydrox
ylation and novel cleavage steps result in carnitine. Given the 
importance of carnitine to the ~-oxidation of long-chain fatty 
acids, carnitine deficiency can have a profound effect on lipid 
utilization. The inability to synthesis carnitine is rare. More impor
tant are inherited deficiencies of camitine acyl transferase. Meats 
and dairy products, in contrast to plant foods, are good sources 
of carnitine. Cereal grains are low in carnitine. 

Inositol is also a component of phospholipid, and similar to 
choline, a dietary deficiency results in a fatty liver (54). Inositol 
is synthesized from glucose-6-phosphate. For most adults, the 
estimated daily intakes ranges from 250 to 1000 mg/d. Inositol 
is particularly important in signal transduction and phospholipid 
assembly. A number of excellent sources are available on this 
topic. Plasma levels of inositol are increased during renal disease 
and nephrectomy. Otherwise, there is constant turnover resulting 
from the incorporation and release from phospholipids. 

OTHER COFACTORS AND POTENTIAL VITAMINS Fig
ure 16 contains structures of other compounds that are also occa
sionally defined as "vitaminlike." Each are highlighted because 
of their known role as coenzymes in prokaryotes and eukaryotes 

or roles as a probiotic (growth-promoting substances) in higher 
animals (see Table 4). These compounds include taurine, queuo
sine, coenzyme Q, pteridines (other than folic acid), such as biopt
erin and the molybdenum-containing pteridine cofactor (utilized as 
cofactors in several mono-oxygenases, phenylalanine hydroxylase 
and xanthine oxidase), lipoic acid, and pyrroloquinoline qui
none (PQQ). 

PERSPECTIVE ON VIT AMI N ASSESSMENT 
AND RELATIVE NEED 

Nutritional deficiencies of vitamins usually occur when monoto
nous diets are fed for therapeutic or other reasons. Other contribu
tory factors include interference with normal food intake, loss of 
appetite (anorexia), impaired absorption and/or utilization, 
increased excretion, or the interaction with antagonists. Certain 
physiological states (e.g., lactation) may influence vitamin status. 

The problem of assessing the dietary adequacy for various 
vitamins, however, has presented problems for nutritionists. 
Merely measuring the concentrations of vitamins in the diet does 
not account for their availability from food. Measures of status 
are often arbitrary and imprecise. Approaches include: 
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Compound 

Taurine 

Quesuosine 

Coenzyme Q 
Pteridines 

Lipoic acid 

Pyrroloquinoline 
quinone 

Table 4 
Vitaminlike Compounds 

A Major Function 

Formation of taurocholic acid; 
antioxidant 

Can substitute for guanine in tRNA, 
when available for the diet 

Mitochondrial redox cofactor 
Several redox cofactors are pteridines, 

e.g., molybdopterin in xanthine 
oxidase, tetrahydropterin in 
phenylalanine hydroxylase. 

Acetyl and acyl transfer reactions, 
antioxidant 

Potent growth factor for neonatal mice 
and rodents 

Ref 

60 

61 

62 
63 

64 

65 

1. Vitamin concentrations in biological fluids, such as 
blood plasmas. 

2. Administering the vitamin and measuring urinary excre
tion of corresponding metabolites as an index of the satura
tion of body stores. 

3. "Loading" tests in which a compound that requires the 
vitamin for its metabolism is administered and the urinary 
excretion of a product is measured. 

4. Enzyme-stimulation tests in which the rate of a reaction 
is measured before and after the addition of the vitamin. 

With regard to human vitamin requirements, it is important 
to appreciate that on a comparative basis, the relative vitamin 
requirements are often of the same order across animal species. 
Differences in requirements between species are usually the result 
of the presence or absence of pathways important to the production 
of a given vitamin, vitamin cofactor, or its degradation or disposal. 
Ascorbic acid and niacin are examples of vitamins that cannot be 
synthesized by some animals, therefore becoming "true" vitamins 
(e.g., ascorbate in humans and niacin in cats). As noted, vitamin 
deficiencies are often the result of consuming monotonous diets 
(i.e., diets based on a limited number of food sources). Further
more, young and growing animals may have a relatively higher 
nutritional need for some nutrients. The processing of foods can 
result in substantial losses of natural and added vitamins. While 
single-vitamin deficiencies of the fat-soluble vitamins occur natu
rally, frequently multiple-vitamin deficiencies of the B complex 
are encountered. Foods that are poor sources of one of the B 
vitamins tend to be poor sources of the several B vitamins. 

Vitamin requirements are also influenced by many of these 
same factors that influence macronutrient requirements. A case can 
easily be made that in homeotherms, there is a positive correlation 
between the metabolic rate and the requirement for those vitamins 
utilized directly in energy-driven processes. This perspective 
comes largely from the work of Kleiber (55). 

Water-soluble vitamin requirements may be described and 
comparisons between homeothermic species, "warm-blooded" 
animals, can be made as proportions to weight (in kilograms) 
expressed exponentially (e.g., often to the three-fourths power). 
For homeotherms, the estimation of relative "metabolic body size" 
(kgY.) correlates with direct estimates of the metabolic rate for 
animal species whose body weights vary by several orders of 

magnitude. It can be shown that for the water-soluble vitamins, 
their relative needs are often in direct relationship to the energy 
need to sustain normal basal metabolism. For sedentary to moder
ately active humans, the implication is that 60-80% of most water
soluble-vitamin requirements is directly related to the energy costs 
for basal metabolism. 

To further make the case that vitamin requirements are a func
tion of basal metabolism, there should be an excellent correspon
dence between requirements between species of homeotherms 
when expressed on a basal-energy need basis. The requirements 
for growing animals and animal at maintenance are established 
for a number of species. These values correlate with those for adult 
humans derived primarily from data based on nutrient-balance 
techniques when expressed as a function of metabolic body 
size (wtkgY.). 

As an illustrative example, ascorbic acid synthesis in homeo
therms will be considered. It is well established that most homeo
therms are capable of ascorbic acid synthesis. In humans, the 
absence of gulonolactone oxidase dictates that ascorbic acid be 
consumed as a dietary essential. One can ask, do the amounts of 
ascorbic acid synthesized per day in differing species correspond 
to the amounts needed in the human diet. For such calculations, 
data originally offered by Grollman and Lehninger (56), Chatterjee 
(28), Chaudhuri and Chatterjee (57) [also cf. Rucker et al. (58) 
and Ginter (59)] can be used. These data describe, in general, the 
potential synthesis of ascorbic acid from D-glucuronic acid or 
gulonic acid, for which glucose and galactose serve as precursors. 
When expressed relative to the metabolic body size or basal meta
bolic needs of the species used, extrapolation to humans give 
values that are in keeping with the requirement (see Table 5). For 
example, GroUman and Lehninger (56) used liver homogenates 
and gulonic acid as a substrate to measure ascorbic acid synthesis. 
They found that the amounts varied from 0.01 g of ascorbic acid 
synthesized per day per kg body weight for the pig to 0.2 g/kg 
body weight for the rat. Such values have been used to infer that 
the ascorbic acid needs in humans are in the gram/day range. 
However, what is ignored is that ascorbic acid production can be 
no more than the amount of glucose or galactose shunted through 
the direct oxidative pathway. In a 70-kg person, this value ranges 
from 5 to 15 g/d. In the article by GroHman and Lehninger (56), 
in addition to the data on ascorbic acid synthesis, they also pro
vided data on the ratio of ascorbic acid production to gulonic acid 
oxidation. For a 70-kg animal, the ratio is between 0.008 and 
0.011; that is, only about 1 % of the gulonic acid flux is in the 
direction of ascorbate synthesis. Given that 5-15 g of glucose 
and galactose are shunted through the glucuronic and gulonic 
acid pathways in humans, this amounts to about 50-150 mg of 
ascorbate today. 

Chatteljee (28) provided data on the synthesis of L-ascorbic 
acid by crude liver microsomes using gulonolactone as a substrate. 
By using simple "rules of thumb" drawn from pharrnokinetic 
estimates and transformations based on metabolic body size and 
extrapolation to 70 kg, it may also be concluded that the amount 
needed is in the range of 100-200 mg of ascorbic acidld (58). 
Furthermore, additional support comes from observations on the 
turnover of ascorbic acid in vivo. Ginter (59) has provided excel
lent data on the rates of ascorbate metabolism in the rat, mouse, 
guinea pig, rabbit, hamster, and human. The transfer rate of a 
substance into and out of the body (i.e., turnover) is a function 
of WtkgY., that is, ([Wtkg])+[Wtkgy.). This is derived by assuming 
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Specie 

Mouse 
Rat 
Rabbit 
Dog 
Pig 
Cow 

Table 5 
Ascorbic Acid Synthesis 

I. Based on extrapolation from the data 
provided by GroUman and Lehniger (56) 

Relative Synthesis 
Ascorbic acid L-Gulonic acid to 

Body weight production ascorbic acid 
(kg) (mg//iver/d) (molar ratio) 

0.033 3.0 0.39 
0.350 70 0.117 
2 264 0.053 

10 816 0.013 
125 1014 0.008 
488 8921 0.004 

II. Based on extrapolated from data by Chatterjee (28) 

Ascorbic acid 
production 
(Ilg/mg of Theoretical net Amount (g) 

microsomal synthesis per day per 
Species proteinlh)" (mg/liver/dl (70 kg)'!. 

Goat 68 646 0.8 
Cow 50 3042 0.7 
Sheep 43 495 0.6 
Rat 38 5.4 0.3 
Mouse 35 0.3 0.1 
Squirrel 30 5.7 0.2 
Gerbil 26 2.0 0.2 
Rabbit 23 17.3 0.3 
Cat 5 7.6 0.1 
Dog 5 20 0.1 

III. Ascorbate turnover in guinea pig and humans 
based on extrapolation from data provided by Ginter' 

Guinea pig Man 
Animal (Wtkg/,~ (d) (d) 

Mouse 0.414 3.4 9.8 
Hamster 0.569 4.7 13.7 
Rat 0.669-0.775 3.6-3.7 10.4-10.8 
Rabbit 1.41 2.8 8.0 

Average 3.6 10.5 

aRepresent the micrograms of ascorbic acid synthesized per milligram of 
liver microsomal protein per hour using L-gulonolactone as a substrate. 
bJ'he theoretical net synthesis in vivo of ascorbic acid per whole liver per 
day was calculated in the following manner. Michaelis-Menten kinetics 
were applied with the assumption that the values expressed as rates were 
close to the estimates for Vmax• The Km for the gulonolactone oxidase was 
taken as 5 mM in each case. The tissue concentration of L-gulonolactone 
was assumed to be no greater than 0.05 mM. Subsequently, a theoretical 
observed rate was obtained by substituting into the equation Vo = Vma,S/ 
Km + S. The values were then multiplied by 40 (1 g of liver contains 
approx 40 mg of microsomal protein), times 24 (to convert to I d), and 
then times the total grams of liver. The body and liver weights used in 
the calculations were respectively goat (50 kg, 1 kg), cow (488 kg, 6.4 
kg), sheep (50 kg, 1.2 kg), rat (0.35 kg, 0.Q15 kg), mouse (0.025 kg, 
0.001 kg), and squirrel (0.5 kg, 0.02 kg). 
'Values under columns labeled guinea pig and man were computed by 
dividing the (wtkg)Y. for the guinea pig (body weight taken to be I kg) or 
man (body weight taken to be 70 kg) by the values in the column labeled 
(wtlkg)Y. and then mUltiplying by the appropriate values for the ascorbate 
half-life as determined by Ginter (59). 

that the body pool size of the substance (total content) is directly 
proportional to weight. The ascorbic acid turnover rate in humans 
can be predicted by knowing the ascorbic acid turnover in the rat, 
mouse, rabbit, or hamster. This observation provides additional 
validation ofthe connection between vitamin need and energy uti
lization. 

CONCLUSIONS 

In this chapter, selected functions of vitamins have been high
lighted. It should be clear that vitamins represent a diverse array 
of molecules, which have equally diverse functional roles. Never
theless, when expressed on an energy basis, most vitamin require
ments are often of the same order when interspecies comparisons 
are made. Vitamin deficiencies are most often the result of consum
ing monotonous diets (i.e., diets based on a limited number of 
food sources). 

The requirements for vitamins are usually greatest during the 
neonatal period. There are also numerous possibilities for interac
tions that can have deleterious physiological consequences. The 
processing of foods can result in losses of natural and added 
vitamins. As noted, whereas single-vitamin deficiencies of the 
fat-soluble vitamins occur naturally, frequently multiple-vitamin 
deficiencies of the B complex are encountered. Foods that are 
poor sources of one of the B vitamins tend to be poor sources of 
the several B vitamins. The vitamins evolved to serve unique 
and complex roles as cofactors, as signaling agents in cells, as 
regulators of gene expression, and as redox and free-radical 
quenching agents. As is the case of any substance that is essential 
to a given function, all vitamins at some point in development 
can be viewed as limiting nutrients, the absence of which results 
in specific deficiency signs and symptoms. 
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8 a-Lipoic Acid 
The Metabolic Antioxidant 

JOHN K. LODGE AND LESTER PACKER 

INTRODUCTION 

There is increasing evidence that thiols play a role in various 
biological processes. This arises from their ability to undergo 
redox reactions; thus, they can act as efficient electron donators 
or acceptors. a-Lipoic acid is a dithiol-containing compound that 
plays an essential role in mitochondrial dehydrogenase reactions, 
but it has recently gained considerable interest as an antioxidant. 
Further investigations have shown lipoate to be an effective redox 
modulator of cell signaling and gene transcription. The various 
effects of a-lipoic acid at a cellular level are discussed here 
highlighting the remarkable therapeutic potential for lipoate in ~ 
variety of disorders where oxidative stress is a factor. 

LIPOIC ACID PLAYS AN INTEGRAL ROLE IN OXIDATIVE 
METABOLISM Lipoic acid (thioctic acid, 1,2-dithiolane-3-pen
tanoic acid) was first purified in 1951 by Reed and co-workers 
( 1) after being recognized that this compound was responsible for 
a number of compounds displaying the same activity (2). Such 
compounds were found to be required for normal growth of bacte
ria (3) and were found to be able to replace acetate (4) and to 
allow the oxidation of pyruvate (5). Lipoic acid was tentatively 
described as a vitamin after isolation, but it was later discovered 
to be synthesized by both plants and animals (6). The complete 
biosynthetic pathway is still widely unknown; however, the imme
diate precursor is thought to be octanoic acid (7). The thiolation 
may arise from cysteine residues. Lipoic acid is an eight-carbon 
chain, dithiol-containing compound (Fig. I). It has a chiral center; 
therefore, two optical isomers exist; the R form being the naturally 
occurring variety and a racemic mixture exists in synthetic prepara
tions. 

In vivo lipoic acid is found bound to the E-amino group of 
a lysine residue of five distinct mitochondrial proteins (8). As 
lipoamide, it functions as a cofactor in multienzyme complexes 
that catalyze the oxidative decarboxylation of pyruvate, a-ketoglu
tarate, and branched-chain a-keto acids (Fig. 2). The complexes 
that catalyze these reactions share structural similarities. They are 
all composed of multiple copies of three enzymes, Ej, E2, and E3• 
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The Ez subunit, called dihydrolipoyl acyltransferase, contains the 
lipoyl domains, which, depending on the species, can vary between 
1 and 3. 

The lipoyl group of the Ez subunit receives the acetylated 
thiamine pyrophosphate group from El (pyruvate dehydrogenase) 
and transfers the acetyl group to coenzyme A, forming acetyl 
CoA. In this process, lipoamide is reduced to the dihydrolipoamide 
form. E3, dihydrolipoamide dehydrogenase, is the enzyme that 
reoxidizes this back to lipoamide, using NAD+, which is converted 
to NADH. The Ez and E3 subunits are held together by protein 
X, which also contains a lipoyl group. This protein is believed to 
have only a structural role (9); however, it has recently been 
thought to be involved in the reoxidation of dihydrolipoamide to 
lipoamide (10). 

The fifth lipoyl-containing protein is found in the glycine cleav
age system (11), which catalyzes the oxidation of glycine to COz 
and ammonia, forming NADH and 5,1O-methylenetetrahydrofo
late. The lipoyl moiety is present on the H-protein (one of four 
labeled P-, H-, T-, and L-) and is involved in the transfer of the 
methylene moiety from the decarboxylated glycine. Dihydrolipo
amide dehydrogenase is also present here to reform the lipo
amide moeity. 

Dihydrolipoamide dehydrogenase is able to reduce lipoamide 
in a reverse reaction at the expense of NADH. This enzyme may 
also act independently of the above complexes and, thus, may 
have alternative roles. It is found associated with the plasma 
membrane in rat adipocytes (12), E. coli and various strains of 
Archaebacteria ( 13), which lack the keto acid dehydrogenase com
plexes. In addition, eukaryotic cells contain dihydrolipoamide not 
associated with these multienzyme complexes. 

CElLULAR UPTAKE AND REDUCTION OF LIPOIC ACID 
Current interest in lipoic acid arises from its potential as a drug 
to combat a variety of disorders. Therefore, it is of interest to 
understand the cellular fate of exogenously supplied free lipoic 
acid. When a-lipoic acid is orally administered, it is absorbed, 
transported into tissues, taken up by cells, and reduced to dihydroli
poic acid (DHLA). DHLA is then released outside the cells. The 
uptake of exogenously supplied a-lipoic acid has been studied in 
the perfused rat liver and isolated hepatocytes (14). Two different 
transport mechanisms were reported: carrier-mediated uptake, 
which is prominent below 75 1lM, and passive diffusion, which 
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Fig. 1. Structures of a-lipoic and dihydrolipoic acid. 

is prominent at higher concentrations. This study also showed that 
the carrier-mediated uptake can be blocked by medium-chain fatty 
acids, suggesting that the same translocator was in use (14). How
ever the exact mechanism is still in doubt. The cellular reduction 
of a-lipoic acid was proposed by Peinado et al. (14); however, 
this was not shown directly until a study by Handelman et al. 
with T lymphocytes (15), using high-performance liquid chroma
tography (HPLC) with electrochemical detection. 

This reduction to DHLA has now been observed in several cell 
lines, including hepatocytes (16), erythrocytes (17), keratinocytes 
(18), and lymphocytes (15). Further work on the mechanisms of 
reduction have shown both cytosolic and mitochondrial activity, 
with varying specificities (16). The mitochondrial enzyme E3 
(dihydrolipoamide dehydrogenase) is capable of reducing a-lipoic 
acid, in a reverse reaction, which is at the expense ofNADH. This 
enzyme shows a marked preference for the naturally occurring R
enantiomer of lipoic acid (19). Alternatively, the cytosolic enzyme 
glutathione reductase (E.C. 1.6.4.2) can also catalyze the reduction 
using NADPH as a cofactor; however, the preference of this 
enzyme is for the unnatural S-enantiomer (19). Recently, it has 
been found that thioredoxin reductase, a cytosolic enzyme that 
catalyzes the NADH-dependent reduction of oxidized thioredoxin, 

efficiently reduces both lipoic acid and lipoamide (20). This may 
not be so surprising, as thioredoxin reductase, glutathione reduc
tase, and dihydrolipoamide dehydrogenase belong to the same 
family of proteins. 

Thus, a-lipoic acid can be reduced by different enzymatic 
systems from various cellular compartments (Fig. 3). The reduc
tion has also been found to be tissue-specific, and the relative 
reduction pathways in terms of mitochondrial and cytosolic 
enzymes are different in each case (16). For example, the liver 
appears to reduce lipoate to an equal extent by both glutathione 
reductase and dihydrolipamide reductase (16). In contrast, the 
heart reduces lipoate almost completely (90%) by dihydrolipo
amide reductase (16). It appears that the reducing activity will 
correlate with the relative amounts and activities of the enzymes 
involved, and this is also related to the mitochondrial content, 
which differs markedly from tissue to tissue (16). Because the 
stereospecificities of the enzymes are markedly different, this has 
implications for the form in which exogenously supplied a-lipoate 
is provided and could even provide a means for tissue-specific 
targeting (16). Recently, the content of the naturally occurring 
protein-bound form of lipoic acid (lipoyllysine) has been deter
mined in various bovine and murine tissues (22). The content was 



CHAPTER 8/ a-LIPOIC ACID 

Glucose 
I Y Glycolysis 

Pyruvate 
a-amino acids 

a-amIno acids NAb:Bqate 
co, f:<X-keto9Iutarate! ~ 'a... 

tr~ns pyruvate _.. Acety'I-CoA 
ammase Glutamate! "" 

Alanine ' 
a-keto acids " . 

I I I Oxaloacetate ) 
_ BCKADC _ : { 

NADH+H+ . cO2 ,.: TCA Cycle 
,,' . a-ketoglutarate 

Acy/-CoAs :: - - --~ SUCClnY/~ 

.~~NAD+ 
NADH + H+ 

itochondrion 

Serine 

l 
GlYCine 

THF~NAD+ 
I GCS I 

N5,Nl0 NADH+H+ 
MTHF 

NH4+ + CO2 

99 

Fig. 2. The role of lipoic-acid-containing enzymes in energy metabolism. PDC = pyruvate dehydrogenase complex; BCKADC = branched
chain keto acid dehydrogenase complex; a-KGDC = a-ketoglutarate dehydrogenase complex; GCS = glycine cleavage system. (Courtesy of 
Dr. Mulchand S. Patel and Dr. Lester Packer.) 

lipoic 
Acid 

t 

extra cell u lar 

Dihydrolipoic 
Acid 

intracellular 

Lipoic 
Acid 

NADH 

Dihydrolipoic 
Acid 

NADPH 

thioredoxin 
reductase! 
glutathione 
reductase 

Fig. 3. Cellular pathways of a-lipoic acid reduction. (Adapted from ref. 21.) 



100 PART II / SPECIFIC NUTRIENT REQUIREMENTS 

found to be tissue-specific with values ranging from 2.6-0.1 /lgi 
g dry weight. The highest content was found in the kidney, heart, 
liver, and muscle. Interestingly, these values correlate exactly with 
the amount ofNADH-dependent lipoate reduction in these tissues 
found by Haramaki et a1. (16). This is no surprise because dihydro
lipoamide dehydrogenase (E3) is a component of the mitochondrial 
enzyme complexes which contain lipoyl groups. Therefore, the 
content of lipoic acid in tissues will correlate with the metabolic 
activity (22). 

Reduction contributes one way to lipoate metabolism. Other 
routes have been demonstrated using radiolabeled lipoic acid, 
administered either orally (23) or via injection (24) into the rat. 
Several components were identified, including the short-chain 
homologs bisnorlipoic and tetranorlipoic acids (24). Interestingly, 
no evidence for the oxidation of the dithioline ring was observed. 
Following the radioactivity after administration of [1,6-14C]lipoic 
acid indicates that lipoic acid is rapidly absorbed in the gut and 
passed to various tissues for catabolism (23). The localization of 
administered lipoate was greatest in the liver, other intestinal 
organs, and the skeletal muscle (23). Another study confirmed 
that a-lipoic acid supplementation results in lipoic acid and DHLA 
accumulation in tissues of vitamin E-deficient mice (25); however, 
these researchers found the greatest localization to be in the heart. 
Nevertheless, these studies confirm that exogenously administered 
lipoic acid is distributed to tissues where it can be taken up by 
cells and reduced. 

LIPOIC ACID AS AN ANTIOXIDANT 

Recently, there has been a great deal of interest in the antioxidant 
properties of a-lipoic acid and especially its reduced form, dihy
drolipoic acid. These studies originated from the observations of 
Rosenberg and Culik in 1959 (26), who noticed that administration 
of a-lipoic acid prevented the symptoms of both vitamin C and 
vitamin E deficiency in rats. Over the last decade, a number of 
reports have shown the effectiveness of lipoic acid and DHLA in 
scavenging a number of reactive oxygen species. a-Lipoic acid 
can scavenge hydroxyl radicals (27), hypochlorous acid (28,29), 
singlet oxygen (30,31), and hydrogen peroxide (J. Lodge, unpub
lished results). In addition, it is thought to be able to chelate a 
number of metal ions (32-34). DHLA can also scavenge the above 
radicals and superoxide (35,36) and peroxyl radicals (36,37), 
which a-lipoic acid cannot. Again, it is also thought to be able 
to chelate metal ions. These actions are summarized in Table 1. 

Hydroxyl radicals are extremely reactive radicals potentially 
formed in vivo wherever transition metal complexes come into 
contact with hydrogen peroxide. Hydroxyl radical scavenging has 
been demonstrated in a metal catalysis system (35) and by ultravio
let A (UV A) irradiation of NPIII [N,N' -his(2-hydroperoxy-2-
methoxyethyl)-1,4,5,8-napthalenetetracarboxylic diimide] (27). 
This latter system confirms actual hydroxyl radical scavenging 
and not simply the result of metal chelation properties of lipoic 
acid. DHLA appears to be a more effective hydroxyl radical 
scavenger, as concentrations of 0.5 mM completely eliminated 
the dimethyl pyrroline oxide DMPO-hydroxyl radical electron 
spin resonance radical (ESR) signal (38), whereas concentrations 
up to 1 mM of lipoic acid were required. 

The respiratory burst of neutrophils in response to stimuli 
produces highly reactive oxygen species. Superoxide (02.-) is 
formed, which forms H20 2 in the presence of superoxide dismutase 

Table 1 
Antioxidant Activity of a-Lipoic Acid and DHlA 

Scavenged by 
Oxidant a-lipoic acid Scavenged by DHLA 

Hydroxyl radical Yes (28) Yes (33,39) 
Singlet oxygen Yes (31,32) No (32) 
Superoxide No (33,36) Yes (36,37) 
Peroxyl radical No (38) Yes (38) 
Hypochlorite Yes (29,30) Yes (29,30,33) 
Hydrogen peroxide Yesa Yesa 
Nitric oxide radical Yesa Yesa 

Peroxynitrite Yesa Yesa 
Metal chelation Possibly (33-35) Possibly (33,40,41) 

aUnpublished data 

(SOD). This can then be converted to hypochlorous acid (HOCI) 
by the action of myeloperoxidase. Various groups have demon
strated the HOCI scavenging ability of lipoic acid via al-antipro
teinase inactivation (29,32) and by prevention of protein carbonyl 
formation (28). This latter report evaluated a number of antioxi
dants and showed DHLA to be the most effective in scavenging 
hypochlorite. DHLA was twice as effective as reduced glutathione 
and N-acetyl cysteine, and five time more effective than lipoic 
acid (28). DHLA appears to be able to scavenge superoxide, 
whereas lipoic acid cannot. Using xantine-xanthine oxidase to 
generate superoxide, DHLA was found to abolish the superoxide
DMPO ESR adduct in two separate reports (35,36). The reactions 
were confirmed by assaying sulfhydryl content, and the formation 
of hydrogen peroxide as a product. DHLA is an effective peroxyl 
radical scavenger. Peroxyl radicals are present during the forma
tion of lipid hydroperoxides, and this measurement is often used 
as an indicator of oxidative damage to membranes and low-density 
lipoproteins. Both lipophilic and hydrophilic peroxyl radicals, 
generated from AAPH and AMVN, respectively, were scavenged 
by DHLA (37). 

The presence of transition metal ions in biological systems 
may catalyze Fenton-type reactions, which lead to the production 
of hydroxyl radicals. Metal ions have also been shown to be toxic 
in their own right, especially in overload conditions and poisoning 
episodes. The metal-chelating abilities of lipoate are still rather 
indecisive. Direct studies on the bivalent-ion-binding capacity 
revealed that lipoate forms stable complexes with Mn2+, Cu2+, and 
Zn2+ (34) and that the complexes were mediated via the carboxylate 
group. Two different studies have indicated that lipoic acid may 
chelate iron. Scott et a1. (32) showed that a-lipoic acid inhibited 
site-specific degradation of deoxyribose by a FeCh-H20 2-

ascorbate system and attributed this effect to the removal of deoxy
ribose-bound iron by lipoate. Devasagayam et a1. (30) found that 
the protective effect of lipoate against singlet-oxygen-induced 
DNA strand breaks was lowered in the presence of EDT A, indicat
ing that the protective effect was somewhat dependent on metal
ion chelation. In terms of oxidative systems, lipoic acid was found 
to prevent Cu2+ -induced ascorbic acid oxidation; liposomal peroxi
dation (33), however, was found to be ineffective against Cu2+

induced low-density lipoprotein (LDL) peroxidation (39), whereas 
DHLA was (39). It has also been found that lipoate decreased 
Cd2+ -induced toxicity in isolated hepatocytes, although the authors 
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speculate that the true chelating agent was DHLA formed via 
cellular reduction. DHLA is able to chelate iron in both oxidation 
states and is also able to remove iron from ferritin (42). However, 
DHLA may actually act as a pro-oxidant under certain conditions, 
especially because it can reduce Fe3+. Indeed, DHLA was found 
to act as a pro-oxidant in the peroxidation of rat liver microsomes 
(40), and DHLA has also been shown to induce single-strand 
DNA breaks in the presence of Cuz+, but not Fe3+ or Fez+. This in 
contrast to recent research showing the ability of DHLA to prevent 
Cuz+-mediated LDL peroxidation via chelation (39). Such incon
sistent data in this area warrant further work for clarification. 

UPDATE INTERACTS WITH OTHER ANTIOXIDANTS 
During the interaction between an antioxidant and a reactive oxy
gen species, the antioxidant is generally converted to a form that 
is no longer able to function and is thus said to be consumed. 
This oxidized product needs to be recycled to its native form in 
order to function again. The DHLA-lipoate redox couple is a 
very potent reductant (potential -0.32 V) and is thus able to 
regenerate oxidized antioxidants. 

a-Lipoate protection of antioxidants was first suggested and 
shown by Rosenberg and Culik in 1959 (26), when supplementa
tion of a-lipoic acid prevented symptoms of both vitamin E and 
vitamin C deficiency. They stated that lipoate might act as an 
antioxidant for ascorbic acid and tocopherols. These early observa
tions have been confirmed in a study by Podda et al. (25) in 
tocopherol-deficient hairless mice. Vitamin E, being a potent per
oxyl radical scavenger, is the major chain-breaking antioxidant 
protecting biological membranes from lipid peroxidation (41). 
This is not an easy task because, on average, the ratio of phospho
lipid molecules to vitamin E is 1000-2000 : 1. However, oxidation 
of membranes does not readily occur nor is vitamin E rapidly 
depleted. This paradox can be explained by the fact that vitamin 
E is constantly recycled by circulating antioxidants. A number 
of antioxidants can regenerate vitamin E, including vitamin C, 
ubiquinols, and thiols (43,44). DHLA only has a weak direct 
interaction with the tocopheroxyl radical (45) and so the major 
recycling of vitamin E by DHLA occurs via the intermediary 
recycling of other antioxidants. The ascorbate-dependent recycling 
of vitamin E by DHLA has been demonstrated in DOPC liposomes 
(37), erythrocyte membranes (46), and human low-density lipopro
teins (47). In these electron spin resonance studies, the ascorbyl 
radical generated from oxidation by a chromanoxyl radical was 
recycled by DHLA, thereby allowing more ascorbate to be made 
available for direct recycling of vitamin E. It was also demon
strated by Kagan et al. (37) that DHLA interacts with NADH and 
NADPH-dependent electron-transport chains to recycle vitamin E. 

Other studies have suggested that DHLA may also recycle 
vitamin E by reducing oxidized glutathione (GSSG) directly, the 
reduced glutathione (GSH) can then recycle vitamin E (48). DHLA 
can reduce GSSG to GSH, but GSH is incapable of reducing a
lipoate to DHLA (49). This role ofGSH was based on the observa
tion that a combination of DHLA and GSSG prevented lipid 
peroxidation induced by iron/ascorbate, whereas DHLA alone 
had no effect (40). DHLA can also reduce thioredoxin (50), an 
important cytosolic protein that functions to transfer electrons in 
various biochemical processes. Another lipophilic antioxidant is 
ubiquinol. There is now evidence that lipoate supplementation 
increases tissue ubiquinol content even in a oxidative stress situa
tion (51), and ubiquinol is also known to recycle vitamin E (52). 

Therefore, a-lipoate can directly interact with ascorbate, gluta
thione, NADH, and ubiquinol, recycling these antioxidants and 
indirectly replenishing the pool of vitamin E, which will enhance 
both lipid and aqueous-phase antioxidant defenses (Fig. 4). 

METABOLIC EFFECTS OF EXOGENOUSLY 
SUPPLIED a-liPOATE 

Normal metabolic processes in cells require free energy, in the 
form of ATP, and an efficient electron acceptor. This role is 
undertaken partly by nicotinamide adenine dinucleotide (NAD+), 
and its reduced form, NADH, can also donate electrons where 
required. Because most cell processes involve NAD+INADH, any 
compound that can modulate these ratios can affect numerous 
aspects of cell metabolism. a-Lipoate can affect this balance 
because the intracellular reducing power arises from NADH and 
NADPH. When lipoic acid is supplied to cells, there is a decrease 
in the cellular NADHlNAD+ ratio (53). In Wurzburg T cells 
exposed to 0.5 rnM a-lipoate, NADH depletion was evident after 
30 min, and after 24 h, lipoate decreased by 30%. This treatment 
also decreased cellular NADPH levels (53), but relatively less 
and slower, consistent with the major pathway of lipoate reduction 
being the NADH-dependent mitochondrial E3 enzyme and not the 
cytosolic NADPH-dependent glutathione reductase pathway. In 
these studies, it was also found that this treatment increased the 
pyruvate/lactate ratio by 35% (53). This may also be a consequence 
of the altered NAD+INADH ratio; however, the reduced form of 
lipoate (DHLA) has been found to decrease respiration ofNADH
dependent substrates in intact rat liver mitochondria (N. Haramaki, 
unpublished data). High cellular levels of NADH inhibits meta
bolic pathways such as glycolysis. Supplementation of lipoic acid 
to cells increased glucose uptake in a concentration-dependent 
manner (53), which is consistent of another report in which a
lipoate enhanced glucose disposal in patients with Type II diabetes 
(54). These events are summarized in Fig. 5. 

a-Lipoate has been shown to cause an increase in intracellular 
glutathione in vitro (55) and in vivo (54). Glutathione is the major 
extracellular oxidant that acts as a sulfhydryl buffer, protecting 
cysteine residues in proteins from oxidation. The modulation of 
GSH has been discussed as a potential therapeutic strategy (57). 
Han et al. showed that a-lipoic acid increases intracellular glutathi
one in human Jurkat T lymphocytes (55). More recently, it was 
hypothesized that this increase is a consequence of increased 
glutathione synthesis by the improvement of cystine utilization 
(58). This effect has now been shown in a number of cell lines, 
including Jurkat T cells, erythrocytes, glial cells, and neuroblas
toma cells. The rate-limiting step in the synthesis of glutathione 
is the availability of cysteine. Lipoic acid enters the cells, is 
reduced to DHLA, and is then released into the medium. DHLA 
subsequently reduced cystine to cysteine, and this is taken up by 
the ascorbate ASC transporter. This system is at least 10 times 
more efficient than the glutamate-sensitive cystine transporter. 
Thus, there is an influx of cysteine resulting in an elevation of 
cellular GSH levels (58) (Fig. 6). 

Another important intracellular component is calcium. Caz+ 
plays an important role as a second messenger that regulates a 
variety of metabolic processes, and it is a known requirement for 
protein phosphorylation reactions. Oxidants have been shown to 
stimulate Caz+ signaling, which has led to suggestions that oxidants 
may play a physiological role in Ca2+ regulation and signaling. 
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When cells are challenged with oxidants, there is a rapid perturba
tion of intracellular calcium homeostasis resulting in elevated 
intracellular calcium concentration (54). Possible sites of oxidants 
may include enhancement of Ca2+ channels, the inhibition of Ca2+ 
pumps (60) or the mobilization of intracellular calcium pools in 
the sarco-endoplasmic reticulum and mitochondria (61); however, 
the exact mechanisms remain unknown. It has been reported that 
most of the oxidant-induced intracellular calcium originated from 
intracellular stores (62). This oxidant-induced transient increase 
in cytosolic Ca2+ is stabilized in cells pretreated with a-lipoate 
(63). In this flow cytometric study with lurkat T cells, treatment 
of 0.25 mM hydrogen peroxide resulted in a multifold increase 
in intracellular Ca2+ within 10-30 s. This was not observed in 
cells pretreated with a-lipoic acid for 18 h, and the effect was 

dose dependent. Consistent with these results is a recent report 
showing that a-lipoate also affects mitochondrial calcium trans
port (64). The authors suggest that the a-lipoate stimulated Ca2+
release pathway from mitochondria was the result of the oxidation 
of vicinal thiols, which stimulates the hydrolysis of pyridine nucle
otides (64). Thus, by affecting various aspects of calcium mobiliza
tion, lipoate will affect various signaling pathways. Such pathways 
are involved in signal transduction. 

LIPOIC ACID AS A MODULATOR OF SIGNAL 
TRANSDUCTION 
The process that relays an extracellular message across the plasma 
membrane and into the cytosol, which will eventually lead to the 
induction of a biological response, is termed signal transduction. 
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Recently, vast attention has been focused on the role of oxidants 
(60) and antioxidants (63) in the regulation of these processes. 
Redox changes in cells trigger molecular responses. Nuclear Factor 
kappa B NF-lCB is a well-characterized redox-sensitive transcrip
tion factor. The activation of NF-lCB is involved in the expression 
of a wide variety of genes involved in oxidative stress and cellular 
response mechanisms. Most agents activating NF-lCB tend to trig
ger the formation of reactive oxygen species or are oxidants by 
themselves (e.g., O2,-, H20 2, or lipoxygenase products) (65); there
fore, it is not surprising that a number of antioxidants and reducing 
agents have the ability to inhibit NF-lCB activation. These include 
various thiol-containing compounds (2-mercaptoethanol, glutathi
one, N-acetylcysteine, cysteine), phenolic and catecholic com
pounds (tocopherol derivatives), and chelators (desferrioxamine). 
a-Lipoate was also found to inhibit NF-lCB activation induced by 
phorbol ester or tumor necrosis factor a (TNFa) in Iurkat T-cells 
in a dose-dependent fashion (66). Both enantiomers of lipoate 
were found to be effective (67), as was DHLA added directly to 
the medium; however, at higher concentrations of DHLA, there 
was an effect on cell viability not observed with a-lipoate (67). 
It has recently been shown that the ability of a-lipoate to inhibit 
NF-lCB was not dependent on increased intracellular glutathione 
levels (63). In these experiments, Wurzburg T cells were preincu
bated with buthionine sulfoxamine (BSO), an inhibitor of glutathi
one synthesis. Lipoate treatment could not increase GSH levels 
in these cells but was able to inhibit NF-lCB activation induced 
by phorbol ester, TNFa or H20 2 (63). Following the activation 
of NF-lCB, there is translocation into the nucleus and binding to 
specific areas of DNA, which elicits the response. a-Lipoate has 
been shown to inhibit the DNA binding ofNF-lCB (68); however, 
DHLA was found to enhance binding. Also, the inhibition of 
DNA binding by diarnide can be overcome by the addition of 
DHLA. These observations suggest that two modes of redox regu
lation exist in cell signaling for NF-lCB (69): the first, a requirement 

of oxidative processes in activating NF-lCB, and, the second, a 
requirement for reductive processes in DNA binding. A scheme 
summarizing redox regulation in gene transcription is shown in 
Fig. 7. 

LIPOIC ACID IN HEALTH AND DISEASE 

The properties of a-lipoate lead to the possibility that administra
tion may influence intracellular function via antioxidant actions 
and through affecting the redox status of thiol-containing proteins 
(45). Indeed, a-lipoic acid administration has been shown to be 
effective in various pathologies in which reactive oxygen species 
have been implicated (reviewed in refs. 21, 45, and 69). a-Lipoic 
acid can be thought of as a metabolic antioxidant, as it is a naturally 
occurring substance and is acted on by cellular enzymatic systems 
as a substrate. Beneficial effects of lipoic acid administration 
have been reported in diabetic complications (54, 70), ischemia
repurfusion injury (71,72) and liver disease (73). Also, lipoic acid 
may be a good candidate for treatment in AIDS (74), neurodegen
erative diseases (21), and heavy metal poisoning (45). 

One well-documented example of the therapeutic effectiveness 
of a-lipoic acid is in diabetes. a-Lipoic acid appears to act in a 
number of ways that maybe protective in diabetes. In an animal 
model, supplementation of lipoate prevented ~-cell destruction, 
which leads to Type I diabetes (75). In a separate study, a-lipoic 
acid supplementation enhanced glucose uptake in rats (76) and 
in humans with Type II diabetes (54). Both studies demonstrated 
enhanced insulin-stimulated whole-body glucose by 50%. In vitro 
studies have shown a-lipoate to prevent glycation of various pro
teins (77). A nuclear magnetic resonance (NMR) study revealed 
that a-lipoic acid can bind to human serum albumin (78), and 
this may be the means by which lipoate protects against glycation 
(79). A common complication of diabetes is neuropathy. Various 
studies have shown a-lipoate supplementation to be effective in 
the alleviation of some symptoms of this condition (80,81), and 
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Fig. 7. Various steps in redox regulation of gene transcription, including possible sites of action for a-lipoate. (Adapted from ref. 69.) 

now a-lipoate is approved in Germany for this treatment. Another 
common complication is cataracts. In vitro cataractogenesis in rat 
lenses exposed to high glucose levels was prevented by a-lipoate 
supplementation in the medium (82) and when cataractogenesis 
in newborn rats was induced by BSO treatment, a-lipoic acid 
treatment resulted in a 60% decrease in cataract formation (83). 
It was also observed in these studies that other antioxidants such 
as ascorbate, tocopherol, and glutathione were spared. Therefore, 
one further role of lipoate in this disease is to replenish ascorbate, 
whose transport is affected in diabetes (84). Also, because lipoate 
can inhibit NF-KB activation, this has implications in diabetic
associated atherosclerosis. Advanced glycosolation end products 
(AGE) can induce the expression of vascular-ceIl-adhesion mole
cules (VCAM-I), which is an early feature in the pathogenesis 
of atherosclerosis (85). Therefore, the attenuating effect on NF
KB activation may dampen the acceleration of atherosclerosis 
associated with diabetes. 

SUMMARY 
The lipoic acid-dihydrolipoic acid couple has been described as 
a universal antioxidant (37). Both are able to scavenge a wide 
variety of reactive oxygen species, as well as possessing metal
chelating properties. Because of the high reducing potential, 
DHLA can interact and recycle other antioxidants, forming an 
antioxidant network that can protect vitamin E. Such sparing 
effects have been demonstrated in vitro and in vivo. When supple
mented, a-lipoic acid is rapidly absorbed, distributed to tissues, 
and taken up by cells. There, it is reduced to DHLA, and this 
process can increase the ratio of NAD+ to NADH, thus having 
the potential of stabilizing conditions where NADH levels are 
increased. Intracellular glutathione levels are also increased mark
edly after lipoic acid supplementation; thus, lipoic acid can affect 
cellular redox status. Increasing evidence has now also shown 
lipoic acid to modulate certain signal transduction pathways; thus, 
it has the potential to work at different cellular levels. These wide
ranging effects have paved the way for the potential usefulness 

of a-lipoic acid as a therapeutic agent for the treatment of energy
impaired and redox-unbalanced conditions. 
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9 Defining the Role of Dietary 
Phytochemicals in Modulating 
Human Immune Function 

HAROLD SCHMITZ AND KAT! CHEVAUX 

As this volume clearly demonstrates, the interaction between nutri
tion and immune function is multidimensional, highly integrated, 
and extremely complex. A growing number of reports in the 
literature suggest that this interaction is true for both "nonessen
tial" components of the diet as well as the classically defined 
essential micronutrients and macronutrients, with "nonessential" 
components comprising plant-derived compounds (phytochemi
cals), certain bacteria and their metabolites, certain fatty acids 
and peptides, and so forth. Indeed, epidemiological data strongly 
suggest that intake of foods rich in certain phytochemicals, such 
as fruits, vegetables, and nuts, is protective against chronic diseases 
such as cancer (1-3) and cardiovascular disease (4,5). Given the 
critical role of immune cells and signaling molecules in these 
health conditions, these data imply a potential interaction of phyto
chemicals with immune function. This hypothesis is supported 
by a large amount of data demonstrating the ability of some 
phytochemicals to modulate immune cells and signaling molecules 
in vitro and in certain animal models. However, it must be 
recognized that current knowledge of the interaction between 
these "nonessential" components, including phytochemicals, and 
immune function generally lags behind that available in the 
literature on essential nutrients, especially with respect to human 
clinical data. 

INTRODUCTION 

Research on phytochemicals and their impact on immune function 
has increased significantly during the past two decades as a result 
of encouraging epidemiological associations, such as those cited 
above. Our understanding of the immunological impact of a few 
of these dietary constituents has increased concomitantly. Indeed, 
in vitro data strongly suggest that some nonessential components 
of human diets, including several phytochemicals, have a signifi
cant immunomodulating potential (6). With respect to these phyto
chemicals, the carotenoids and flavonoids are two classes of com
pounds that represent our current state-of-the-art understanding of 
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how "nonessential" plant constituents may impact human immune 
function and, possibly, be useful for both the maintenance of 
optimal health and/or treatment of certain immunological disor
ders. Accordingly, these two classes of compounds will be used 
as working examples where appropriate to emphasize the follow
ing key points of this chapter. 

• The fundamental role that phytochemicals can potentially 
play in modulating immune function. 

• The importance of utilizing appropriate animal and in vitro 
experiments to elucidate the potential mechanisms by which 
phytochemicals may modulate immune function. 

• The need for well-designed clinical trials to assess the impact 
of phytochemicals on human immune function. 

Underlying each of these points is a recurring theme of why a 
fundamental understanding of the chemical and biological proper
ties of phytochemicals should be aggressively pursued and inte
grated into the design of experiments if meaningful data are to 
be obtained regarding their impact on human immune function. 

Upon examination of this chapter, the reader should appreciate 
the potential of certain phytochemicals to impact human immune 
function. More importantly, it is hoped that the reader will recog
nize the need for research teams to integrate expertise capable of 
understanding the fundamental chemistry of phytochemicals, the 
complex biochemistry of phytochemicals, and the ability to prop
erly evaluate the actions of these phytochemicals in human clinical 
trials if we can ever hope to fully understand and leverage these 
dietary components to enhance human health and well-being. 

HISTORICAL PERSPECTIVES 

The influence of phytochemicals on immune function has been 
studied for thousands of years. Although the tools of modem 
science could obviously not be employed throughout most of 
this time, many effects now termed as "clinically relevant" were 
observed using animal models and human subjects (7). During 
this century, a tremendous amount of research during this century 
using a variety of analytical techniques (especially liquid chroma
tography) has identified a plethora of compounds, or phytochemi
cals, in plants (8). Although a thorough review of these compounds 
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and their chemical families is beyond the scope of this chapter, 
a brief review of select aspects of carotenoid and flavonoid 
research as it relates to their respective immunomodulatory proper
ties will provide insight into both the discovery process often 
associated with phytochemicals as well as how a foundation is 
developed for subsequent research efforts. 

Members from both the carotenoid and flavonoid families have 
a rich history as objects of scientific investigation, and evidence 
suggesting that compounds from each class could influence the 
general nutrition, health, and well-being of humans began to arise 
in the late 1920s and early 1930s. In the case of carotenoids, 
carotenes and xanthophylls were first isolated in the 19th century 
by Wackenroder and Berzelius (8). It is significant to note that 
carotenoids were one of the fractions separated by Tswett in the 
early part of this century, when he employed his pioneering liquid
chromatographic technique to separate components from a plant 
extract (9). The impact of carotenoids on human health began to 
crystallize when it was demonstrated by Moore in 1929 that certain 
carotenoids can be precursors to vitamin A-active retinoids and 
Karrer determined the chemical structures of beta-carotene (BC) 
and vitamin A (10). An immense body of research then followed, 
which demonstrated that these retinoids, derived from provitamin 
A carotenoids, are essential to several biological functions in 
humans, including satisfactory immune function (11). During the 
early part of the 1980s, largely in response to the hypothesis paper 
by Peto et al. (1) postulating a potential effect of BC on the 
incidence of cancer in humans, researchers began to investigate 
whether intact carotenoids might play critical roles in prevention 
of chronic disease. Previously, research in this area was focused 
on vitamin A-active retinoid metabolites of select carotenoids, as 
well as available synthetic retinoid analogs. Thus, the epidemio
logical association with cancer preventative properties was the 
catalytic agent, which stimulated aggressive investigation into the 
influence of carotenoids on the immune function, with the opera
tive hypothesis being that modulation of the immune response 
was a key factor in cancer prevention (12). 

Like the carotenoids, the flavonoids have been recognized as 
having biological activity relevant to human health for several 
decades. Indeed, certain members were once thought to have 
vitaminlike attributes, and a mixture of citrus flavonoids were, in 
fact, assigned the name vitamin P in the late 1930s because of 
their putative activity in stabilizing the biological activity of 
ascorbic acid (13). Over the next few decades, it became clear 
that these compounds did not possess classically defined vitamin 
activity, and the designation was dropped. However, research 
demonstrating the ability of select flavonoids to modulate biologi
cal systems relevant to human health has continued to appear 
in the literature (14), and the evidence supporting the value of 
consuming these compounds in the diet is, in some cases, quite 
compelling (4,15-17). Similar to the carotenoids, recognition of 
the hypothesis that immune function is a critical component of 
chronic disease prevention/treatment coupled with epidemiologi
cal data associating high flavonoid intake with decreased risk of 
certain chronic diseases (14) has stimulated research examining the 
influence ofthese compounds on the immune system. In contrast to 
the carotenoids, substantial evidence exists suggesting that some 
flavonoids can be deleterious to normal biological function and, 
indeed, toxic to some species when consumed in acute doses (18). 

The thoughtful reader will appreciate the influence of 20th
century nutrition research philosophy and the way in which phyto-

chemicals have been studied in this context; that is, emphasis has 
been given to studying the properties of individual compounds 
(e.g., BC and quercetin) within these often large and diverse 
chemical families rather than the mixtures which typically occur 
in foodstuffs and the diet. Only recently have deliberate efforts by 
a few investigators been made to begin researching the biological 
effects of mixtures of these compounds using state-of-the-art tech
niques. Unfortunately, this shortcoming is coupled with an histori
cal paucity of good clinical data regarding the ability of dietary 
phytochemicals, including carotenoids and flavonoids, to modulate 
human immune function. 

CHEMISTRY AND OCCURRENCE 
Basic structural information and general occurrence in nature is 
available for many phytochemicals of interest (6). With respect 
to carotenoids and flavonoids, a complete review of their chemistry 
and occurrence is beyond the scope of this chapter and the reader 
is therefore directed to other references available in the literature 
(8,13). However, it is important to appreciate the usefulness of 
understanding the chemistry of these and other phytochemicals 
and the implication this chemistry has in defining their ability to 
modulate immune function. Hence, a brief description of key 
chemical characteristics to consider is given here to provide a 
foundation for meaningful experimentation in biological systems 
and clinical application, with the hope that the reader will pursue 
more thorough reviews on the chemistry of phytochemicals of 
interest to obtain a deeper knowledge of their biological potential. 

Both carotenoids and flavonoids occur widely in the plant 
kingdom and impart distinctive color and flavor characteristics to 
many foods. However, their presence and availability in the diet 
differs dramatically in both quantity and type, depending on the 
individual foodstuff and the techniques used to harvest, process, 
and/or cook the food (19,20). The biosynthesis of both classes of 
compounds is reasonably well understood and has been reviewed 
elsewhere (13,21). A critical point that must be appreciated and 
will therefore be emphasized throughout the rest of this chapter 
is that individual compounds within these families can have, and 
often do have, significantly different chemical and biological prop
erties. Thus, it is incorrect to assume that the relevant properties/ 
bioactivities of a given carotenoid or flavonoid can be a priori 
extrapolated to other members of their respective families, even 
when they are seemingly closely related in structure. 

CAROTENOIDS In general, carotenoids are a class of com
pounds composed of eight isoprene units such that the linking of 
the isoprene units in the middle of the molecule is reversed (Fig. 
1). The numbering of the carbon atoms proceeds from one end 
to the center of the molecule as 1-15, and from the other end to 
the center as 1'-15'. The additional numbering of the methyl 
groups present are 16-20 and 16'-20', respectively. The Greek 
letters beta, epsilon, kappa, phi, chi, and psi indicate the configura
tions of the end groups. Beta and epsilon are used to indicate six
carbon-atom ring end groups, kappa indicates five-carbon-atom 
ring groups, phi and chi indicate aromatic end groups, and psi 
indicates no ring or aromatic structures at the specified end of the 
carotenoid. Complete rules for carotenoid nomenclature may be 
found in Isler's monograph (22). 

Straub listed 563 characterized individual carotenoids in 1987, 
with several more having been characterized since, putting the 
actual number at something greater than 600 (8). The actual num
ber of naturally occurring carotenoids is significantly larger 
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Fig. 1. Structures of beta-carotene, lutein, lycopene, and retinol. 

because of the number of optical and/or geometric isomers of 
individual carotenoids not listed separately in the aforementioned 
texts and are known to exist in the diet as a result of food processing 
practices (23). Most of the carotenoids are oxygenated (xantho
phylls), and relatively few are exclusively hydrocarbon in nature 
(carotenes), with the entire class being systematically arranged 
into four major groups: 

1. C40 hydrocarbons, which consist of acyclic, alicyclic, and 
aromatic carotenoids. 

2. C40 xanthophylls, which consist of mono-, di-, and poly
hydroxy compounds, ethers, aldehydes, ketones, and acids, 
which may be arranged in a number of ways, including 
acyclic, alicyclic, aromatic, epoxide, and other arrange
ments. 

3. Carotenoids with more than 40 carbon atoms. 
4. Apo-carotenoids with less than 40 carbon atoms. 

Most carotenoids are brightly colored pigments that can be 
detected by the human eye, an analytically useful property that 
is the result of a chromophore consisting of multiple conjugated 
double bonds present in most carotenoids. However, the high 
degree of conjugation present in most carotenoids may lead to 
facile isomerization and/or degradation of the original compound. 
Indeed, the stability of carotenoids is dependent on a number of 
factors, including the matrix in which a given carotenoid is deliv
ered, as well as the exposure to heat, light, and oxygen over time 
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Fig. 2. Basic structure of flavonoids. 

to which the compound is exposed (24,25). Control experiments 
to define the stability within a given matrix and administration 
protocol of the carotenoid(s) in question should always be done 
to ensure interpretable results. Finally, it should be noted that a 
relatively wide range of solubilities exists within the carotenoid 
family because of the variety of structures and their respective 
isomers. The impact this may have on delivery of select carot
enoids to either in vitro systems or as part of experimental diets 
must always be considered. 

FlAVONOIDS Flavonoids are phenolic compounds com
posed of a CI5 flavane nucleus made up of two benzene rings 
connected by a pyrane ring (Fig. 2). The over 4000 individual 
flavonoid compounds can be subdivided into a few basic struc
tures: flavonols, flavones, catechins, flavonones, anthocyanidins, 
and isoflavones (Fig. 3). With the exception of catechins, most 



110 PART II / SPECIFIC NUTRIENT REQUIREMENTS 

o 

Anthocyanidin H 

+ 

o 

Isoflavone 

Fig. 3. Classes of flavonoids. 

flavonoids occur in nature as a glycoside (i.e., having a sugar 
moiety attached to a hydroxyl group). In addition, individual 
flavonoids can be further characterized by hydroxylation, 
methoxylation, and acylation at various positions, as well as natu
rally occurring polymerization, which results from the linking of 
individual flavonoid monomers. The procyanidin series found in 
tea and cocoa are examples of foods in which these polymers 
may be found (19,26). As with carotenoids, this polymeric class 
of flavonoids has an enormous number of potential isomeric varia
tions. Taken together, these structural variations have important 
implications for the physiological functions discussed in this chap
ter; for example, the well-established antioxidant activity of fla
vonoids has been related to specific structural characteristics (27). 

Because of the probable dependence of most flavonoid func
tions on chemical structure and stereochemistry, alterations result
ing from storage, handling, and processing must be considered 
when drawing conclusions about the physiological relevance of 
flavonoid intake from foods. For example, a range of structurally 
diverse products and molecular weights can develop during the 
processing and fermentation of green to black tea, such as oxida
tion products, theaflavins, and condensed flavonoids (19). Another 
important consideration when studying the chemistry and func
tionality of flavonoids is the extent to which they may have other 

chemical moieties attached. For example, there are many examples 
of glycated compounds that have distinctly different chemical and 
biological properties when compared to their respective aglycones 
(28,29). Beyond structure, chemical properties that are of impor
tance to the investigator include solubility, stability, and redox 
activity of different flavonoids. As might be guessed given the 
large number of flavonoid compounds naturally present in foods, 
these properties are wide ranging and, thus, must be considered 
carefully on a case-by-case basis when designing experiments. 

As with the carotenoids and many other classes of phytochemi
cals, the complexity of chemical characteristics briefly described 
earlier places a premium on structural identification of flavonoids 
and understanding their unique chemical properties in order to 
accurately assess their ability, through dietary intake, to modulate 
immune function. 

DIETARY INTAKE, ABSORPTION 
AND METABOLISM 
Key considerations for understanding the influence of phytochemi
cals on immune function include the quantity and type of com
pound of interest consumed in the diet, their bioavailability or 
lack thereof, and what metabolic transformations take place either 
in the gastrointestinal (GI) tract or subsequent to absorption. In 
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the context of immunomodulation, it is important to note that 
dietary components not absorbed into portal or lymphatic circula
tion can still impact immune function through interaction with 
the GI tract, which is rich in cells either directly or indirectly 
related to immune function (30). 

INTAKE Historically, the ability to accurately assess dietary 
intake of individual phytochemicals has been difficult because of 
the lack of appropriate databases. Recently, however, the tools 
for better assessing carotenoid intake have become available as 
a result of the database compiled and published by the United 
States Department of Agriculture (31). Use of this and similar 
databases has yielded results suggesting that intakes of several 
milligrams per day is common in the United States, with the 
majority of this intake comprised of BC, lutein, and lycopene 
(32). A similar database is not yet available for flavonoids or for 
most other phytochemical families. However, a review of the data 
currently used for flavonoids demonstrates how a rough estimate 
of intake can be obtained and that sufficient quantities of these 
compounds can be consumed to potentially impact immune func
tion, assuming at least some of their in vitro bioactivity is relevant 
in vivo to humans. It should be noted that this is likely true for 
other classes of dietary phytochemicals. 

Five flavonoids have been quantified in various beverages and 
certain fruits and vegetables, as has the isoflavonoid content of 
soybean products (33,34). Onions emerge as a rich source of 
quercetin, with kale, broccoli, endive, French beans, turnip tops, 
apples and apple juice, wine, and tea having measurable quantities 
of various flavonoids. This data set provides the basis for flavonoid 
food composition data, but caution must be used when drawing 
conclusions based on these values because of the early stages 
of analytical method development and the limited number of 
flavonoids quantified. Flavonoids excluded from such analyses 
may have potential health benefits based on in vitro data. For 
example, a relatively substantial body of in vitro data and animal 
experiments indicates that components of tea may have health 
benefits, however, intake data using the above database of flavo
nols and flavones would not represent the main flavonoid compo
nent of tea, namely the catechins. 

An early estimate of daily flavonoid intake was 1 g/d (J 3) of 
the glycone, with the major sources in the United States being 
beverages (cocoa, cola, coffee, tea, beer), fruits, and juices (35). 
More recent estimates of flavonol and flavone intake were pro
posed in the Seven Countries Study in which intake ranged from 
2.6 to 68.2 mg/d (15). Other studies using the same food compo
sition data placed mean intake in the 4- to 40-mg/d range 
(4,16,17,36,37). Because of the limited number of flavonoids 
quantified in the diet, total flavonoid intake calculated in these 
studies is probably an underestimate of total flavonoid intake. 

Although considerable work remains to be done before the 
intake, absorption, transport, and metabolism of phytochemicals 
is well defined, many phytochemicals, including members from 
both the carotenoid (24,38) and flavonoid (28,39) families, can 
be absorbed and, in some cases, excreted as metabolites in the 
urine. Although tissue uptake and distribution of carotenoids has 
been studied (24), little is known on this subject for the flavonoids. 
A brief review of some of the work done to elucidate aspects of 
flavonoid and carotenoid absorption and metabolism will illustrate 
the complicated nature ofthis process. It is important to understand 
the fate of phytochemicals after ingestion when designing appro
priate in vitro, in vivo, and clinical experiments that define if and 

how select phytochemicals can impact immune function. A recent 
article by Novotny et al. (40) describing the use of deuterium
labeled BC in combination with mathematical modeling tech
niques demonstrates a method by which the absorption and metab
olism of phytochemicals may be better understood in the future. 

The absorption, metabolism, and bioavailability of flavonoids 
have been reviewed recently (39), with tea being one of the most 
studied food sources (41). Although the absorption of flavonoids 
has been shown in some animal models, definitive data on the 
absorption of a wide range of flavonoid compounds in humans 
are not available. In general, catechins were better absorbed than 
quercetin (39). With the exception of catechins, most flavonoids 
present in foods are bound to sugar moieties as glycosides. Unfor
tunately, it is unknown whether humans can liberate free flavonoid 
from glycosides, although enzymes capable of liberating free fla
vonoid have not been found in the small intestine. Based on the 
difference between intake and excretion in ileostomy patients, 
the intake of onions containing quercetin glycosides resulted in 
the absorption of quercetin to a greater extent than absorption 
of the pure aglycone, but plasma quercetin was not measured in 
these subjects (28). Catechins have been identified in the blood 
of rats after oral administration and in human plasma after con
sumption of tea or catechin-containing beverage (41). Preliminary 
evidence exists, based on the absorption of radioactive catechin 
dimer in mice and the increase in plasma polyphenol levels 
after consumption of tea, that catechin condensation products are 
absorbed (41). Whether the condensation products are absorbed 
intact is not known. Beyond this limited amount of information, 
very little is known about tissue distribution and accumulation 
of the flavonoids. 

Flavonoid metabolites can be produced by colonic bacteria and 
liver enzymes and should also be considered as potential regulators 
of immune function. Flavonoids, which escape absorption in the 
small intestine, can potentially undergo hydrolysis and ring fission 
to phenolic acids (13). After absorption, flavonoid hydroxy groups 
can be conjugated with glucuronic acid or sulfate in the liver and 
methylation may occur. Metabolism after absorption also includes 
the addition or exposure of hydroxyl groups, conjugation with 
glucuronic acid, sulfate, or glycine, resulting in a molecule that 
can be excreted in the urine. O-Methylation can occur, resulting 
in the inactivation of the catechol. The fate of flavonoids unab
sorbed in the small intestine or those reabsorbed from circulation 
with bile includes hydrolysis of any sugar or conjugate and ring 
cleavage by colonic bacteria, with the susceptibility of flavonoids 
to ring cleavage being dependent on structure (39). These meta
bolic transformations of flavonoids are only beginning to be 
defined, and it is important to remember that they are specific to 
the flavonoid under study. 

Other important factors to consider regarding absorption of 
flavonoids from food include protein content, especially proline
rich proteins such as those found in milk, as they are known to bind 
and reduce the bioavailability of polyphenols (42). Conversely, the 
effects of polyphenols on the absorption of these proteins as well 
as minerals such as nonheme iron in the diet must also be consid
ered (41). 

In contrast to the flavonoids, the carotenoids are an example 
of a phytochemical whose absorption and metabolism has been 
studied more extensively. Indeed, the absorption of carotenoids 
has been studied for decades, especially with regard to the fate 
of Be and other provitamin A carotenoids. In general, absorption 
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Fig. 4. Pathways and processes involved in the absorption plasma 
transport and tissue uptake of carotenoids such as beta-carotene. 
(Adapted from Parker RS. Absorption, metabolism, and transport of 
carotenoids. FASEB J 1996; 10:542-51.) 

of carotenoids is dependent on mechanisms common to fat-soluble 
micronutrients, with the presence of conjugated bile salts being a 
requirement for uptake of Be into epithelial cells (10,38). In addi
tion, some carotenoids, specifically the xanthophylls, can exist as 
esters or as part of a protein complex and can be absorbed in their 
free form after exposure to digestive actions. Of great importance 
to clinical investigators is the observation that carotenoids fed in 
oil or detergent are better absorbed than those from foods. It is 
also important to note that, unlike vitamin A, as the dose of 
carotenoids given increases, the percentage absorbed decreases 
(10). The amount of various carotenoids absorbed is not specifi
cally known with estimates reported in the literature ranging from 
10% to 60% of a given dose, depending on the type of carotenoid, 
fat content of the meal, fiber, presence of other fat-soluble nutri
ents, food or pill matrix, and other factors (10,11,38). 

The transport of carotenoids after absorption is dependent on 
incorporation into chylomicra and secretion into the lymphatic 
system (10,38). Subsequently, more hydrophobic carotenoids such 
as Be are partitioned into very low-density lipoprotein (VLDL) 
and low-density lipoprotein (LDL) fractions, whereas the more 
polar xanthophylls tend to accumulate in the high-density lipopro
tein (HDL) fraction. Both polar and nonpolar carotenoids are 
distributed to many tissues within the body (10,24), including 
liver, lung, muscle, kidney, adipose, testes, and adrenal. Present 
knowledge regarding the absorption and transport of Be in vivo 
is summarized in Fig. 4. 

Following absorption and transport to specific tissues, it is 
important to recognize the potential for metabolite formation from 
intact phytochemicals and the role these metabolites can play in 
modulating immune function. A classic example is the conversion 
of provitamin A carotenoids such as Be to vitamin A, which 
plays a key role in maintaining a healthy immune system (11). 
The susceptibility of the highly unsaturated carotenoids to oxida
tive attack, either chemically or enzymatically, suggests that 

metabolites having no vitamin A activity may also be formed in 
vivo (10), and their potential to modulate aspects of immune 
function should also be considered. 

Taken together, it can be concluded from our current under
standing of carotenoids and fiavonoids that members of these 
phytochemical families and their in vivo metabolites are available 
for potential immunomodulating activities in vivo in humans, 
whether within the GI tract or other tissues following absorption 
and transport. Regarding phytochemicals in general, it is apparent 
from the preceding discussion that classes of compounds, and 
specific compounds within these classes in many cases, must be 
considered on an individual basis to truly understand their potential 
to reach target tissues important for immunomodulation. In addi
tion, the potential for formation of bioactive metabolites from 
phytochemical compounds must also be considered. Use of syn
thetically or biosynthetically labeled compounds will undoubtedly 
play an important part in helping to provide more definitive infor
mation in these areas. 

USE OF PHYTOCHEMICALS IN IN VITRO, 
IN VIVO, AND CLINICAL EXPERIMENTS 

The labile and reactive natures of carotenoids and fiavonoids have 
been referred to in previous sections. Although not always facile, 
the propensity for alteration or degradation of the chemical structure 
of any phytochemical should always be considered. This is true 
not only when isolating or synthesizing the compound but also 
when assessing the biological activity of the given phytochemi
cal(s). Thus, the quantitative and qualitative aspects of the com
pound(s) being tested must be understood as clearly as possible 
from an analytical chemistry perspective. For example, carot
enoids generally exist in foodstuffs as complex mixtures, unless 
specifically fortified with a synthetically derived compound (Fig. 
5). When a foodstuff appears to contain reasonable phytochemical 
candidate components vis a vis their/its potential impact on the 
immune system, an effort should be made to extract this portion 
of the foodstuff for further evaluation by model systems. Already 
at this very early stage, a number of considerations must be made 
to ensure the reproducibility of future experiments based on the 
results of this initial work. Using carotenoids as a working exam
ple, these considerations include the following: 

1. Does the extract contain one carotenoid (very unlikely), 
such as Be, or is it a mixture of several (very likely) 
carotenoids? Further, does it contain geometric and/or opti
cal isomers? As represented in Fig. 6, the carotenoid profile 
in biological samples, such as human serum, can be quite 
complex. This is a critical point given that different carot
enoids, even those that are structural (i.e., alpha-carotene, 
beta-carotene, and lycopene) or geometric isomers (i.e., 
all-trans-beta-carotene and 9-cis-beta-carotene), can have 
very different biological activities. Two examples germane 
to the interaction between nutrition and immune function 
clearly illustrate the importance of this point. The former is 
the well-known fact that each of the candidate carotenoids 
listed above have significantly different provitamin A 
activity, with alpha-carotene and 9-cis-beta-carotene (43) 
having much less than that of all-trans Be and others 
having no activity at all (11). Thus, if the immunomodulat
ing ability of the extract is based on the ability of the 
model system to convert provitamin A carotenoids into 
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Fig. 5. High-perfonnance liquid chromatographic (HPLC) separation of carotenoids in palm oil using a YMC C30 stationary phase in 
combination with a mobile phase consisting of 11 % Methyl Tert Butyl Ether (MTBE) in MeOH at 2.0 rnL/min. Peak 1 is all-trans-alpha
carotene and peak 2 is all-trans-beta-carotene. The other peaks are additional carotenoids and geometric carotenoid isomers present in palm oil. 
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Fig. 6. HPLC separation of carotenoids in human serum using a 25-cm Vydac 201 CIS stationary phase in combination with a mobile phase 
consisting of 1 % THF in MeOH (+0.05% Triethylamine (TEA) at 0.7 rnL/min. Peak 1 is lutein + zeaxanthin, peak 2 is beta-cryptoxanthin, 
peak 3 is alpha-carotene, peak 4 is beta-carotene, and peak 5 is lycopene. The other peaks are additional carotenoids and geometric isomers 
present in human serum. 

vitamin A active retinoids, standardization of the extract 
for use in human trials should focus on the most active 
provitamin A component, or BC in this case. If, on the 
other hand, the imrnunomodulating ability of the extract 
is based on the ability to quench singlet oxygen in the 
model system, standardization should focus on the best 
antioxidant present with this activity, or lycopene in this 
case (44). Therefore, the researcher must understand the 
type and amount of carotenoids present in the extract so 
that this can be matched against future extracts that, 
although obtained from the same type of foodstuff, may 
have been taken from a different cultivar, undergone 
significant exposure to light, oxygen and/or heat during 
storage and processing, and so forth, and thus contain a 
significantly different mixture of carotenoids with signifi
cantly different biological potential. 

2. Has the extract been prepared and stored in such a manner 
that no alteration/degradation of the carotenoids has occur
red as compared to those originally contained in the food
stuff? As noted previously, carotenoids are generally sensi-

tive to light, heat, oxygen, and extreme pH's, especially 
when removed from the food matrix they are within natu
rally. Thus, isomerization and degradation products are 
often generated during the extraction and storage of carot
enoids from biological samples, unless proper procedures 
are followed (24,25). This consideration is of great concern 
to the investigator because of two possible outcomes, both 
of which can result incorrect conclusions by the researcher 
and, thus, inappropriate future research direction. The first 
is that imrnunomodulating activity in the extract may be 
lost because of the conversion from active carotenoid com
ponents to inactive isomers or degradation products. The 
second is the inverse of the first; that is, the extract will 
demonstrate significant imrnunomodulating activity 
because of the formation of active isomers or degrada
tion products. 

3. What is the chemical nature of the extract and of each of the 
carotenoids contained in the extract? This has tremendous 
potential impact on experimental design in that solvent 
systems must be developed and validated that ensure 
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proper and nontoxic delivery of the carotenoids to target 
cells or tissues. This is often accomplished using hydro
phobic systems owing to the lipophilicity of many carot
enoids. However, some extracts may contain carotenoids 
with a wide range of solubilities (i.e., lutein vs beta-caro
tene), requiring a solvent system with appropriate physico
chemical characteristics to deliver these carotenoids to the 
cell culture system. Its worth noting that geometric isomers 
can have different solubilities, as demonstrated by the 
significantly different chromatographic retention times of 
all-trans- and 9-Z-beta-carotene on a calcium hydroxide 
stationary phase (23) and potentially different antioxidant 
activities (45). 

From a biological perspective, species differences must be 
considered with respect to both absorption and metabolism of the 
immunomodulating candidate phytochemical. For example, it is 
well known that there are differences in qualitative and quantitative 
absorption of carotenoids among species (46,47). Given the well
known ability of vitamin A nutriture to profoundly influence 
immune function, this is not a subtle difference to contemplate with 
regard to the potential bioactivity of provitamin A carotenoids. 

Thus, knowledge of a few key chemical and biological charac
teristics of candidate phytochemicals is essential to begin under
standing how a given phytochemical may impact immune function 
in humans, including the following: 

1. Understanding the type and amount of chemicals in a given 
extract, especially when focusing on large and diverse 
families such as carotenoids and flavonoids 

2. Understanding the chemistry of candidate phytochemicals 
in order to ensure stability during extraction and storage 
and to ensure appropriate delivery to in vitro or in vivo 
experimental models and during clinical trials 

3. Understanding the absorption and metabolism of candidate 
phytochemicals to assess the true structure-function rela
tionships responsible for immunomodulation and appreci
ating the potential species differences when using ani
mal models 

HUMAN CLINICAL EXPERIMENTS 

Appropriately designed and well-controlled clinical experiments 
will ultimately define the role of phytochemicals in modulating 
immune function. In this context, carotenoids are among a small 
group of compounds that have been tested in at least a few reason
ably good clinical trials. However, it is important to note that this 
research has focused exclusively on BC, and thus nothing is really 
known about how mixtures of carotenoids, such as those typically 
found in the diet, may modulate immune function. The reasons 
for this focus include the documented safety of BC (48), the 
availability of large quantities of synthetic BC, and epidemiologi
cal literature that indicate associations between dietary intake of 
BC and/or its presence in the serum of populations and health 
benefits such as decreased cancer risk. This emphasis on BC has 
also been amplified by promising in vitro and animal model data 
suggesting immunoenhancing properties of this carotenoid (a brief 
review of which follows this section). The choice of BC was a 
sensible one, given these considerations; however, the provitamin 
A nature of this carotenoid presents a significant confounding 
factor because of the immunomodulating properties of vitamin A. 

A number of trials have been reported in the literature; however, 

the findings from this research are equivocal. Although a number 
of researchers have found an immunoenhancing effect when sub
jects were given BC supplements, some investigators have found 
no effect. In addition, some trials indicated immunoenhancing 
effects that peaked at an intermediate time point during the study 
and then declined for the remaining portion of the study, suggest
ing the promise as an immunoenhancing agent only in the context 
of short-term use applications. A brief review of some of the key 
papers in the field will illustrate the current confusion in the 
area and serve to underscore the need for more well-designed 
clinical trials. 

Watson et al. have investigated the effects ofBC supplementa
tion in older adults (mean age >55 yr) and found indications 
of an immunostimulatory effect (49,50). This interpretation was 
suggested by significant increases observed in surface markers 
for T -helper and natural-killer (NK) cells on lymphoid cells, as 
well as for PBMCs having interleukin-2 receptors (IL-2R) when 
BC was given orally for at least 2 mo in doses of 30 mg or greater. 
In addition, one of the trials suggested a dose-response relationship 
between BC and markers of immunostimulation, including IL-2R 
and NK cells (50). Doses administered in this trial were 0, 15, 
30, 45, and 60 mg/d for 3 mo. Interestingly, values for these 
markers had returned to pretrial levels 2 mo after cessation of 
treatment. Others have reported positive associations with immu
nostimulation as a result of BC supplementation, although the 
results have not always agreed with respect to which aspect of 
the immune system was being stimulated (51). 

In contrast to the above-cited reports, there are also data from 
other clinical trials suggesting that BC has no effect on immune 
function in humans. Daudu et al. observed no effect of BC deple
tion, repletion, or moderate supplementation on markers of 
immune function in adult women over a time period of several 
months (52). These markers included IL-2R and lymphocyte sub
sets. It is important to note that this trial was designed to investigate 
BC depletion from the diet rather than supplementation with large 
doses (e.g., >30 mg/d). Another trial investigated the effects of 
ingesting 0, 15, 45, 180, or 300 mg of BC for 1 mo in adults 
(mean age of 34 yr). As with the work of Daudu et aI., these 
investigators observed no effects on immunological indexes, 
including NK cells, IL-2R, and lymphocyte subsets (53). 

The contrasting results reviewed above do not appear to present 
conclusive evidence of an immunomodulatory role for BC (or 
other carotenoids) in humans; however, a closer examination of 
the data suggests that further research is warranted. This is espe
cially true for subpopulations that may be immunocompromised 
or are undergoing immunosenescence, such as the elderly. Indeed, 
in the above-reviewed studies, positive results were seen in the 
trials using elderly subjects, whereas the two trials reporting no 
effect were completed using younger subjects. Recent work by 
Meydani's group supports this observation, as it was observed 
that the BC supplementation protocol in the Physician's Health 
Trial (50 mg BC given on alternating days for 10-12 yr) eliminated 
differences in NK cell activity between elderly subjects and mid
dle-aged subjects. BC supplementation had no effect on immune 
function in middle-aged subjects (51). 

Factors other than age also have to be considered when assess
ing the potential immunomodulatory effects of carotenoids, 
including vitamin A status, overall nutrient status, purity of carot
enoid supplements, and environmental factors. An excellent exam
ple of influence of environment is the work of Roe et aI., who 
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demonstrated a protective effect of carotenoid supplementation 
against ultraviolet (UV)-induced immunosuppression (54). This 
work was stimulated by earlier work done by Mathews-Roth 
demonstrating a protective effect of BC supplementation in indi
viduals suffering from erythropoietic protoporphyria (55). This is 
an especially intriguing piece of work given the well-established 
role of carotenoids in providing photoprotection for plants and 
the exceptional ability of carotenoids to quench singlet oxygen 
(56). Thus, it is possible that carotenoids can protect immune 
function against damage by UV radiation (57). In this context, it 
is interesting to note that other investigators have shown that 
lycopene concentrations in skin is reduced to a greater extent 
than BC (58) and, thus, may be participating in photobiological
catalyzed reactions relevant to immunomodulation. 

Finally, although the epidemiological work supporting an 
immunomodulatory role for carotenoids was, by definition, an 
association with complex mixtures of carotenoids found in the 
diet, no clinical work has been reported using these types of 
mixtures. This type of work is desperately needed and will require 
fundamental understanding of the differences in chemistry and 
biological activity of different carotenoids commonly found in 
the diet. Clearly, these needs extend across all of the phytochemical 
classes thought to have immunomodulatory activities. 

IN VITRO AND IN VIVO ANIMAL EXPERIMENTS 

Although clinical trials provide final proof of bioactivity, well
designed in vitro and in vivo animal model experiments can be 
quite useful in elucidating structure-function and mechanistic 
relationships between phytochemicals and immune function. A 
considerable amount of work has been done examining the effect 
of select carotenoids and flavonoids on immune function in in 
vitro and in vivo models. With regard to BC, this work has been 
used to provide the foundation for assays performed on samples 
taken from subjects in clinical trials. A brief review of the in vitro 
and in vivo work done to explore the immunomodulating potential 
of carotenoids and flavonoids will give perspective on the scope 
of information that can be obtained about phytochemicals and 
their biological activities prior to initiation of clinical experiments. 

A large proportion of the work done to understand the mecha
nism and role of carotenoids in immune function has focused 
on their effect on the production of select cytokines (the key 
immunomodulating roles of this class of compounds is discussed 
in other chapters of this volume). This work has demonstrated 
the ability of select carotenoids, primarily BC, to influence the 
production of certain cytokines in a number of cell culture models. 
Because of the evidence for how immune function might influence 
cancer prevention, initial focus was placed on the cytokines most 
thought to possess anticancer activity, namely tumor necrosis 
factor alpha (TNF-a) and interleukin-l (IL-I) as well as the ability 
of beta-carotene to stimulate T -lymphocyte proliferation (51-59-
61). Research using animal models has provided supporting evi
dence for much of this work, with Shapiro and Bendich demonstra
ting significant increases in T- and B-Iymphocyte responses upon 
mitogen stimulation after feeding rats a diet containing 0.2% by 
weight of either BC or canthaxanthin (62). This report was espe
cially important because it described an immunomodulating poten
tial for a non-provitamin A carotenoid (canthaxanthin), thus lead
ing to the conclusion that carotenoids may possess significant 
immunomodulating activities independent of vitamin A activity. 

Although most of the focus on carotenoids and immunomodula-

tion have centered on the above-cited areas, a small amount of 
data has been reported in the literature regarding the potential of 
carotenoids to impact arachidonic acid metabolism as well as the 
humoural immune response (51,63,64). Although a large body of 
evidence is not yet available to support these types of actions, it 
is important to recognize the usefulness of investigating immuno
modulating pathways complementary to the work examining the 
relationship between BC and cytokine expression. 

As with carotenoids, certain flavonoids have been shown to 
affect many aspects of the immune response in vitro and using 
in vivo models, including inflammation, cytokine production, lym
phocyte production, and granulocyte function. Although it is diffi
cult to isolate aspects of immune function that may be effected 
by flavonoids, we will discuss the state of knowledge as it applies 
to inflammation, phagocytosis and extracellular killing and, 
finally, acquired immunity, including lymphocyte and cytokine 
production. Much of this research has focused on the following 
possible mechanisms of action: (1) protection from free-radical 
damage, (2) regulation of nitric oxide production, and (3) regula
tion of arachidonic acid metabolism. 

Inflammation is an important component to the immunological 
defense. At the same time, prevention of excess or chronic 
inflammation is necessary for recovery of the subject. Proper 
regulation of the negative aspects of inflammation may help pre
vent the development of certain chronic diseases potentially propa
gated through inflammation, such as cardiovascular disease 
(65,66). Modem science has begun to attribute the effects of 
several botanicals traditionally used to treat inflammation to spe
cific components of the botanical, which demonstrate anti
inflammatory abilities when used as isolated components in in 
vitro and in vivo studies. The flavonoids include several such 
components with potential anti-inflammatory activity (67). 

A proposed mechanism for the anti-inflammatory action of 
flavonoids is the inhibition of arachidonic acid metabolism. Ara
chidonic acid is released from mast cells and can mediate the 
inflammatory response. Subsequent to its release, arachidonic acid 
is metabolized by either lipoxygenase to produce leukotrienes or 
by the cyclooxygenases to produce thromboxanes and prostaglan
dins. Oral ingestion of several flavonoids isolated from medicinal 
plants inhibited mouse paw edema induced by carrageenin injec
tion (68). Interestingly, the flavonoid glycosides exhibited a greater 
inhibition of paw edema than their aglycones. In this same study, 
prostaglandin E2 and leukotriene B4 levels were reduced. Several 
flavonoids have also been shown to inhibit the formation of throm
boxane B2 by human platelets stimulated by either bovine throm
bin or arachodonic acid in vitro (69). Quercetin and flavone were 
the most potent with IC50 values at 44-80 11M, and rutin, phlorid
zin, and naringen had no effect. In addition, the flavonoids differed 
in the reversibility of their effect on arachidonic acid metabolism. 
For example, both quercetin and catechin inhibited cyclooxygen
ase and lipoxygenase pathways, but quercetin was an irreversible 
inhibitor of Cl2 lipoxygenase and catechin was an irreversible 
inhibitor of cyclooxygenase. 

Histamine release is also a component of the immune response 
leading to inflammation. Histamine release by human basophils 
(70) and rat mast cells (71) was diminished in the presence of 
some but not all flavonoids. Of structure-function significance is 
that flavonoids with saturation and of the C2-C3 bond, those 
lacking the C4 carbonyl group (catechins) and flavonoid glyco
sides had little activity in reducing histamine release (70). Also, 
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the apigenin dimer amentoflavone exhibited greater inhibitory 
activity than the apigenin monomer as well as other flavonoids 
tested (71). 

Regarding the effect of flavonoids on cytokines potentially 
involved in cancer etiology, epigallocatechin gallate (EGCG) iso
lated from green tea significantly stimulated the production of IL
l beta and TNF by human peripheral blood mononuclear cells in 
vitro (72). EGCG also stimulated the production of both IL-Ia 
production by mononuclear cells and stimulated the adherence of 
mononuclear cells. In addition, EGCG-enhanced IL-Ia mRNA 
synthesis but not that of IL-I~. 

Flavonoids have also been shown to influence acquired immu
nity. Using human peripheral blood mononuclear cells (PBMC), 
spontaneous and mitogen-stimulated lymphocyte proliferations 
were enhanced after the flavonoid cianidanol was added to the 
culture medium (73). Cianidanol also enhanced the synthesis of 
IgG by human PBMC. 

Seven of 34 flavonoids tested showed significant inhibition of 
Concanavilin A (Con A)-induced T-cell lymphocyte proliferation 
of mouse splenocytes: apigenin, luteoline, flavonol, chrysin, 
fisetin, keampferol, quercetin, and myricetin (74). Only myricetin 
was shown to suppress Lipopolysaccharide LPS-induced B-cell 
lymphocyte proliferation. Also, none of the glycosides tested were 
found to suppress either Con A- or LPS-induced lymphocyte 
proliferation, indicating the structure-function relationship of the 
aglycone. Apigenin, luteolin, fisetin, keampferol, and quercetin 
suppressed lymphocyte proliferation in a mixed-lymphocyte 
culture. 

Several biflavonoids tested also suppressed Con A- and LPS
induced lymphocyte proliferation (75). Ochnaflavone and isocryp
tomerin (apigenin dimers) irreversibly inhibited Con A-induced 
lymphocyte proliferation because the inhibition remained even 
after lymphocytes were washed. In contrast, the inhibition of 
proliferation brought about by quercetin and apigenin was restored 
after washing. In addition, the biflavonoids suppressed activity 
for up to 48 h during which time apigenin lost its suppressive 
effect. These results indicate that dimeric flavonoids can have 
significantly different effects on immune function parameters than 
the monomeric flavonoids. 

The role of reactive nitrogen and oxygen species has been 
identified as key modulators of inflammation and, thus, immune 
function during the past decade (51,76). Several phytochemicals, 
including the flavonoid EGCG from tea, were shown to reduce 
nitrite production by stimulated mouse peritoneal cells (79). EGCG 
was also shown to reduce the inducible nitric oxide synthase gene 
expression and inhibit enzyme activity (78). 

After stimulation of a neutrophil by an agonist, oxygen uptake 
increases and subsequent release of microbicidal products such as 
superoxide, hydrogen peroxide, nitric oxide, and hydroxy radical 
occurs. This respiratory burst, although effective in the killing 
of foreign particles, may also play a detrimental role through 
inflammation and oxidative damage to tissues. Flavonoids may 
be involved in net oxygen consumption of the cell and this effect 
appears to correlate with flavonoid structure (81). Formation of 
reactive oxygen species, as measured by chemiluminescence (CL), 
was inhibited by quercetin in Polymorphonuclear leukocyte PMN 
cells at a 10-5 M concentration of quercetin. Quercetin, at concentra
tions of I x 1O-6M to I x 1O-5M, also reduced the production of 
superoxide as well as reduced neutrophil oxygen consumption at 
concentrations of lO-4M. All nine flavonoids tested reduced the 

neutrophil CL response to opsonized zymosan (80). These results 
indicate that the role of flavonoids in protection against oxidative 
damage is supported by the significant in vitro evidence that 
flavonoids possess strong antioxidant activity (27,82). 

In addition to the above-mentioned immune functions, flavo
noids have been screened for potential inhibition of human immu
nodeficiency virus infection and replication (82,83). Regarding 
flavonoid monomers, the flavans showed selective inhibition 
against HIV infection with epicatcchin-3-0-gallate showing the 
greatest activity (82). When investigating higher oligomers and 
tannins, it was found that for hydrolyzable tannins, a higher num
ber of units corresponded with greater anti-HIV activity; con
densed tannins and lower-molecular-weight polyphenols had little 
anti-HIV activity (83). 

The fundamental mechanisms by which some phytochemicals 
are able to impart immunomodulatory activities in vitro and in 
vivo are largely speculative at this time. The use of well-designed 
experiments at the molecular biological level should reveal some 
of these mechanisms with respect to modulation of levels of 
cytokines and other important signaling molecules. Many of the 
phytochemicals showing potential activity have also demonstrated 
antioxidant activities, with carotenoids and flavonoids being part 
of this group. In fact, a brief review of the antioxidant potential 
of carotenoids, coupled with the corresponding information for 
flavonoids discussed earlier, is useful for demonstrating the com
plexity of antioxidant chemistry and how it mayor may not be 
biologically relevant and, thus, important for immunomodula
tion (84). 

Carotenoids are known to be essential for protection of plant 
photosynthetic centers against the destructive actions of oxidation 
catalyzed by UV light (56). This knowledge led to the rationale 
extrapolation that intact carotenoids may also play an analogous 
protective role in humans (55) and that this activity may be related 
to their ability to modulate immune function (51). Although a 
good possibility, it is important to recognize the chemistry of 
carotenoids and what this means with respect to their potential 
activity as antioxidants. Of great significance is the extensive 
conjugation present in the backbone of most carotenoids and the 
ability of this conjugation to dissipate the energy associated with 
singlet oxygen (44). Indeed, this is exactly why carotenoids play 
such a critical role in the protection of plants from photooxidation. 
However, this same structural characteristic makes these carot
enoids outstanding targets for oxidative abstraction of a hydrogen 
atom, with subsequent modification and degradation seen for other 
unsaturated lipids that are easily oxidized and participate in auto
oxidative processes (85). Thus, in instances where singlet oxygen 
is a critical oxidant, carotenoids may be important in defending 
biological tissues against oxidative damage; however, the presence 
of singlet oxygen in vivo in humans is unclear at present. Con
versely, carotenoids may be oflittle value in preventing or attenuat
ing other forms of oxidative stress and may, in fact, promote 
oxidation of certain substrates due to their highly unsaturated 
structure. Understanding this is further complicated by the poten
tial for carotenoids to have different antioxidant potential under 
different oxygen pressures (86). 

The antioxidant potential of flavonoids and certain other phyto
chemicals in biological systems is equally complex to that 
described above for the carotenoids (87). Thus, although the poten
tial for phytochemicals to modulate immune function via their 
ability to act as antioxidants is enormous, there is still a large 
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amount of research left to be done to understand the mechanisms 

by which they can function to do this. Additional work to achieve 

this goal includes a better understanding of the chemistry of indi
vidual phytochemicals as well as the biological environment in 

which they may function. 

CONCLUSION 

The human immune system is extremely complex, and a multitude 

of dietary factors play key roles in its regulation. Based on a large 

amount of in vitro data, it appears that certain dietary phytochemi

cals, most of which are commonly deemed "nonessential," possess 

the potential to modulate at least some aspects of immune function 

in humans. Although promising, defining the role that phytochemi

cals may play in immunomodulation will be challenging. To 

understand this role, a concordance of epidemiological, mechanis

tic, and clinical data will have to be achieved for phytochemicals 

of interest. In many cases, this will require not only isolation 

and testing of individual compounds but also mixtures of closely 

related compounds such as those that typically occur in plant foods. 

In this chapter, we have used research on carotenoids and 

fiavonoids in the field of immunomodulation as a working example 

to illustrate the potential that certain classes of phytochemicals 

have for bioactivity in this area. In addition, these examples illus

trate the complex chemical, biochemical, and biological issues that 

face scientists who endeavor to define the role of phytochemicals in 

modulating human immune function. Indeed, it is sobering to 

consider that although these two classes of phytochemicals have 

been intensely studied in a nutrition and health context for decades, 

there is still a tremendous amount of work to accomplish before 

we can draw conclusions about their immunomodulating potential. 

And yet, we do not want to lose perspective on the valuable 

insights gained from this research. For example, it is clear that 

at least a few members from each of these phytochemical classes 

demonstrate immunomodulating activity in vitro and in vivo mod

els. In addition, preliminary clinical evidence suggests that beta

carotene may have immunoenhancing effects in elderly popula

tions and applications to other populations that are environmen

tally or otherwise stressed. Most importantly, the research on 
carotenoids and flavonoids has demonstrated the essentiality of 
understanding the fundamental chemical and biological aspects 
of phytochemicals in order to design the appropriate in vivo model 

and clinical experiments necessary for defining the role of dietary 
phytochemicals in human immune function. 
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Modulate T-Lymphocyte Activation 
Clinical Relevance in Treating Diseases 
of Chronic Inflammation 
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DIETARY FISH OIL THERAPY IN 
INFLAMMATORY DISEASES 
Approximately 40 million Americans (1 in 7) are afflicted with 
arthritis. Arthritis costs the economy an estimated $54.6 billion 
annually in medical care and indirect costs (i.e., lost wages) and 
is the number one cause of disability in the United States. The 
Centers for Disease Control and Prevention project that by the 
year 2020, the number of cases of arthritis will increase to 59.4 
million Americans (1). Current therapy includes the use of nonste
roidal anti-inflammatory drugs (NSAIDs) and slow-acting anti
rheumatic drugs, but because of side effects, these drugs are 
usually not administered for more than 2 yr (2,3). The development 
of safer therapeutic strategies are required to improve patient 
quality of life in the long term. One such therapeutic approach 
has been the use of fish oil supplementation. Epidemiological data 
collected in the 1970s indicate that Greenland Eskimos have a 
decreased incidence of inflammatory disease despite their high-fat 
diet. Similar observations were made in the Japanese population, 
which led to the correlation between a lower incidence of inflam
matory disease and high consumption, relative to Americans, of 
cold-water marine fish (4). Scientists have tested the effects of 
dietary fish oil supplementation on rheumatoid arthritis (RA) in 
human clinical trials (3,5). 

Rheumatoid arthritis is a chronic inflammatory disease and the 
most severe and disabling type of arthritis, afflicting approximately 
2.1 million Americans (1). Double-blind, placebo-controlled clini
cal trials showed that supplementation with fish oil containing 
2.7-5.6 g1d of eicosapentaenoic acid (EPA) and docosahexaenoic 
acid (DHA), the two n-3 polyunsaturated fatty acids enriched in 
fish oil, over a 12-wk period led to significant improvement in 
the number of tender and swollen joints, grip strength, and global 
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disease activity (3,5). The average American normally consumes 
approximately 100 mg/d of EPA and DHA (in the form of fish) 
compared to 8000 mg/d in clinical trials and 6000-12,000 mg/d 
by Greenland Eskimos (6-10); (Table 1). Taken together, these 
clinical trials indicate that, similar to drug therapy, dietary fish oil 
does not cure rheumatoid arthritis but does significantly alleviate 
symptoms. Most recently, research has focused on the use of fish 
oil supplementation as an adjunct to drug therapy. A 4-mo double
blind placebo-controlled study in which patients were given 5.8 
g/d of EPA and DHA in conjunction with naproxen indicated an 
added benefit of including the fish oil supplements (10). Further
more, supplementation for 6 mo with 3.0 g/d of EPA and DHA 
resulted in a significant decrease in NSAID usage (11). Similar 
results were obtained in two other double-blind, placebo-con
trolled clinical trials in which patients were supplemented with 
approximately 2.8 g/d EPA and DHA for 12 mo (12,13), which 
represents the longest clinical trials to date. Increasing supplemen
tation to 6.2 g1d EPA and DHA for 22 wk allowed some patients 
to discontinue NSAID therapy (14). Although dietary fish oil has 
been shown to be beneficial in managing rheumatoid arthritis, fish 
oil does not appear to influence inflammatory skin disorders such 
as atopic dermatitis and psoriasis (15). Therefore, fish oil cannot 
be used as a general anti-inflammatory agent. One drawback to 
these studies is that the fish oil protocol required the consumption 
of at least 10 capsules/d (depending on the source of fish oil), 
which could lead to compliance problems and significant cost to 
patients. Future investigations need to determine whether the same 
beneficial effects come from the substitution of fish and fish prod
ucts in the diet. 

Studies have also been conducted in rodent models of inflam
matory disease in order to elucidate the biological mechanism(s) 
of dietary fish oil's anti-inflammatory properties. In the 1970s, it 
was shown that feeding low-fat (1.2% wt/wt) diets increased the 
life-span in autoimmune-prone mice compared to a high-fat (9-
18%) diet (16). In the 1980s, it was revealed that not only the 
amount of fat but the type of fat was an important variable in the 



122 PART II / SPECIFIC NUTRIENT REQUIREMENTS 

Table 1 
Comparison of the Fatty Acid Consumption Among Epidemiological, Clinical, and Experimental Studies 

Fatty acid Greenland Eskimo Japanese 

% Energy as fat 39b 30 
FatC 130b 70 
18:2n-6c 2-Y 2-5d 

18:3n-3c 13.7b O.4d 

20:4n-6c 1.3 2.6 
20:5n-3+ 
22:6n-3c 6-12d 1-Y 

"From Ref. 9. 
bFrom Ref. 6. 
cValues represent grams per day. 
dfrom ref. 7. 
eFrom ref. 8. 
[From ref. 3. 

modulation of inflammatory disease. The first study to show a 
beneficial effect of dietary fish oil on rodent inflammatory disease 
was in 1983. This study showed that feeding 25% (wt/wt) fish 
oil increased the survival of NZBxNZW 1F1 mice, which are prone 
to developing autoimmune nephritis. Control mice fed a lard
based diet died from renal failure (17). This mouse strain serves 
as a model for the human inflammatory disease systemic lupus 
erythematosus (SLE). Using the same mouse model, similar results 
were obtained by feeding 20% fish oil compared to com oil 
controls (18,19). Mrllpr/lpr (Mrl/l) mice, a model for human SLE 
and RA, exhibited decreased severity of renal pathology when 
fed a 25% (wt/wt) fish oil diet (20). 

The effects of fish oil supplementation in murine inflammatory 
disease models are more dramatic when compared to human clini
cal trials. This could be explained, in part, by the fact that fish 
oil feeding in rodent disease models begins prior to disease onset, 
whereas human clinical trials initiate fish oil supplementation 
after disease onset. Initiating fish oil supplementation prior to the 
development of clinical signs of RA might have a greater impact 
on disease incidence and/or severity. One would predict that early 
supplementation would enhance the beneficial effects of fish oil 
because of the overwhelming epidemiological evidence in Green
land Eskimos and the Japanese (4). One study has addressed this 
issue and showed that feeding 5% (wt/wt) fish oil starting after 
disease onset in NZBxNZW mice did increase survival rate (21), 
but the effect was not as dramatic as initiating the feeding regimen 
prior to clinical disease (20). As with human inflammatory disease, 
high-dose fish oil feeding (25% wt/wt) is not effective in all rodent 
models of inflammatory disease (e.g., collagen-induced arthritis 
in rats) (22). In contrast, a lower-dose (5%) fish oil feeding sup
pressed the susceptibility of mice to collagen-induced arthritis 
(23). One possible explanation for this discrepancy is that too 
much fish oil could be deleterious in some inflammatory diseases. 
These observations underscore the need to carefully determine 
optimal doses of fish oil that should be used clinically for treating 
different inflammatory diseases. 

REGULATION OF T-CELL FUNCTION BY 
DIETARY FISH OIL 

The etiology ofRA is currently unknown; however, the pathogene
sis is understood, although not fully. RA is an autoimmune disease, 
meaning that the immune system has become deregulated and 

Canadiana Mouse United States" Clinical trials 

39 7 38 40 
80-110 0.150 80 88 
14-19 0.080e 14.7 14.7 
1.4-2.8 0 1.6 1.6 
0.25 0 0.1 0.1 

0.15 0.048e 0.1 Sf 

is responding actively to self-antigen(s). Several immune cells, 
including T and B lymphocytes and macrophages are involved in 
this chronic, destructive joint inflammation (24). In an attempt to 
elucidate the mechanisms of the anti-inflammatory action of fish 
oil, research has focused primarily on the T cell and, to a lesser 
extent, on the macrophage. 

The T cell is a key player in propagating an immune response 
by responding to antigen. Antigen presentation to the T cell in 
the context of the major histocompatibility complex (MHC) is 
mediated via interaction with the antigen specific T-cell receptor/ 
CD3 complex (TCRlCD3). This signal is necessary but not suffi
cient to induce a functional response (i.e., proliferation). A second, 
or costimulatory, signal is required, which is derived via accessory 
cells such as macrophages (25). The costimulatory signal can 
come from soluble mediators such as interleukin-l (IL-1) and/or 
tumor necrosis factor (TNF) (26) interacting with the T-cell IL
l receptor (IL-1R) and/or TNF receptor (TNFR). Alternatively, the 
costimulatory signal could be derived from macrophage-expressed 
plasma membrane receptors, of which B7-1 and B7-2 provide 
the strongest T-cell co stimulation. The B7-1 and B7-2 receptors 
interact with the T-cell ligands CD28 and CTLA-4, respectively. 
The net result of the two stimulatory or activating signals is 
secretion of interleukin-2 (IL-2), a potent autocrine and paracrine 
T-cell growth factor, and expression of the IL-2 receptor a-chain 
(IL-2R a). The IL-2R a-chain interacts with the constitutively 
expressed ~- and y-chains to yield a high-affinity IL-2R complex. 
The secreted IL-2 binds to the high-affinity IL-2R, which drives 
the T cell through the cell cycle. The proliferating T cells increase 
in number and differentiate into effector cells, secreting a plethora 
oflymphokines (hormonelike glycoproteins). These include IL-2, 
IL-4, IL-5, and IL-6, which enhance immunoglobulin production 
(humoral immunity), and interferon-y (IFN-y) as well as IL-2, 
which enhance cell-mediated immunity (25). Therefore, T cells 
play important regulatory roles in both major arms (humoral and 
cell mediated) of the immune system. 

Generally, dietary fish oil suppresses T-cell proliferation (27-
31). Supplementing healthy human volunteers with 18 g/d of 
fish oil for 6 wk diminished T-cell proliferation associated with 
reductions in IL-2 secretion in peripheral blood lymphocytes stim
ulated in vitro with phytohemagglutinin (PHA), a poly clonal T
cell mitogen (32). Supplementation with a lower dose of fish oil 
(3 g/d) for 12 wk resulted in suppressed PHA-induced T-cell 
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proliferation and impaired IL-2 secretion in the cultured peripheral 
blood mononuclear cells of healthy female volunteers (33). 
Recently, the effect of fish in the diet (instead of fish oil capsule 
supplementation) on human T-cell function was determined. Con
sumption of 180 g fish/d for 24 wk resulted in suppressed conca
navalin A (Con A; a polyconal T-cell mitogen)-induced prolifera
tion, which was associated with reductions in the T -cell-dependent 
delayed-type hypersensitivity response in vivo (34). Similar results 
were found in rodent studies. Rats fed a diet containing 20% (wti 
wt) fish oil for 10 wk exhibited suppressed Con A-induced T-cell 
proliferation in splenic lymphocytes (35) and whole blood (36). 
Feeding mice half the amount of fish oil (10% wtiwt) for 8 wk 
also reduced PHA-induced T-cell proliferation in murine splenic 
lymphocytes (37). In contrast to all these reports, a recent study 
demonstrated that feeding monkeys 3.3% of energy as EPA and 
DHA for 14 wk increased Con A- and PHA-induced T-cell prolif
eration and IL-2 secretion in peripheral blood mononuclear cells 
(38). The reason for this discrepancy is currently unknown. A 
human study showed that ingestion of 4 g/d EPA ethyl esters for 
8 wk enhanced T-cell PHA -mediated proliferative responses (39). 
However, these patients were asthmatic and the effects of the 
pathology of asthma on T-cell function and responses was not 
determined. 

Taken together, the majority of these data suggest that the 
anti-inflammatory effects of fish oil are mediated, in part, via 
downregulation of T-cell proliferation. Impaired proliferation and 
IL-2 secretion in response to fish oil supplementation has been 
well documented; however, the mechanism(s) by which these 
phenomena occur is not known. 

MECHANISMS BY WHICH FISH OIL 
MODULATES T-CELL FUNCTION 
There are several possible mechanisms for the suppressed T-cell 
proliferation observed in the vast majority offish oil supplementa
tion studies. These include 

1. Alterations in the relative distribution of T-cell subsets. 
2. Modifications of T-cell membrane structure. 
3. Changes in accessory cell (primarily the macrophage) abil

ity to costimulate the T cell. 
4. Modified T-cell intracellular signals. 

In general, the suppressive effects of fish oil are attributed to 
EPA [20:5n-3] and DHA [22:6n-3]. Dietary fish oil mediates its 
biological effects via incorporation of these polyunsaturated fatty 
acids into the membrane lipids of a variety of cells, including T 
cells (8) and macrophages (40,41). 

One potential explanation for fish oil supplementation sup
pressing T-cell proliferation is reduced numbers of T cells or 
alterations of T-cell subsets. There are two major T-cell subsets 
that can be distinguished phenotypically based on the plasma 
membrane expression of either the CD4+ or CD8+ molecules. 
These subsets also differ functionally. The CD4+ T cells are 
helper/inducers of the immune response and produce high levels 
of IL-2, whereas the CD8+ T cells are cytotoxic/suppressors of 
immunity and utilize IL-2 (25). Therefore, relative increases in 
CD8+ T cells could result in reduced T-cell proliferation because 
of the reduced availability of IL-2 or putative suppressor activity. 
Alternatively, reductions in the proportion of CD4+ T cells could 
yield a lower proliferative response. The effect of dietary fish oil on 
T-cell subsets varies depending on the experimental system used. 

Consumption of 180 g/d of fish by human volunteers for 24 wk 
yielded decreased CD4+ and CD8+ T cells in the peripheral blood 
(34). Similar results were obtained in the spleens from mice fed a 
diet containing 10% (wtiwt) fish oilfor 8 wk (37). In contrast, there 
was no effect offeeding a 20% (wtiwt) fish oil diet to rats on T-cell 
populations in whole blood (36), spleen, lymph node, or thymus 
(35) or in mice fed highly purified EPA or DHA ethyl esters (42). 
These contradictory results justify the continued examination of the 
effects of fish oil on T-cell phenotype distribution. 

Alternatively, EPA and DHA could alter the membrane struc
ture of T cells, resulting in a suppressed proliferative response. 
Incorporation of EPA and DHA into membrane phospholipids 
could alter membrane fluidity (ability of proteins to move in the 
lipid bilayer), thereby influencing the ability of T cells to be 
triggered by environmental signals (e.g., antigen-MHC, costimu
latory molecules) (43). However, T cells appear to possess com
pensatory mechanisms, which allow them to maintain a homeo
static fluidity (44,45). Although bulk or overall membrane 
structure may remain intact, annular domains (area immediately 
surrounding membrane proteins) could be modified, ultimately 
affecting cellular responses (46). To date, this mechanism has not 
been evaluated in T cells. 

T-cell activation (i.e., proliferation) could be indirectly inhib
ited by fish oil feeding by modifications of accessory cells, primar
ily macrophages. The macrophage provides an obligatory costimu
latory signal, without which the T cell cannot proliferate. By far, 
the most extensively studied mechanism by which dietary fish 
oil could modulate macrophage-derived T-cell costimulation is 
eicosanoid metabolism. Feeding fish oil leads to an increase in 
EPA and DHA in some membrane phospholipids with a concomi
tant decrease in arachidonic acid (AA) (20; 4n-6) content 
(40,47,48). The cyclooxygenase enzymes metabolize AA, yielding 
prostaglandin E2 (PGE2) which directly suppresses T-cell prolifera
tion. A decrease in PGE2 production is observed in response to 
fish oil feeding because of reduced levels of AA (47,49). The 
increased EPA in cellular phospholipids yields more PGE3, which 
is less biologically active than PGE2. DHA does not yield PGs, but 
it can suppress PGE2 formation by inhibiting the cyclooxygenase 
enzyme (50). Therefore, decreased PGE2 production would result 
in enhanced T-cell proliferation. However, the T-cell proliferative 
response is suppressed, not enhanced, in fish oil feeding studies, 
suggesting the involvement of additional mechanisms (51-55). 
Alternative mechanisms by which fish oil supplementation might 
influence macrophage function, leading to suppression of the T
cell proliferative response, have been investigated. Feeding fish 
oil to mice decreased the antigen-presenting function of spleen 
cells (the macrophage is the major antigen-presenting cell in the 
spleen) suggesting downregulation of macrophage MHC expres
sion (56). Studies in humans show that fish oil supplementation 
(3 g/d) was accompanied by downregulation of macrophage MHC 
as well as adhesion molecule expression (57). The diminished 
expression of adhesion molecules could reduce the interaction 
between the T cell and the macrophage resulting in suppression 
of T-cell proliferation. Dietary fish oil may also influence the 
production of macrophage-derived costimulatory molecules. A 
10% (wtiwt) fish oil diet was shown to suppress the costimulatory 
molecule IL-l mRNA in murine macrophages (58). Interestingly, 
fish oil feeding enhanced murine macrophage TNF secretion 
(59,60). The mechanism most likely involves the downregulation 
of PGE2 because PGE2 suppresses macrophage-derived TNF pro-
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duction (60). In this scenario, the extracellular concentration of 
TNF could increase to the point that it inhibits T-cell proliferation. 
Taken together, dietary fish oil can indirectly suppress T-cell 
proliferation via modifications of macrophage prostaglandin pro
duction, cell-surface receptor expression, and secretion of costimu
latory proteins. 

Finally, dietary fish oil could modulate T-cell function directly. 
Research, to date, has focused primarily on the expression of mem
brane receptors that play integral roles in T-cell function. Fish oil 
feeding (10% wtlwt) in mice has been shown to suppress CD8+ cell
surface expression in splenic T cells (61). CD8+ is a receptor that 
interacts with the MHC in conjunction with the TCR/CD3 complex 
and generates intracellular signals important for T-cell function. 
Humans fed 6 g/d of EPA and DHA ethyl esters for 4 mo showed 
suppressed IL-2R a-chain expression at the cell surface in response 
to PHA activation (62). Decreased IL-2R a expression would sup
press the number of high-affinity IL-2Rs, which could blunt the 
T-cell proliferative response. We have recently demonstrated that 
both EPA and DHA significantly suppress T-cell proliferation 
(42). To further elucidate the mechanism(s) of action of EPA and 
DHA on T-cell function, we determined the production of IL-2, 
a potent polyclonal autocrine T-cell growth factor, in Con A-stimu
lated splenic lymphocytes. Con A-induced IL-2 production was 
significantly reduced in both the EPA- and DHA-fed mice (42), 
which paralleled the suppressed proliferative response. Flow cyto
metric analysis revealed that the suppressed IL-2 production and 
proliferative response was not the result of major alterations in 
the primary splenic T-cell subpopulations (CD4+ and CD8+). 
Although dietary EPA and DHA have been shown to alter the 
expression of select cell-surface receptors, the intracellular events 
influenced are largely unknown. Clearly, the effects of dietary 
fish oil on the T-cell processes leading to proliferation is an area 
of research that needs serious examination in the future. 

In summary, dietary fish oil can potentially modulate T-cell func
tion directly and/or indirectly via alterations in accessory cell 
function. Alterations in prostaglandin metabolism has been the 
focus of a majority of studies to date. However, changes in the 
types of prostaglandins produced cannot completely explain the 
suppressed T-cell proliferation. Shifts in T-cell CD4+ and CD8+ 
subsets cannot explain the suppressed proliferative response in all 
the studies. Although changes in annular membrane lipid domains 
could play a role in fish oil's effects, current methodologies are 
not yet available to allow scientists to decisively answer this 
question. The effect of dietary fish oil on relevant intracellular 
signal transduction and gene expression leading to T-cell prolifera
tion has received the least attention to date. 

T-CELL SIGNAL TRANSDUCTION 

Optimal T-cell proliferation requires perturbation of the TCR/ 
CD3 complex and additional costimulatory receptors (63-65). 
Stimulation by these receptors generates intracellular signaling 
pathways, which activate transcription factors that induce the coor
dinate transcription of the IL-2 and IL-2R a genes (66). Transcrip
tion of the IL-2 gene is mediated by transcription-factor-binding 
sites located in the promoter region. These include nuclear factor 
of activated T cells (NF-AT), Oct-I, nuclear factor KB (NF-KB), 
and activating protein-l (AP-l, a heterodimer composed of fos 
and jun) (67,68). Currently, the only known transcription factor 
regulating IL-2R a-gene expression is NF-KB (69-72); however, 
the presence of other potential DNA-binding sites has recently 
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Fig. 1. T-cell receptor intracellular signal transduction. Stimulation 
of the T-cell receptor leads to the activation of the MAP kinase, PKC, 
PI-3-kinase and calcineurin signal transduction pathways. NF-AT = 
nuclear factor of activated T-cells; PKC = protein kinase C; PLC-yl = 
phospholipase C-yl; PIP3 = phosphatidylinositol-3,4,5-triphosphate; 
PIPz = phosphatidylinositol-4,5-bisphosphate; IP3 = inositol-I,4,5-tri
phosphate; Grb2 = growth factor bound protein-2; SOS = son of 
sevenless; DAG = diacylglycerol; MAP kinase = mitogen activated 
protein kinase. 

been investigated (73-75). The net result of these transcriptional 
events is the secretion ofIL-2 and expression ofthe IL-2R a-chain 
at the plasma membrane. Binding of IL-2 with the IL-2R initiates 
a second set of intracellular signals, driving the T cell to proliferate 
(76). In terms of the cell cycle, the TCR/CD3 complex plus 
costimulatory receptor perturbation drives the Go to G) transition 
and the IL-2IIL-2R signaling system controls G) to S-phase transi
tion, ultimately leading to T-cell mitosis (77). 

Intracellular signaling via stimulation of the TCR/CD3 complex 
has been extensively studied (Fig. 1). The TCR/CD3 complex is 
composed of the a and ~ transmembrane peptides (TCR), forming 
the antigen-specific part of the complex. The CD3 portion is com
prised of the y, 0, two E, and two covalently bound ~ transmembrane 
peptides. The a- and ~-chains have short (approximately 5-10 
amino acids) cytoplasmic tails; therefore, the longer cytoplasmic 
tails of the CD3 complex are thought to possess the signal transduc
tion potential. Stimulation of the TCR/CD3 complex by monoclonal 
antibodies to the CD3 portion or mitogenic lectins (Con A) induces 
the tyrosine phosphorylation of the ~-chains on two tyrosine resi
dues by the nonreceptor tyrosine kinase, fyn. Zeta-chain phosphory-
1ation induces recruitment and subsequent association of the nonre
ceptor tyrosine kinase, ZAP-70. ZAP-70 is then activated via 
tyrosine phosphorylation, presumably by fyn or lck (another nonre
ceptor tyrosine kinase) (78). Once activated, Zap-70 tyrosine phos
phorylates phospholipase C-yl (PLC-yl), leading to its activation. 
PLC-yl hydrolyzes phosphatidylinositol-4,5-bisphosphate (PIP2), 
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yielding inositol-l,4,5-triphosphate (Ip) and diacylglycerol (DAG) 
(79). The IP) generated causes an increase in cytoplasmic calcium 
concentrations, which activates calcineurin, a serine/threonine 
phosphatase. Calcineurin dephosphorylates the cytoplasmic NF
AT, allowing it to translocate to the nucleus, where it binds to 
the IL-2 gene promoter and contributes to the upregulation of IL-
2 gene transcription. Increased levels of DAG activate the serine/ 
threonine kinase protein kinase C (PKC) (80,81). PKC ex and/or 
~ then phosphorylate, hence activating raf-l kinase (82). The 
raf-l kinase activates mitogen-activated protein kinase, which 
phosphorylates and activates mitogen-activated protein (MAP) 
kinase. MAP kinase ultimately enhances transcription of the los 
and jun genes by a currently unknown mechanism. The fos and 
jun proteins form AP-I, which binds to the IL-2 promoter, enhanc
ing IL-2 gene transcription (80). Interestingly, the TCRlCD3 com
plex possesses an alternative mechanism for raf-l kinase activa
tion. The phosphotyrosine residues of the CD3 chains recruits a 
36-kDa adaptor protein (83), recently termed Lnk in CD4+ T cells 
(48), allowing it to be phosphorylated by ZAP-70. The 36-kDa 
protein then associates with Grb2 (growth factor receptor bound 
protein 2), another adaptor protein. The Grb2, in tum, binds the 
son of sevenless (SOS) protein, which is a guanine nucleotide
exchange protein. By facilitating the exchange of bound GTP for 
GDP, the serine/threonine kinase ras is activated. The ras enzyme 
can then activate raf-l kinase, initiating the MAP kinase pathway 
described earlier (83). Finally, Lnk has been shown to recruit 
phosphatidylinositol-3-kinase (PI-3-Kinase) to the TCRlCD3 
complex (48). The tyrosine phosphorylation and subsequent acti
vation of PI-3-Kinase generates the 3-phosphorylated series of 
phosphoinositides (84), of which TCR stimulation has been shown 
to produce PIP). PIP) has been shown to activate PKC ~l, £, 11, 
and I; in vitro (85). 

Interleukin-2 receptor activates a novel signaling cascade 
referred to as the lAKISTAT pathway (janus kinase/signal trans
ducers and activators of transcription) (Fig. 1). IL-2 binding 
induces recruitment of the nonreceptor tyrosine kinase lAK3 to 
the cytoplasmic tails of the IL-2R, where they are activated by 
transphosphorylation (86,87). The lAK3 then tyrosine phospho
rylates cytoplasmic STAT5 (88-90) and STAT3 (91,92) proteins, 
allowing them to translocate to the nucleus and bind DNA, induc
ing gene transcription (86). The nonreceptor tyrosine kinase lck 
is also associated with the IL-2R, which phosphorylates the adaptor 
protein Shc, which plays an identical role as the 36-kDa protein 
in TCRlCD3 signal transduction. The Shc binds Grb2, which, in 
tum, interacts with and stimulates SOS. SOS stimulates ras activ
ity, leading to the activation of raf-l kinase, thus stimulating the 
MAP kinase cascade (83). 

The TCRlCD3 signaling cascades are crucial to T-cell prolifer
ation, but additional receptor-mediated events are necessary to 
induce IL-2 secretion, leading to the equally important IL-2R
generated intracellular signals. The signaling cascades activated 
by the T-cell costimulatory receptors [CD28, TNF (26), and IL-l] 
are not well established. However, what is known about these 
receptors will be discussed in conjunction with the TCRlCD3 and 
IL-2R signaling systems in relation to PKC activation. 

ROLE OF PROTEIN KINASE C IN 
T-CELL FUNCTION 

It is well accepted that PKC plays an important role in upregulating 
T-cell proliferation (93,94). T-Cell activation with phorbol esters 

induces IL-2 and IL-2R ex expression both at the protein (95-98) 
and mRNA (93,99) levels in normal and transformed T cells. This 
effect is suppressed by the addition of PKC pseudosubstrates 
(100). The addition of staurosporine, a PKC inhibitor, to mitogen
activated human T cells suppresses IL-2 secretion by reducing 
IL-2 gene levels as well as disrupting the intracellular transport 
of the IL-2 protein (101). The influence of pharmacologic agents 
on IL-2 gene expression is thought to be mediated by the PKC
dependent activation of ras. Recent evidence indicates that ras 
can be activated by both PKC-dependent and PKC-independent 
mechanisms (82,102,103), suggesting a redundancy of intracellu
lar signals resulting in ras activation in T cells. However, inhibition 
of PKC with pharmacologic agents suppresses IL-2 gene levels; 
therefore, PKC may influence signaling cascades in addition to 
the ras pathway. Unfortunately, many pharmacological agents are 
nonspecific activators relative to PKC isoforms and can potentially 
stimulate other intracellular events. In order to obtain a clear 
understanding ofPKC's role in T-cell activation, the development 
of tools necessary for the elucidation of individual functions for 
PKC isozymes is required. 

Protein kinase C is a family of serine/threonine kinases cur
rently consisting of 12 isoforms divided into 3 classes. The classi
cal PKCs (cPKC) are ex, ~1, ~2, and yand require phosphatidylser
ine (PS), calcium, and DAG. The novel PKCs (nPKC) include 0, 
£, 11, e, and 11 and differ from the cPKCs by their independence 
from calcium. The atypical PKCs are I; and t/'A and are calcium 
and DAG independent (81); however, I; can be activated by cera
mide (104). The T cell expresses ex, ~l, 0, £, 11, e, 11, and I; ('A 
has not been determined) (12,81). It is accepted that PKC plays 
an important, although currently unknown, role(s) in upregulating 
T-cell proliferation (82). The lack of understanding of PKC in 
T-cell function is, in part, the result of the multiple and differential 
expression of the PKC isoforms in T -cell lineages. Human periph
eral blood T cells from elderly individuals have less PKC ex protein 
relative to their young counterparts (105). PKC ex has also been 
shown to be absent from CD4+/CD8+ double positive thymocytes, 
which are functionally immature T cells (106). CD45RA+ cells, 
T cells that have not been stimulated or are naive, express higher 
protein levels of PKC ex, ~, and ° compared to CD45RO+ cells 
(memory T cells that have previously been activated) (107). In 
normal human CD4+ T cells, there is more ~ than ex protein, 
whereas in CD8+ T cells, the relative levels of ex and ~ are equal 
( 108). Differences also exist between normal and transformed T 
cells. Mature T lymphocytes express higher PKC ~ relative to ex, 
whereas in lurkat cells, aT -cell line, more ex is expressed compared 
to ~ (106,109). There are even differences between T-cell clones, 
with some not expressing PKC ex, whereas others lack PKC ~ 
(110). Because malignant transformed cell lines are routinely used 
for the elucidation of T-cell signal transduction pathways (e.g., 
lurkat cells), caution should be used when extrapolating these 
data to normal cells. 

Functionally, the ex and ~ PKC isoforms are the most exten
sively studied in the T cell. Stimulation of T cells with Con A or 
the phorbol ester PMA results in the translocation of PKC ex and 
~ from the cytosol to the membrane fraction in lurkat cells (111). 
Similar observations have been in anti-CD3 stimulated human T 
cells (112). This is important because translocation allows PKC 
to interact with cofactors (DAG and PS) in the membrane which 
activate the classical and novel isozymes. Transgenic mice overex
pressing PKC ex exhibited enhanced IL-2 secretion and prolifera-
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tion in anti-CD3-stimulated thymocytes; however, the effects on 
mature T cells were not investigated (113). Transfection resulting 
in overexpression of PKC ex in 1urkat cells enhanced AP-I and 
NF-AT but not NF-KB DNA-binding activity; however, no func
tional responses were determined (114). Overexpression of a con
stitutively active PKC ~ mutant in 1urkat cells induced the activity 
of an IL-2 gene reporter plasmid (115). In a similar cell model, 
PKC ~-induced IL-2 promoter activity was associated with the 
activation of AP-I (116). Inhibition of PKC ~ I with a ~ I-specific 
agonist reduced the expression of IL-2 and IL-2R ex protein levels 
(117). Direct comparison of PKC ex and ~ function in human T 
cells has shown that anti-CD3 monoclonal antibody stimulation 
induced a transient activation of PKC ex at 10 min, followed by 
a prolonged increase in PKC ~ activity from 30 to 240 min. 
Suppression of PKC ~ activity by a monoclonal antibody resulted 
in suppressed IL-2 secretion and subsequent proliferation (118). 
Furthermore, specific downregulation of PKC ~ by ouabain 
reduced IL-2 gene levels without affecting IL-2R ex expression, 
suggesting the influence on differential signaling pathways involv
ing distinct PKC isoforms (93). Despite this evidence, controversy 
still exists regarding the importance of PKC ~ in T-cell prolifera
tion. Three T -cell lines do not express PKC ~ but still proliferate 
and produce IL-2 in response to phorbol ester (119-121). How
ever, these cell lines may not accurately represent the intracellular 
events in normal cells. In addition to studies examining transloca
tion and enzymatic activity, some evidence has been gathered 
showing upregulation of PKC ex and ~ mRNA expression in 
response to stimulation. The addition of phorbol ester and calcium 
ionophore enhances PKC ex and ~ protein and mRNA, which was 
positively associated with enhanced IL-2 production and IL-2R 
ex expression in human T cells (122). Mitogenic stimulation of 
thymocytes induces multiphasic expression of PKC ~ mRN A over 
time (123). Mature, human T-cell stimulation with PHA transiently 
increased the time-dependent expression of PKC ex and ~ (124). 

Studies examining the role of PKC isoforms other than ex and 
~ are somewhat limiting. PMA induces the translocation of PKC 
£ in 1urkat cells (125). In normal human T cells stimulated with 
anti-CD3 monoclonal antibody, PKC 0 and £ translocated to the 
membrane (112). PMA stimulation does not affect PKC I; translo
cation or redistribution to other intracellular compartments. How
ever, stimulation with anti-CD3 led to a redistribution of PKC I; 
to a possible cytoskeletal compartment (126). This study under
lines the potential differences in PKC isozyme function when using 
different stimuli. Mitogenic stimulation of thymocytes induces 
multiphasic expression of PKC £, 1;, and 0 mRNA over time (123). 
A recent study showed that PKC £ activated AP-I and NF-AT 
but not NF-KB, whereas PKC I; did not affect any of the three 
transcription factors (114). Unfortunately, these observations were 
not made in the context of a functional response. 

Another area of controversy in T-cell PKC biology is whether 
PKC plays a role in IL-2-mediated signaling. Downregulation of 
PKC by PMA did not affect IL-2-mediated proliferation in Ar-5 
cells, aT-cell clone, whereas Con A-induced, TCRlCD3-mediated, 
proliferation was suppressed (127). IL-2 also induced proliferation 
in a murine T-cell clone that lacks the expression of the DAG 
and phospholipid-dependent PKC isoforms (128). In contrast, a 
selective PKC inhibitor suppressed IL-2-mediated proliferation in 
TSI cells, a T-cell line (129). Using two other murine T-cell 
clones, this same group showed that the addition of antisense 
oligonucleotides to PKC ~, £ or I; reduced IL-2-mediated prolifera-

tion (130). In CT6 cells, an IL-2-dependent murine T-cell clone, 
IL-2 induces the translocation and subsequent activation of PKC 
(131). Clarification of these contradictory data requires studies 
examining the role of PKC in normal T cells. Clearly, the majority 
of the work examining the role of PKC isoforms in T cells has 
focused on translocation and subsequent activity. However, one 
study showed that IL-2 transiently induced the activity of an 
inactive membrane-associated pool of PKC (132), suggesting that 
the lack of PKC translocation does not indicate that PKC is not 
activated. Activation-mediated mRNA expression and induction 
of protein levels, as well as functions of individual PKC isoforms, 
are areas that need to be examined in the future in order to elucidate 
the role of PKC in T-cell activation. 

One of the many important events in T-cell activation is the 
production of the intracellular lipid second messenger, DAG, 
which· activates protein kinase C ex, ~, y, 0, £, 11, e, and fl. It is well 
accepted that stimulation of the TCRlCD3 complex transiently 
generates DAG (79,82) through activation of PLC-yl, hydrolyzing 
PIP2 to DAG and IP3• DAG has also been shown to be produced 
via the hydrolysis of phosphatidylcholine (PC) in 1urkat cells 
stimulated with PHA or anti-CD3 monoclonal antibody (133-
135). PC is hydrolyzed by phospholipase D (PLD), yielding phos
phatidic acid (P A), which is then converted to DAG by phosphati
dyl phosphohydrolase (136). The duration of DAG production is 
also important. For example, a single transient increase in DAG 
is not sufficient to induce T-cell proliferation, as suggested by the 
requirement for multiple additions of exogenous DAG (137,138) 
or stimulation of the CD3ffCR complex (139) over a 2- to 4-h 
time period to induce T-cell proliferation. Interestingly, the PLD 
activity in stimulated 1urkat cells occurs at 10-30 min poststimula
tion (135), whereas PLC-yl activity transiently peaks at 5 min 
poststimulation, suggesting that DAG can be produced for pro
longed periods by PLD activation (135). These observations are 
in agreement with the generally accepted model that DAG is 
biphasically produced, with the initial increase resulting from 
PIP2 hydrolysis and a more sustained increase generated by the 
hydrolysis of PC (140). Additional contributors to the intracellular 
pool of DAG are the costimulatory receptors (e.g., IL-I [141,142] 
and CD28 [143].) Equally important to the duration of DAG 
production is the molecular species of DAG produced. It has been 
shown that T-cell activation by either PHA or anti-CD3 generates 
DAGs with different fatty acid compositions (144). The relevance 
of this observation in regard to PKC activation remains unknown. 
Alternatively, DAG has been shown to be generated by the IL-
2R (145) that does not stimulate PIP2 hydrolysis (146). The IL-
2R-mediated DAG appears to come from a novel source, the 
hydrolysis of glycosylphosphatidylinositol molecules (147). The 
physiologic relevance of these observations remains to be deter
mined. In conclusion, DAG is produced from mUltiple sources 
over distinct time periods and acts coordinately to induce T-cell 
proliferation. The key questions are as follows: What are the 
kinetics of DAG formation and degradation in normal T cells and 
how does this precisely relate to T-cell proliferation? What are 
the lipid sources of DAG? 

Recently, ceramide has emerged as a positive effector molecule 
in T-cell proliferation (148). This is quite surprising because cera
mide is generally thought to be a molecule that induces growth 
suppression and/or cell death (149). Ceramide can be generated 
by the hydrolysis of sphingomyelin (SM) via sphingomyelinase 
(SMase) or de novo by the condensation of palmitoyl CoA and 
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serine, yielding sphingosine. A fatty acid is then added to sphingo
sine by ceramide synthase, yielding ceramide (150). Most reports 
to date indicate that the hydrolysis of SM is the pathway used for 
intracellular signaling. There are currently two major isoforms of 
SMase. The neutral SMase (N-SMase) is located at the plasma 
membrane, whereas the acidic SMase (A-SMase) is thought to be 
located in lysosomes. These two isoforms have pH optimas of 
7.4 and 5.0, respectively (151). The T-cell costimulatory molecules 
TNF and IL-I stimulate the generation of ceramide by a N -SMase 
(152,153). However, both TNF and IL-I T-cell receptors produce 
DAG (131), which, at this point, is thought to have antagonistic 
effects on ceramide (149). A series of experiments in Jurkat cells 
show that ceramide is produced by both N-SMase and A-SMase 
in response to TNF stimulation. The N-SMase is transiently acti
vated at 1.5 min, whereas the A-SMase is transiently activated at 
4 min post-TNF addition (153). It has also been shown that DAG, 
derived from a PC-specific PLC, activates A-SMase (154,155), 
thereby linking the DAG and ceramide signal transduction path
ways. Activation ofthis TNF-mediated pathway is associated with 
the activation ofNF-KB, allowing the cytosolic transcription factor 
to translocate to the nucleus in both Jurkat (156) and murine 
spleen T cells (157). These observations have been associated with 
cell death; however, at lower concentrations, TNF is costimulatory 
with respect to T-cell proliferation (26). Further evidence for the 
positive role of ceramide in T-cell function came from EL-4 cells, 
a thymocyte cell line, in which IL-I-induced ceramide formation 
and IL-2 secretion (158). Additionally, CD28 stimulates ceramide 
production by A-SMase in Jurkat and freshly isolated murine 
spleen T cells (159). In the same cell system, it was shown that 
ceramide mediated its costimulatory effects by enhancing IL-2 
mRNA levels via inducing gene transcription and stabilizing IL-
2 mRNA (160). Interestingly, ceramide levels are suppressed in 
IL-2 stimulated human T cells (161). This study indicates the 
possibility that ceramide may playa positive role at distinct times 
in the cell cycle. The mechanism by which ceramide modulates T
cell proliferation remains unclear. However, ceramide can activate 
several cellular enzymes, including ceramide-activated protein 
kinase (CAPK), ceramide-activated protein phosphatase (162), 
and PKC S (104). The enhancement of IL-2 production in EL-4 
cells by ceramide was associated with enhanced CAPK activity 
(158). Recently, CAPK has been shown to phosphorylate, hence 
activate, raf-l kinase (163), which has been attributed to the 
N-SMase and not the A-SMase (164). This could explain the 
mechanism by which exogenous ceramide enhances MAP kinase 
activity and proliferation in fibroblasts (165). An additional mech
anism is via the ceramide-dependent activation of PKC S, which 
has been shown to activate NF-KB (104). Alternatively, ceramide 
has been shown to stimulate AP-I DNA-binding activity via acti
vation of the Jun nuclear kinase (166). However, some of the 
biological effects of ceramide could be attributed to sphingosine, 
which is generated by the hydrolysis of ceramide by ceramidase. 
Recently, sphingosine has been shown to inhibit apoptosis in the 
IL-2-dependent T-cell line CTLL-2. In this study, inhibition of 
sphingosine formation resulted in apoptosis. Specifically, at 2 11M 
sphingosine, apoptosis was inhibited, but the addition of 5 11M 
sphingosine induced apoptosis (167). When 20 11M sphingosine 
is added to Jurkat cells, DAG kinase, which phosphorylates DAG 
to PA, is activated (168,169). Similar observations were made in 
porcine thymus cytosolic extracts (170). Sphingosine also induces 
the activity of several, to date uncharacterized, protein kinases in 

Jurkat cell lysates (171). These results implicate the importance 
of the intracellular levels of sphingolipids in T-cell function. 

In summary, it is clear that the lipid intracellular second mes
sengers DAG and ceramide play important roles in enhancing T
cell proliferation. Although DAG and cerarnide could mediate 
their effects independently, there, clearly, are several points where 
the two lipid second messengers interact. This is complicated by 
the fact that DAG and ceramide are continuously produced by 
activated T cells in a multiphasic fashion (172). 

DIETARY FISH OIL MODULATION 
OF T-CELL SIGNALING EVENTS 

Fatty acids play an important role in T-cell function. Stimulation 
ofT cells with mitogen results in an enrichment of polyunsaturated 
fatty acids and a moderate decrease in saturated fatty acids in the 
cellular membranes (173,174). This effect is most noticeable in 
PC fatty acid composition (173,175), which appears to be mediated 
by the activation of lysophosphatide acyltransferase activity fol
lowing T-cell activation (82). This observation is important 
because PC in T cells contains predominantly saturated fatty acids, 
which, when hydrolyzed to DAG, are relatively poor activators 
of PKC. However, following stimulation, there is an increase in 
the amount of polyunsaturated fatty acids in PC, making the 
hydrolized DAG a better physiologic PKC activator. These obser
vations suggest the importance of polyunsaturated fatty acids ver
sus saturated fatty acids, but the question still remains as to whether 
or not the type of polyunsaturated fatty acid is important. EPA 
and DHA, when fed in highly purified form, are significantly 
incorporated into murine splenic T-cell phospholipids with a con
comitant decrease in AA content (8). Feeding cod liver oil, 
enriched in EPA, leads to an increase in the fatty acid 24:1n-9 in 
SM and concomitant decreases in 22:0 and 20:0 (176). Because 
dietary n-3 polyunsaturated fatty acids can modulate the composi
tion (structure) of phospholipids, we speculated that it might also 
affect the composition, metabolism, and/or effector function of 
DAG and/or ceramide. To further investigate the possibility, we 
determined the mass and molecular species composition of DAG 
in murine splenic lymphocytes following short-term EPA and 
DHA feeding (177). Generally, there was a higher n-3 fatty acid 
content (i.e., an increase in DAG 18: 1-22:5n-3 and 16: 1-20:5n-3 
species) following EPA and DHA feeding. Long-chain 22:5n-3 
was derived from elongation of EPA and the retroconversion of 
DHA. A reduction of arachidonoyl-containing species (i.e., 18: 1-
20:4n-6, 16:0-20:4n-6, and 18:0-20:4n-6) was also noted. Taken 
together, these alterations could potentially influence signal trans
duction pathways regulating lymphocyte function. Additional data 
have been gathered to support this hypothesis. For example, feed
ing 14.4 g/d EPA and DHA for 3 wk to humans resulted in a 
decrease in IP3 formation in stimulated neutrophils (178). These 
data imply that the production of DAG might be suppressed. This 
implication is supported by a recent study where a 10% (wt/wt) 
fat diet enriched in EPA and DHA ethyl esters resulted in sup
pressed DAG formation in thioglycollate-elicited peritoneal mac
rophages in response to ionomycin stimulation ( 179). Furthermore, 
feeding highly purified EPA and DHA to mice for 10 d signifi
cantly increased the n-3 fatty acid composition of DAG from 
murine splenic T cells (177). It is important to note that, to date, 
only one published study has determined the ability of dietary n-
3 polyunsaturated fatty acids to modulate cerami de formation or 
structure (42). In this study, Con A-induced DAG and ceramide 
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Fig. 2. Blunted DAG kinetics in activated lymphocytes in response 
to dietary EPA and DBA. Murine splenic lymphocytes were isolated 
and incubated with 10 /lg/ml Con A. At 0, 2, 5, 20, 45, 60, 120 and 
180 min, cell aliquots were obtained. Cellular lipids were extracted 
and DAG mass determined using the DAG kinase phosphorylation 
assay. 6 = SAF (safflower oil ethyl esters, contains no n-3 polyunsatu
rated fatty acids); • = AA (arachidonic acid triglyceride, contains no 
n-3 polyunsaturated fatty acids); 0= EPA;. = DHA. Values represent 
means ± SEM, n = 4-5. All time points from 2-180 min were signifi
cantly (p < 0.05) lower, EPA = DHA < AA = SAP. Adapted from 
reference 42. 

kinetic responses in splenic lymphocytes from EPA- and DHA
fed mice were determined (42). Interestingly, both EPA and DHA 
significantly blunted DAG (Fig. 2) and ceramide (Fig. 3) produc
tion at most time points in response to Con A. However, n-3 
PUFA feeding did not influence basal (time 0) DAG and ceramide 
levels, indicating that basic homeostatic mechanisms were not 
altered. Collectively, these data demonstrate that highly purified 
dietary EPA and DHA suppress the production of early/immediate 
second messengers, DAG and ceramide, in activated T cells. 

The blunted activation signals (reduced DAG and ceramide 
production at 0-3 h) and reduced secretion of IL-2 (48 h) (42) 
suggest that dietary EPA and DHA influence T-cell proliferation 
by either a pretranscriptional or posttranscriptional mechanism 
involving the IL-2 and/or IL-2R a gene. Therefore, we also deter
mined the effects of dietary EPA and DHA on Con A-induced 
IL-2 and IL-2R a-gene expression in murine splenocytes (174). 
Dietary EPA and DHA moderately suppressed IL-2 gene expres
sion at 3 h after mitogen addition; however, maximal expression 
did not differ between diet groups (Fig. 4). The differences 
observed in IL-2 gene expression can only partly explain the 
drastic reduction in IL-2 secretion. The expression of IL-2R a 
was suppressed 3 h after Con A addition by dietary EPA and 
DHA. and maximal exoression was moderatelv reduced in EPA-
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Fig. 3. Dietary EPA and DBA suppress ceramide kinetics in acti
vated lymphocytes. Murine splenic lymphocytes were isolated and 
incubated with 10 /lg/ml Con A. At 0, 2, 5, 20,45, 60, 120 and 180 
min, cell aliquots were obtained. Cellular lipids were extracted and 
cerarnide mass quantitated using the DAG kinase phosphorylation 
assay. Refer to Figure 2 for details. 6 = SAF; • = AA; • = EPA; 
<) = DHA. Values represent means ± SEM, n = 5-6. All time points 
from 2-180 min were significantly (p < 0.05) lower, EPA = DHA < 
AA = SAP. Adapted from reference 42. 

fed mice, and to a greater extent in the DHA-fed mice (Fig. 5). 
Interestingly, DHA feeding resulted in higher IL-2R a expression 
at 9 h, which may indicate a compensatory mechanism for sup
pressed IL-2 secretion. These data show, for the first time, that 
EPA and DHA do not affect IL-2 mRNA expression but suppress 
IL-2R a mRNA levels. 

It is well established that PKC plays an important positive role 
in T-Iymphocyte activation (81) via regulation of IL-2 (92) and 
IL-2R a-gene expression. We have demonstrated that dietary EPA 
and DHA enhance mitogen-induced PKC a, PKC PI, and PKC 
S mRNA expression relative to the SAF and AA groups (Jolly, 
McMurray, and Chapkin, unpublished data). Interestingly, PKC 
a and PI basal (time 0) mRNA levels were elevated in DHA-fed 
mice relative to the SAF, AA, and EPA groups. These results are 
surprising because both EPA and DHA suppress IL-2 secretion 
and impair proliferation (42). It is possible that the basal changes 
reflect a compensatory mechanism whereby EPA and DHA feed
ing suppress DAG and ceramide formation (42), which could 
result in reduced PKC activity. The cells might respond to the 
suppressed PKC activity and upregulate PKC transcription to 
generate additional PKC protein. However, this compensatory 
mechanism would be ineffective because the PKC activators, DAG 
and ceramide, are reduced by either EPA or DHA feeding (42). 
The assumption that increased mRNA levels result in more protein 
yielding higher enzyme activity is not always valid because PKC 
can be modulated bv multiole oosttranscriotional mechanisms 
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Fig. 4. Effects of dietary EPA and DBA on IL-2 gene expression. 
Mice were fed SAP, AA, EPA or DHA diets for 10 days. Splenic 
lymphocytes were isolated and incubated with 5 Ilglml Con A. At 0, 
3, 6, or 9 h, cell aliquots were obtained and RNA isolated. The 
mRNA was reverse-transcribed and samples were analyzed by relative 
competitive-polymerase chain reaction (RC-PCR) using IL-2 specific 
primers. The integrated density represents the ratio of IL-2 gene 
product to internal standard (mimic). Values represent n = 3. Note: 
At time 0, IL-2 message was virtually undetectable in all groups. (*) 
Indicates significant (p < 0.05) differences between diets within a 
time point. Adapted from reference 180. 
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Fig. 5. Effects of dietary EPA and DBA on IL-2Ra gene expression. 
Mice were fed the experimental diets and splenic lymphocytes were 
isolated and stimulated as described in Figure 4. Samples were ana
lyzed by relative competitive-PCR using IL-2Ra specific primers. 
The integrated density represents the ratio of IL-2Ra gene product 
to internal standard (mimic). Values represent n = 3. (*) Indicates 
significant (p < 0.05) differences between diets within a time point. 
Adapted from reference 180. 

Fig. 6. Model of dietary n-3 fatty acid effects on T-lymphocyte 
interleukin-2 secretion, signal transduction and gene expression. 
Arrows pointing down represent events suppressed by dietary EPA 
and DHA, while arrows pointing up indicate events that are up
regulated by dietary EPA and DHA. A dash represents no effect by 
EPA and DHA. PKC = protein kinase C; Con A = concanavalin A; 
DAG = diacyglycerol; IL-2 = interleukin-2; IL-2R = interleukin-
2 receptor. 

( 1 80,181). Therefore, a clear interpretation of the enhanced PKC 
a, ~1, and ~ mRNA levels in this system will have to await 
determination of PKC a, ~1, and ~ protein levels. 

In summary, our results show that highly purified dietary EPA 
and DHA, which are constituents of fish oil, do not affect mitogen
induced splenic lymphocyte IL-2 gene expression but suppress 
IL-2R a mRNA levels. In addition, EPA and DHA feeding 
enhances PKC a, ~1, and ~ mRNA levels. These results indicate 
that the suppressed IL-2 secretion and impaired proliferative 
response we previously reported (42) are not due to reductions in 
IL-2 mRNA levels. However, reduced IL-2R a-gene transcription 
may play a role in blunting the T -lymphocyte proliferative 
response previously reported (42). These data are the first to 
demonstrate that highly purified dietary EPA and DHA influences 
T-Iymphocyte intracellular signal transduction. Future studies will 
address the specific mechanism(s) by which dietary EPA and DHA 
selectively modulate T-Iymphocyte gene expression. 

SUMMARY 

Human and rodent inflammatory disease studies have shown that 
dietary fish oil, enriched in eicosapentaenoic acid (20:5n-3 [EPA]) 
and docosahexaenoic acid (22:6n-3 [DHA]), is therapeutic with 
respect to inflammatory diseases such as rheumatoid arthritis. 
The anti-inflammatory properties of fish oil are correlated with 
impaired T-cell IL-2 production and proliferative response. This 
is important because the T cell plays an obligatory role in propagat
ing the immune response and IL-2 is a potent autocrine and para
crine T-cell growth factor. To date, few studies have examined 
the mechanism(s) by which fish oil alters intracellular signal trans
duction and/or gene expression in activated T cells. 

Growing evidence indicates that the anti-inflammatory effects 
of dietary fish oil are mediated by both EPA and DHA. Further
more, both EPA and DHA exert similar effects on T cells, indicat
ing' at this point, no clear divergence with respect to mechanism 
of action. The suppressive effect of highly purified dietary EPA 
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and DHA on activated T-cell gene expression implies that the 
reduced IL-2 secretion and impaired proliferative response are 
not due to nonspecific epiphenomena. 

Future studies will need to focus on the potential role of acces
sory cells (macrophage) in the EPA- and DHA-mediated modula
tion of T-cell function. Additionally, experiments need to be con
ducted to elucidate the mechanism(s) by which EPA and DHA 
selectively modulate T-cell IL-2R ex and PKC isozyme gene 
expression. 
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11 Nucleotides 

GEORGE K. GRIMBLE AND OL WYN M. R. WESTWOOD 

INTRODUCTION TO 
THE DIETARY NUCLEOTIDE PARADOX 

There is no overriding biochemical reason why dietary nucleotides 
should be considered as essential nutrients. Pathways for their 
synthesis or salvage are (with one exception) present in every 
tissue and interorgan traffic should provide sufficient substrate 
for any tissue with increased requirements for DNA and RNA 
turnover. Indeed, dietary nucleotides have had a rather negative 
implication because of their role in the etiology of gout. Neverthe
less, this model of metabolic complacency has been punctured 
by successive research publications which suggest that dietary 
nucleotide deficiency may impair liver, heart, intestine, and 
immune function. 

The paradox is that dietary nucleotide intake is quite modest 
and may be extremely modest in relation to whole-body rates of 
RNA and DNA synthesis. This is summarized in Fig. 1, which 
will be referred to extensively. If a comparison were made with 
amino acid and protein metabolism, dietary nucleotides are akin 
to nonessential amino acids because of the large component of 
de novo synthesis within the system. Except in one important 
case, omission of individual nonessential amino acids from the 
diet has no deleterious consequences for whole-body amino acid 
and protein homeostasis (1). The one exception is arginine, whose 
omission is fatal for cats and dogs (2) and was known to provoke 
hyperammonemia in infants parenterally fed with the early crystal
line L-amino acid-based solutions (3). However, adult humans can 
tolerate arginine-free diets (4). Even for an amino acid such as 
glutamine, which is considered conditionally essential, its omis
sion from the diet has been shown to have no adverse effect on 
growth (5). This is because the rate of glutamine synthesis de 
novo (from glucose) or by salvage (from glutamate) is extremely 
high. Because it could be argued that nucleotide metabolism is 
subject to the same type of homeostatic control, dietary intake 
should not have marked effects on cellular metabolism. However, 
re~ent data suggest that this analysis is flawed and this chapter 
Will, therefore, attempt to provide a metabolic rationale for the 
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exciting observations that have been made about the ability of 
dietary nucleotides to modulate the immune function. 

CLINICAL AND EXPERIMENTAL 
STUDIES OF NUCLEOTIDE SUPPLEMENTATION 

Evidence for the effectiveness of nucleotides on the immune func
tion has come from several sources. Body growth in neonates 
provides the most direct evidence for a genuine requirement for 
any nutrient. One prospective double-blind trial, in small-for
gestational age babies who were fed formula supplemented with 
nucleotides, showed that compared to controls, weight gain was 
enhanced by 12.2% and 11.6% over the first 2 and 6 months of 
life, respectively (p<0.02). Longitudinal growth was increased 
by 10.6% and 8%, respectively, and head circumference growth 
increased by 9.2% at 6 mo (6). This effect was clearly not a result 
of an extra nitrogenous substrate because of the small amount of 
nucleotides added to the diets [approx. 0.1-0.15% of milk protein 
nitrogen (7)] and because children absorb dietary nucleotides mod
estly and utilize them inefficiently (8). Second, evidence for a 
positive effect on development of the immune system in children 
has come from a study of children from a low socioeconomic 
background in Santiago in Chile (9). Nucleotide supplementation 
of cow's milk formula significantly reduced the incidence of diar
rheal disease. Finally, supplementation has been shown to increase 
IgG titer against beta-lactoglobulin (10) in premature infants and 
was shown to nearly double the responsiveness to Haemophilus 
injluenzae type b polysaccharide in infants receiving Hib vaccine, 
and diphtheria, tetanus toxoids, and oral polio virus immuniza
tion (11). 

135 

Breast milk confers passive immune protection to the infant in 
the form of maternal-derived immunoglobulins and immune cells 
that enter the infant's gut and fulfill an antibacterial function (11 a). 
The nonprotein nitrogen sources of breast milk have also been 
implicated in neonatal physiology. Although the composition of 
human milk varies during the course of lactation, it contains high 
~evels of nucleotides. However, this nonprotein source of nitrogen 
IS generally undetectable in cow's milk-based formulas. It has 
also been suggested that dietary nucleotides have a role in the 
metabolism of linoleic acid in infants (12). Although these data 
are generally positive, the decision to supplement human milk 
given to premature infants should be considered with caution, for 
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others have suggested that nutritional additives could impair its 
anti-infective properties (13), 

BACKGROUND BIOCHEMICAL 
CONSIDERATIONS 
Figure 1 summarizes the pathways of nucleotide metabolism in 
mammals. Purines and pyrimidines are synthesized de novo (at 
considerable energy cost) from simple molecules such as CO2, 

ammonia and ribose (pyrimidines) or glycine, aspartate, and for
myl and amine groups from folic acid and glutamine, respectively, 
in the case of purines. Although nucleotide triphosphates can be 
formed directly by de novo synthesis, they may also be salvaged 
from the degradative pathway that occurs below the level of the 
nucleotide monophosphates. Thus, for a nucleotide monophos
phate (e.g., AMP), successive loss of the phosphate and ribose 
groups (to form the purine base adenine) increases the likelihood 
of rapid degradation to uric acid. Efficient salvage of adenine 
relies on direct addition of a ribose-phosphate moiety to form 
AMP, a nucleotide monophosphate that can be rephosphorylated 
back to ATP. There are four important concepts in this process. 
The first is that the ratio of salvage and de novo pathways may 
vary markedly between tissues. Those with a heavy reliance on 
salvage are likely to be most affected by dietary nucleotide supply 
or by interorgan transfer. Second, the ratio of salvage to de novo 
synthesis may change in individual organs according to metabolic 
needs or to organ or tissue function. Salvage or de novo enzymes 
may be expressed at different points in the cell cycle. Third, 
humans do not make large amounts of purines or pyrimidines de 

novo. If it were true, then urinary uric acid excretion would be 
much higher than it is. This does not negate the fourth concept: 
that within the constraints of a salvage-adapted economy, some 
tissues may exert a strong homeostatic role in maintaining interor
gan flows of purines and pyrimidines (e.g., liver). 

Before considering the effects of nucleotide supplementation 
on immune function in detail, it is important to establish the 
quantitative significance of nucleotide turnover in man and, in 
particular, the relative amounts of nucleic acids synthesized in 
different tissues. This type of analysis gives several clues as to why 
modest supplementation may have clinically significant effects. 

NUCLEOTIDE AND NUCLEIC 
ACID TURNOVER IN DIFFERENT TISSUES 
SKELETAL MUSCLE Synthesis of rRNA occurs at approxi
mately the same rate as that of skeletal muscle protein (14-16). 
It is depressed by protein deprivation (16) and by diabetes (17). 
Little is known about the effect of trauma on control of the muscle 
ribosome pool (i.e., at the level of synthesis or degradation), but 
the amount of tissue ribosomes and polyribosomes engaged in 
protein synthesis is acutely reduced by stress hormone infusion 
(18) and by elective surgery (19). Loss of muscle ribosomes 
following an inflammatory stimulus will reduce requirements for 
de novo/salvage pathways and will require increased salvage 
uptake during recovery in order to maintain adequate rates of 
RNA synthesis (see Table 1). 

HEART Cardiac rRNA synthesis occurs at approximately 
15%/d (56) and is markedly increased during work-induced hyper-
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Table 1 
Summary of the Distribution of De Novo and Salvage Pathways in Mammalian Tissues and Organs 

Tissue or organ Purines Refs. Pyrimidines Refs. 

Liver De novo and salvage 20,21 De novo = salvage 21,46 
Kidney Salvage » de novo synthesis 22 Salvage from exogenous uridine « exogenous 42,47 

orotic acid (de novo) 
Intestine 

Small intestines Adenine salvage upregulated (HGPRT) by 23-25 Salvage of uridine from liver sources; depends 48 
dietary purines; slow de novo pathway on stage of maturation (see text) 
induced by nucleotide deficiency 

Colon De novo 24 De novo 46 
Skeletal muscle De novo and salvage; de novo synthesis 26-29 Salvage » de novo? 49,50 

stimulated by severe exercise 
Heart Salvage> de novo in restoring low postischemia 30-32 Salvage 51,52 

nucleotide pools 
Brain Salvage predominates over de novo 33 Salvage, de novo synthesis low but 53,54 

upregulated in tumors 
Mammary gand De novo? Probably 34,35 De novo 34 
Adrenal gland Salvage » de novo 36 Not known 
Lymphocytes Salvage » de novo, but latter strongly inducible 37,38 Salvage » de novo, but latter strongly 38 

PHA stimulation inducible PHA stimulation 
Lymphocytes from De novo and salvage 39 Salvage only 39 

AIDS patients 
Erythrocytes Salvage 40 Salvage 55 
Fetus De novo 41 De novo 41 
Implanted tumors De novo synthesis commonly thought to 42-45 De novo: salvage (5 : 1) 46 

predominate but salvage pathway is inducible 

Data for this table is derived from many sources and, where possible, has been from whole animal studies rather than from cell culture. 

trophy, being one of the earliest changes to occur some time before 
increases in myofibrillar protein synthesis (57). It is likely that 
the increase in nucleotide requirements is met from salvage path
ways (58), as suggested in Table 1. 

LIVER The rRNA synthesis occurs at 12-25%/d (15,49,59), 
and is slow in comparison to liver protein synthesis (60). It is 
profoundly depressed by starvation (61), which results in loss of 
about half of the ribosomal mass. In contrast, stimuli such as 
partial hepatectomy (62,63) or induction acute-phase response 
(64) strongly stimulate ribosome production and accumulation 
rates while suppressing ribosome degradation (Fig. 2). The liver 
is uniquely adapted to rapid induction of supply of nucleotides 
for RNA and DNA synthesis. Thus, in growing cultured hepato
cytes, the log phase was associated with a marked increase in de 
novo purine and pyrimidine synthesis and increased pyrimidine 
salvage (Fig. 3). Surprisingly, purine salvage remained unaltered 
(65). The liver may be quite dependent on adequate salvage rates 
of pyrimidines, as shown by one recent murine study of the fate 
of dietary I3C-Iabeled nucleic acids (2l). 

INTESTINE Little is known about the quantitative impor
tance of rRNA synthesis in the small intestine. Along the crypt 
to tip axis of the villus, synthesis rates fall (66) while the amounts 
of cellular rRNA remain constant (67,68). The distribution of 
synthesis is probably similar in colonic mucosal cells (69). 
Detailed analysis of de novo and salvage pathways from 3H_ 
orotic acid and 3H-uridine labeling, respectively, led Uddin and 
colleagues (70) to conclude that rRNA synthesis (i.e., nucleolar 
labeling) in jejunal crypts was supported mainly from pyrimidine 
salvage pathways and that this declined with longitudinal cellular 
maturation. In contrast, incorporation of pyrimidines synthesized 
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Fig. 2. Ribosome metabolism following partial hepatectomy in the 
rat. (Data recalculated from ref. 62.) 

by the de novo pathway into rRNA was low at all levels, but it made 
an increasingly important contribution to mRNA synthesis. It would 
be reasonable to assume that the quantitative synthesis rates of total 
mucosal RNA are high, in line with protein synthesis rates [i.e., > 
100%/d (71)]. Intestinal disease markedly increases rRNA synthe
sis rates (and purine and pyrimidine salvage requirements), as sug
gested by an elegant histochemical study of the number of nucleo
lar organizer regions in colonic mucosal cells (72). Thus, ulcerative 
colitis probably increased rRNA transcription approximately two
fold, whereas the rate is probably threefold higher in adenomatous 
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Fig. 3. Purine and pyrimidine metabolism during growth of hepato
cytes. (Based on data from ref. 65.) 

polyps. We would suggest that intestinal RNA turnover and nucle
otide requirements are of great significance in the whole-body 
nucleic acid economy. 

LYMPHOCYTES As will be described later, lymphocyte acti
vation is accompanied by greatly increased nucleic acid synthesis. 
The scale of this can be judged by an old, but still elegant quantita
tive study by Cooper (73), which suggests a IS-fold increase in 
synthesis rates, which would require a similar increase in precursor 
supply by de novo or salvage pathways (Fig. 4). In reality, the 
process of activation is managed by the lymphocyte in such a 
way that increases in de novo synthesis are minimized as a result 
of adaptive increases in salvage, efficiency of ribosome synthesis 
[i.e., less "wastage" (74)], and storage [i.e., utilization of inactive 
ribosomes (75)]. Figure 5 summarizes the processes and their 
magnitude (37,38,76) and should be compared to Figs. 2 and 
3 (liver). It is clear that, unlike liver, the lymphocyte strongly 
upregulates purine salvage and that de novo synthesis does not 
become a major source of precursors for nucleic acid synthesis 
(76a). Therefore, the efficiency of lymphocyte activation will be 
sensitive to blood purines and pyrimidines, which depend partly 
on dietary intake. Nucleosides are more efficient than bases in 
this process because in the lectin-stimulated lymphocyte (77), 
they were better able to relieve the effects of glutamine deprivation 
(Fig. 6). 

Thus, having established the different strategies by which tis
sues maintain an adequate precursor supply for nucleic acid syn
thesis, it may be possible to explain why dietary nucleotides have 
such an important effect on immune function . 

NUCLEOTIDES AND LIVER FUNCTION 

Intravenous nucleotide supplementation has been shown to 
improve the rate of liver regeneration following hepatectomy 
(78,79). This mode of delivery is also effective in minimizing 
hepatic damage arising from galactosamine-induced liver failure 
(80). More recently, Gil and colleagues have confirmed that hepa
tocellular damage and cirrhosis arising from thioacetamide treat
ment can be partially reversed by oral nucleotide supplementation 
(81-83). Their conclusions were based on data [i.e., reduction in 
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Fig. 4. Magnitude of rRNA synthesis after lymphocyte stimulation. 
(Redrawn from ref. 73.) 

area and number of fibrous septa (81)] and histochemical analysis 
[i.e., reduced tissue collagen (83)]. The nucleolar area was 
increased threefold. It is, therefore, likely that the protective effect 
was partly mediated through restoration of ribosome production 
and, thus, protein synthesis. Indeed, the liver has a significant role 
in immune function of the mononuclear phagocytic system. In 
response to stressors (e.g., infection), the liver rapidly produces 
acute-phase proteins and complement that are used as opsonins 
to promote phagocytosis. Such is the level of immune cell activity 
within the liver that around 3% of liver transplant patients suffer 
graft-versus-host disease, a disorder caused by donor leukocytes 
emerging from the transplanted organ and proliferating in response 
to the new host (J1a). 

NUCLEOTIDES AND GUT FUNCTION 

In vivo and ex vivo intestinal perfusion studies in the rat demon
strated that luminal AMP was converted to uric acid on the serosal 
side, thus suggesting that the intestine was an organ of active 
purine metabolism (23,84). Indeed, in mice and rats fed radiola
be1ed RNA, >80% of 14C was promptly excreted in the urine, but 
of the small amount retained, most was found in the intestines 
and liver (85,86). The first suggestion that the intestine may be 
unique in having a poor capacity for de novo synthesis, was made 
by Munro' s group (24) when they demonstrated low incorporation 
of 14C-glycine into mucosal RNA together with much lower muco
sal levels of the key enzyme of purine de novo synthesis (gluta
mine-amidophosphoribosyltransferase) than in the colonic 
mucosa or liver. Furthermore, the activity of this enzyme (and 
14C-glycine incorporation) was only slightly increased by dietary 
purine deficiency. It was, therefore, not surprising that Leleiko 
and colleagues (87) subsequently showed that the mRNA for the 
salvage pathway enzymes hypoxanthine-guanine phosphoribosyl 
transferase and adenine phosphoribosyl transferase were upregu
lated or downregulated by the presence or absence of purines 
in the diet, whereas total enterocyte cellular RNA content was 
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Fig. 6. Effect of exogenous nucleosides and bases on proliferation 
of PHA-treated lymphocytes. (Based on data from ref. 77.) 

correlated to purine intake (87,88). It can be strongly argued 
that this indicates that the small intestine is an organ of purine 
homeostatis that controls portal purine intake by metabolizing 
excess adenosine/adenine to uric acid, thus preventing excess 
reliance on renal excretion. It should be noted that excess circulat
ing adenosine and adenine can be converted to 2,8-dihydroxyade
nine, which is both immunosuppressive (89) and nephrotoxic, 
being deposited as microcrystalline kidney stones (90,91). It is 
also possible that the phenomenon of an inducible salvage pathway 
is a reflection of two specific small intestinal adaptations. The 
first is the ability to upregulate transport of glucose (92) and other 
substrates in response to increased luminal concentrations (93). 
The second is the metabolic "channeling," which occurs in 

response to a relatively steady arterial nutrient supply with periods 
of wildly fluctuating "feast and famine," as a result of luminal 
absorption of nutrients [e.g., in the case of glucose (94)]. Metabolic 
requirements for "housekeeping" purposes (such as macromolecu
lar synthesis) are more likely to be met from the arterial supply, 
as seems to be the case for amino acids (95). In contrast to this 
analysis, it has been possible to argue that the small intestine is 
uniquely dependent on a luminal supply of nucleotides in order 
to maintain its function (96). Purine-free diets result in loss of a 
significant portion of total mucosal RNA (87), whereas nucleotide
free diets have been shown to result in significant depression of 
mucosal DNA, RNA, and protein content, as well as brush-border 
membrane hydrolases (97). Similarly, the intestinal mucosal atro
phy that accompanies total parenteral nutrition in the rat can 
be partially reversed by nucleotide/nucleoside supplementation 
(98,99). Finally, two studies suggest that dietary nucleotide supple
mentation partially reverses mucosal damage arising from chronic 
lactose administration and diarrhea (100) and will reduce both the 
rate of translocation of luminal bacteria to mesenteric lymph nodes 
and impaired intestinal morphometry arising from endotoxin 
administration (101,102). This argument has been strengthened by 
the large amount of research on the significance of the nucleotide 
content of human milk (see above) and its possible effects on 
intestinal maturation in the young (103). 

NUClEOTIDES AND HEART FUNCTION 
As can be seen from Table 1, the heart is primarily adapted to 
maintenance of adequate intracellular concentrations of the high
energy intermediate, ATP in the right ratio to ADP and AMP. To 
date, most interest in nucleotide supplementation has arisen from 
the transplant program because it was recognized early that storage 
and rinsing solutions for the donor organ should contain sufficient 
precursors to allow prompt restoration of intracellular ATP levels 
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upon connection of the heart (104). This concept has been applied 
to intravenous nucleoside/nucleotide solutions for use after myo
cardial infarction. The normal postischemia pattern of reduced 
ATP fructose 1,6-diphosphate and increased AMP, glucose-6-
phosphate, fructose-6-phosphate, and lactate was partially 
reversed by prompt infusion (105-107). 

NUClEOTIDES AND THE IMMUNE SYSTEM 

The tissues and cells of the immune system are extremely dynamic 
in their aggressive elimination of dangerous antigen and are coor
dinated and regulated, at least in part, by the cytokine network. 
The areas of significant activity are the bone marrow, thymus, 
spleen, and lymph nodes that accommodate the proliferating 
immune cells. T lymphocytes arising from the bone marrow 
migrate and mature in the thymus, where a large proportion (up 
to 90%) of reactive T lymphocytes are deleted, never entering 
into the circulation. The signal transduction within a mature and 
functional T or B lymphocyte that follows the recognition and 
binding to its specific antigen results in intense activity. Protein 
synthesis is required for the production of cytokines and antigen 
receptors; in the case of B lymphocytes, it includes the production 
and secretion of immunoglobulins. Moreover, these cells also 
respond with rapid cell division to produce many identical clones. 
Therefore, in normal lymphocytes, there is a massive turnover of 
nucleic acids to service the rapid mitotitic division that occurs in 
response to antigen stimulation (11 a). 

INHERITED IMMUNODEFICIENCY There is a heteroge
neous group of primary immune disorders referred to as severe 
combined immunodeficiency (SCID). They may have either X
linked or autosomal inheritance and are characterized by marked 
depletion in B- and T-Iymphocytes numbers. Hence, patients with 
scm have an increased susceptibility to infection and failure to 
thrive. Over 50% of cases are the result of a defective gene on 
the X -chromosome that encodes for the y-chain of number of 
cytokine receptors (e.g., interleukin-2 [IL-2], IL-4, IL-7). Of 
importance is the IL-7 receptor, for as a result of y-chain deficiency, 
there are inadequate signals available to promote T-Iymphocyte 
growth and maturation. Two autosomal recessive forms of SCID 
are the result of inherited deficiencies of enzymes involved in the 
purine degradation pathway (i.e., adenosine dearninase [ADA] or 
purine nucleoside phosphorylase [PNPD. As a result of these 
enzyme deficiencies, dATP and dGTP accumulate, which are toxic 
to the lymphoid stem cells because they inhibit the enzyme ribonu
cleotide reductase required for DNA synthesis and mitosis (Fig. 
7). The reason suggested for the susceptibility of lymphocytes is 
their relative deficiency of 5'-nucleotidase. Deficiency in ADA or 
PNP activity is compensated for in other cell types by preventing 
accumulation of dATP and dGTP (108). The only cure for scm 
at present is bone marrow transplantation. There is no evidence 
to date of nutritional regimes using nucleotide supplementation 
as palliative care prior to transplantation. 

ACQUIRED IMMUNODEFICIENCY The control ofnucle
otide synthesis has attracted great interest because it is clear that 
proliferative failure in T lymphocytes from HIV patients may 
reside at the level of precursor supply. Simmonds and colleagues 
have shown that even in asymptomatic patients (39), lectin-stimu
lated lymphocytes were unable to activate the de novo purine 
synthesis pathway (see Fig. 5). The salvage pathway was sufficient 
for housekeeping purposes in resting lymphocytes, but during 
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Fig. 7. Metabolic defects in severe combined immunodeficiency 
(SCID). (Based on ref. 108.) 

activation, infected cells underwent metabolic cell death. These 
data are consistent with apoptosis seen in activated infected lym
phocytes; they do not seem to provide much scope for nutritional 
treatment with dietary nucleotides. This may be because of the 
action of ADA in controlling levels of adenosine or 2'-deoxyaden
osine, both of which are toxic to lymphocytes (see Figs. I and 
7). The extracellular form of the enzyme (which is different) 
normally interacts with CD26 to provide a costimulatory signal 
for T cells. HIV infection blocks this and is, therefore, more likely 
to potentiate the toxicity of adenosine (109). 

NUCLEOTIDE SUPPLEMENTS 
AND THE IMMUNE RESPONSE 
Clearly, activated lymphocytes have an increased requirement of 
energy, proteins, and nucleotides to service the rapid cell cycle. 
Nucleotide omission from experimental diets can have a significant 
immunosuppressive effect, as shown by T-Iymphocyte function 
following heart allografting (110) and reduced severity of trinitro
benzensulfonic acid-induced colitis in rats (111,112). Conversely, 
T -lymphocyte-dependent immune responses can be augmented by 
supplementing a nucleotide-free diet fed to mice, with mono
nucleotides (113,114). 

THE IMMUNE RESPONSE AND 
ENTERAL AND PARENTERAL NUClEOTIDES 

One of the key problems of parenteral nutrition is that it does not 
stimulate intestinal function and can lead to marked villus atrophy. 
Animal studies have shown that nucleotide supplementation can 
attenuate the atrophic response and improve crypt cell turnover 
following massive bowel resection (115,116). In both studies, 
however, nucleotides were supplied in an oral diet, and in order 
to consider a more stressed situation, Kishibuchi and colleagues 
examined the relationship between oral and parenteral feeding 
(with and without added nucleotides) and gut barrier function 
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(117). Total Parenteral Nutrition (TPN) increased intestinal perme
ation of sugar probes and the dimensions of the tight junction 
between enterocytes (l0.7 ± 0.9 nm vs 15.5 ± 1.8 nm, p<0.05). 
Similarly, cathepsins G, H, and L were increased, suggesting that 
TPN had induced local protein catabolism. All of these changes 
were partially reversed by nucleotide/nucleoside supplementation 
(117). Although no studies have shown whether nucleotides can 
reduce the effectiveness of mucosal-associated lymphatic tissue 
(MALT) in preventing the ingress of bacteria [compared to oral 
studies (101,102)], we would suggest that it is likely to do so. 
The gut is part of the MALT and is both a physiological and 
immunological barrier. In effect, the internal lymphatic circulation 
of immune cells and immunoglobulins (mainly IgA) between other 
areas of the MALT (e.g., respiratory and genitourinary tracts) 
are a guard at the interface between the internal and external 
environments. Enteral feeding assists in maintaining the active 
immune barrier mechanism of the gut. Regardless of the route of 
administration, purine nucleotides alter intestinal gene transcrip
tion (87). Because many of the effects of nucleotides on gut 
function in TPN-fed animals are similar to those triggered by 
luminal nutrition, there may be a common set of signals for mainte
nance of the mucosal cell and MALT populations. Unfortunately, 
there are little data from clinical studies that shed light on this 
central question. The most recent study in critically ill patients 
showed that early enteral feeding stabilized posttrauma immuno
suppression (118). This was a very small study and was unable 
to demonstrate any advantage of a special nucleotide-containing 
enteral diet. 

NUCLEOTIDES AND IMMUNONUTRITION 

"Immunonutrition" is a term which has been adopted to describe 
diets that contain several additives in the form of glutamine, 
arginine, fish oils, and nucleotides alone or in combination. The 
most studied of these diets contains additions of all of these 
components except for glutamine and is marketed under the trade
name Impact. In two recent reviews of clinical results obtained 
with this diet (119,120), the outcome was generally positive in 
that most studies have shown some reduction in sepsis or hospital 
stay. However, the exact mechanism is elusive because of the 
presence of three added dietary components, each of which have 
marked effects on immune function. 

CONCLUSIONS AND SUMMARY 
We have attempted to present all of the relevant evidence on 
the possible benefits which might arise from dietary nucleotide 
supplementation. As initially stated, the data relating to children 
are fairly unambiguous and suggest that nucleotide supplementa
tion will improve growth and reduce susceptibility to infection. 
The argument is fairly clear because the attempt has been made 
to model formula feed more closely to mother's milk. However, 
when these simple concepts have been applied to the situation of 
the critically ill adult or the patient with inflammatory bowel 
disease, the conclusions are more difficult to derive. The answer 
depends on the context in which the question is asked. Thus, 
dietary supplementation with nucleotides and arginine have been 
shown to promote healing and repair of small-bowel ulcers in 
indomethacin-induced ulcerative ileitis in rats (121) but to exacer
bate chemically induced colitis (112). This suggests that nucleo
tides promote healing in the presence of a nonsteroidal anti-

inflammatory drug, even though they are clearly pro-inflammatory, 
as highlighted by Yamamoto et al. (122). Oral administration 
appeared to lead to local increased levels of cytokines, such as 
tumor necrosis factor-alpha (TNF-a) and interleukin-8, in the 
inflamed colon (122). The significance of augmenting an inflam
matory response rather than the natural immune suppression that 
follows surgery is an immunological finding which remains con
tentious. For instance, Senkal et al. found that enteral nutritional 
support supplemented with arginine, RNA, and omega-3 fatty 
acids had modulated the acute-phase response, as indicated by a 
reduction in levels ofTNF-a and IL-6 (123). However, they also 
claimed an accelerated recovery of levels of the IL-l ~ and IL-2 
receptor that was considered to assist in the recovery of patients 
with gastrointestinal cancer. Again, the nature of the pathology 
being treated demands consideration, because by definition, a 
tumor arose because an abnormal cell escaped immune surveil
lance. 

Preventing infection, weight loss, and other symptoms of 
cachexia can prolong the survival of patients with advanced stages 
of neoplastic disease. Administration of dietary nucleotides were 
shown to improve animal survival to a challenge with Candida 
albicans (120,124). Critically ill patients who suffer bacterial 
infections could develop septic shock as a consequence of acutely 
high levels of the cytokines, in particular TNF-a, released in 
response to the infection. Yet, in patients in intensive care units 
given enteral feeds where the supplements included nucleotides 
(pro-inflammatory), infectious complication were less frequent 
(125), although this has not been observed in all studies (126). It 
has also been proposed that the catecholamine-induced downregu
lation of the immune response following injury or trauma is bene
ficial. Although this can lead to an increased risk of infection, an 
augmented immune response in conjunction with the posttraumatic 
catabolic activity could have a deleterious effect on survival. 
Indeed, a return to normal immune activity has been suggested 
as a clinical gauge of recovery (127). 

Finally, prostaglandin inhibitors and morphine are prescribed 
for pain and inflammatory processes. Dietary nucleotides appear 
to modulate polyunsaturated fatty acid conversion and eicosanoid 
synthesis. Interestingly, studies in mice have shown that a nucleo
tide-free diet can attenuate morphine withdrawal symptoms. Thus, 
there is the suggestion that the immune status can impact also 
on the central nervous system-opioid-related pathways and that 
certain nucleotides such as uracil may have a possible immune
brain signaling role (128). 
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12 Impact of Nutritional Status 
on Immune Integrity 

PAM FRAKER 

THE HIGH CORRELATION BETWEEN 
IMMUNE STATUS AND NUTRITIONAL STATUS 

Nutritional immunology remains an area ripe for further investiga
tion. Many important relationships between specific nutrients and 
immune function remain to be identified. In some cases, these 
studies will reveal new biological roles for the nutrient or new 
modes of regulation of the immune system, thereby making 
important contributions to basic as well as clinical sciences. 
Although many nutritionists have a keen interest in the interrela
tionships between nutrients and the immune function, this area 
has not been widely embraced by the immunological community. 
Thus, nutritional immunology was left for many years in the hands 
of those investigators brave enough to try to master two separate 
and complex disciplines. As a result, only a few areas of nutritional 
immunology have received extensive investigation. Although 
some like to point out that hundreds of articles can be found 
describing the impact of diet on the immune function, the bulk 
of the early literature was a patchwork of studies. Interesting data 
often of limited scope received little follow-up investigation. There 
were, however, some persistent and wonderful pioneering efforts 
put forth by Chandra, Beisel, Scrimshaw, and Newberne to name 
a few (1-3). Joined by other labs, these investigators have provided 
extensive detail regarding the effects of deficiencies in zinc, cop
per, and protein calories on a number of facets of immune defense 
in both humans and animal models. These early studies, along with 
more recent investigations to be discussed, provide compelling 
evidence that nutritional status and immune status are tightly 
linked and that immune integrity can be rapidly altered by changes 
in nutritional status. 

This review will survey some of the areas where it is already 
evident that nutrients impact on specific aspects of immune func
tion and will also attempt to address a series of important questions 
regarding the benefits of nutritional-immunological studies. What 
have the extensive investigations of deficiencies in zinc, copper, 
and protein calories taught us about their effects on immune status? 

From: Nutrition and Immunology: Principles and Practice (ME 
Gershwin et al. eds.), © Humana Press, Inc., Totowa, NJ 

Have mechanisms been found to explain their rapid and profound 
effects on host defense mechanisms? Have they led to the identifi
cation of any new biological roles for nutrients? We know that 
many Western diseases such as alcoholism, sickle cell anemia, 
renal disease, chronic gastrointestinal disorders, AIDS, cancer, 
and others listed in Table 1 lead to marginal deficiencies in many 
nutrients that, in tum, create immunodeficiencies in the patient 
(1,4,5). Once a chronic disease has been diagnosed, can more be 
done to enhance immune defense via management of diet? Should 
nutritional supplementation be the same for all types of chronic 
disease or do some seem to demand a unique nutritional focus? 
Do immunodeficiency diseases such as AIDS, autoimmune dis
ease, and so forth, in tum, create unique nutritional needs? 

In vitro studies can also provide important insights into the 
roles of nutrients in specific immune phenomena. They may not 
directly portend to health issues, but they may provide clues to 
important links between the immune function and nutrients. As 
will be discussed, general deprivation of nutrients as manifested 
by serum deprivation and fluxes in levels of calcium or zinc within 
the cell can cause thymocytes, precursor B cells, T cells, B cells, 
and so forth to readily undergo apoptosis (6,7). In addition, zinc 
has been shown to both induce and inhibit apoptosis in a variety 
of kinds of cells, including thymocytes, appearing to be able to 
modulate cell death (7). These in vitro studies, like the in vivo 
studies, also suggest there is a tight link between cells of the 
immune system and nutrients right up to and including death. 

ZINC DEFICIENCY: WHAT WE HAVE 
LEARNED FROM A WELL-DEVELOPED 
NUTRITIONAL-IMMUNOLOGICAL MODEL 

Extensive animal model research using rodents and primates along 
with human data makes the impact of zinc deficiency on immune 
function one of the best characterized nutritional-immunological 
models (5,8). The literature is extensive, so the focus here will 
be on what we have learned about specific roles for zinc in the 
immune function and/or the underlying mechanisms whereby sub
optimal zinc so profoundly affects immune status. 

Early investigations by clinicians indicated that a suboptimal 
intake of zinc led to lymphopenia and thymic atrophy (4). Height-
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Table 1 
Some of the Diseases and Disease States 
Accompanied by Nutritional Deficiencies 

That Alter Immune Status and Increase 
the Incidence of Infection 

Diseases 

Autoimmune diseases 
AIDS 
Chronic gastrointestinal disorders 
Crohn's disease 
Infections 
Renal disease 
Cirrhosis of the liver 
Sickle cell anemia 

Disease states 

Aging 
Anorexia 
Alcoholism 
Bums 
Malnutrition 
Trauma 

ened numbers of infections were also observed in deficient subjects 
(4,5). Our laboratory and several others followed these observa
tions with extensive studies of zinc-deficient mice that showed that 
they had reduced ability to generate cell- and antibody-mediated 
responses that generally correlated with the degree of zinc defi
ciency (5,8-11). Moreover, the loss in absolute response capacity 
declined sharply as zinc depletion advanced (11). The immune 
system appeared to degenerate much faster than the function of 
liver, kidney, and so forth. However, the decline in immune 
response capacity also correlated with the degree of lymphopenia 
and thymic atrophy, leaving one to wonder if we had really added 
very much to our understanding of how suboptimal zinc affected 
the immune function (11). 

With regard to specific biochemical effects of suboptimal zinc, 
the thymic hormone thymulin not only declined significantly dur
ing zinc deficiency but was shown to be dependent on zinc as a 
cofactor for its function (12). Thus, at least one new function for 
zinc emerged from these studies, although one would have hoped 
for more revelations. If one examined the ability of lymphocytes 
from zinc-deficient mice to produce antibody, cytokines, and so 
forth on a per cell basis, one found that they appeared normal 
when tested either in vivo or in vitro, even in autologous sera 
( 11,13). Our laboratory could find no overt evidence of defects 
among lymphocytes from zinc-deficient mice that might be 
directly related to a zinc-dependent function. However, this was 
not the case for macrophages. Macrophages from zinc-deficient 
mice had reduced capacity to take up and kill the parasite Trypano
soma cruzi (14). It appeared to be zinc related because a 1-h 
preincubation in 10 ~g ZnJrnL of exogenous zinc restored the 
ability of these cells to both carry out phagocytosis and generate 
an oxygen burst via measurement of peroxide production (14). 
Superoxide dismutase, phospholipase c, and the regulation of other 
phospholipases were some of the enzymes that are partially or 
overtly dependent on zinc and play key roles in the oxygen burst 
( 15). Thus, some of these studies were reinforcing and/or revealed 
new roles for zinc in cell function. Because phagocytosis was 
altered in macrophages from the zinc-deficient mice, it led us 
to wonder if there were not general defects in the membrane 
substructure of the macrophages from the zinc-deficient mouse 
that would alter both phagocytosis and the oxygen burst (14,15). 
This might be an affirmation of the work of O'Dell's laboratory 
where zinc had been shown to stabilize membranes (16). More 

importantly, this difference in the functional status oflymphocytes 
versus phagocytic cells would not be the first dichotomy in the 
effects of suboptimal zinc on the myeloid versus the lymphoid 
compartment of the immune system. 

IMPORTANT ENDOCRINE CHANGES BROUGHT 
ABOUT BY NUTRITIONAL DEFICIENCIES THAT 
IMPACT ON IMMUNE STATUS 
The lymphopenia and thymic atrophy and adrenal hypertrophy 
noted by early investigators for both zinc deficiency and protein
calorie deficiency made us wonder whether glucocorticoids were 
chronically elevated during malnutrition as it was known to be 
during other stresses. We found that zinc deficiency in mice did, 
indeed, cause chronic elevation of glucocorticoids and that 
removal of the steroid from the equation via adrenalectomy 
afforded the thymus great protection from the deficiency in zinc 
(17). Similar findings were made in protein-calorie-deficient chil
dren and rodents (18). Although an important finding, some nutri
tionists were not pleased to learn that something other than zinc 
itself was creating havoc with the immune system. However, 
recognition that endocrine status can also be altered by changes 
in nutritional status has won more converts and become important 
to our understanding of the secondary changes that suboptimal 
nutriture may create. Moreover, it is also evident that glucocorti
coids readily induce apoptosis in precursor cells of the immune 
system of both mice and humans (19,20). Using highly sensitive 
flow cytometric methods for measuring apoptosis in heterogenous 
populations of cells, it has been shown that the moderate, but 
chronically produced endogenous glucocorticoids analogous to 
that found in zinc deficiency can readily induce apoptosis in 
thymocytes and precursor B cells of the marrow both in vivo and 
in vitro (19,20). Moreover, in vitro serum deprivation and chela
tion of zinc also act to induce apoptosis, especially in cells of the 
immune system (6,21). Thus, one would assume that there might 
be some synergy between the combination of suboptimal zinc 
and chronic production of glucocorticoids that might accelerate 
apoptosis. As will be discussed, these events appear to account, at 
least in part, for reduced lymphopoiesis and resultant lymphopenia. 

The loss of early progenitor lymphoid cells during zinc defi
ciency followed a defined pattern in both the marrow and thymus. 
As zinc deficiency advanced in the mouse, a rapid, almost devasta
ting depletion of 60-90% of the B-cell compartment of the marrow 
and the T cells in the thymus was observed (22). If one looked 
at specific subsets, one saw high losses in the precursor B-cell 
population that are actively rearranging their Ig genes (22). The 
same was observed in the thymus among CD4+CDS+ cells that 
are engaged in the rearrangement of the T-cell receptor (36). 
Interesting, both groups of cells are highly programmed to die as 
a result of the generation of nonsense and anti-self-clones that 
must be eliminated. There were moderate losses of immature or 
IgM-bearing B cells. Not surprisingly, the mature IgM+IgD+ B 
cells are fairly resistant to zinc deficiency. Somewhat surprisingly, 
very early pro-B and pro-T cells (CD4-CDS-) showed substantial 
resistance to both zinc deficiency and glucocorticoids (23). These 
earliest of progenitor cells may not be highly programmed to die, 
as they are not yet a threat and have not formed an anti-self-clone 
or nonsense clone, as would be the case for the precursor cells. 
Moreover, it was recently shown that not unlike the more mature 
T and B cells, these earliest of Band T cells contain high levels 
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of the proto-oncogene Bcl-2, which provides resistance to apop
tosis (24). 

REGULA liON OF THE CHANGES 
IN IMMUNE STATUS AS A NUTRITIONAL 
DEFICIENCY ADVANCES 
Weare familiar with the metabolic changes that occur as the body 
moves from the well-fed to the starved state. We are even aware 
that as a nutrient like zinc becomes limiting, it is redistributed 
from the serum to vital tissues, especially the liver (4). It was less 
obvious why the immune system, which is so vital to our survival, 
appears to be rapidly dismantled, leaving the subject highly vulner
able to the next pathogen or tumor. The immune system did not 
appear to be a protected function. Recent studies of changes in 
marrow function as zinc deficiency advances have shed some light 
on this subject. 

As zinc or protein calories become limiting, it appears that 
choices regarding immune function must be made. Why does 
lymphopenia, thymic atrophy, and rapid depletion of the marrow 
of early T and B progenitors quickly follow? Perhaps, because 
lymphocytes are our second line of defense. The vast majority 
(>90%) live only a few weeks and never actively engage in an 
immune response. Yet, the marrow is obliged to produce billions 
of new lymphocytes each day, some 90% of which must be elimi
nated due to faulty rearrangement of the Ig or T-cell receptor 
genes (6). Taken together, lymphopoiesis is a very expensive 
process to maintain as a nutrient or nutrients become limiting. 
Although important, lymphocytes are not as vital as the heart, 
brain, liver, and so forth, and may be put on the "not to be 
maintained" list as deficiencies advance to reserve nutrients. 

Recent data, however, provide reassurance, because part of the 
immune system appears to be protected during zinc deficiency. 
There is a dichotomy in the effect of zinc deficiency on myeloid 
versus lymphoid cells that may be of considerable importance in 
our understanding of the regulation of the immune system during 
a dietary deficiency (25). These data suggest that as zinc deficiency 
advances there are concerted and defined changes put into place 
rather than a general disassembly of the entire immune system. 
Use of a phenotypic marker system for mapping out six compart
ments of the bone marrow (26) has made evident that while 
there is rapid depletion of the lymphoid compartment in the zinc
deficient mouse, the myeloid compartment remains intact (25). 
Indeed, the myeloid compartment gradually becomes a greater 
portion of the marrow, increasing 30-50% because of its greater 
survival. The difference between the myeloid and lymphoid com
partments over time is striking. It seems evident that the neutro
phils and macrophages that are our first line of defense are spared 
as zinc becomes limiting in the body. 

The above finding provides an important new understanding, 
namely that a key segment of our immune system is protected 
during zinc deficiency. Is this protection happenstance or is it the 
outcome of a defined regulatory process? Our hypothesis is that 
as zinc becomes limiting, choices have to be made regarding the 
immune system because it is large and in a high rate of turnover. 
The suboptimal zinc induces the stress axis that results in the 
chronic production of glucocorticoids, which has now been shown 
to be sufficient to readily induce apoptosis in precursor lymphoid 
cells, reducing their production and sparing nutrients for vital 
tissues (5,19,20,22). Conversely, implantation and delivery of glu-

Table 2 
Nutrients That Can Initiate or Block 

Apoptosis in Precursor Cells of the Immune 
System of Humans and Rodents 

Chelation of copper 
Chelation of zinc 
High zinc 
Iron 
Calcium fluxes 
Selenite 

Serum deprivation 
Protein-calorie deficiencies 
Zinc deficiency 
Vitamin D3 

cocorticoids analogous to that found in zinc deficiency have been 
shown to have little effect on myeloid cells (25). Moreover, several 
investigators have noted that a brief incubation of human neutro
phils in glucocorticoids does not induce apoptosis, as it does in 
lymphocytes; instead, it substantially extends their half-life (27). 
Interestingly, immunologists have long known that addition of 
small amounts of glucocorticoids to long-term bone marrow cul
tures promotes the development of myeloid cells to the exclusion 
of lymphoid cells (28). Thus, there is precedence in the literature 
for this dichotomy of effects of glucocorticoids on the development 
of lymphoid versus myeloid cells in the marrow. Taken together, 
these studies add additional importance to the role of hormone
mediated changes created by suboptimal nutriture to immune sta
tus. However, the most important outcome of these studies is the 
revelation that during zinc deficiency, there is regulation in how 
the immune system is altered. 

ABILITY OF NUTRIENTS TO MODULATE 
APOPTOSIS IN CELLS OF THE IMMUNE SYSTEM 
During the last decade, a terrific effort has been put forth to 
better understand cell death, especially apoptosis. It is hard to 
underestimate the importance of this phenomenon to biology and 
immunology in particular. Clearly, apoptosis plays a critical role 
in the removal of nonsense clones generated during Ig gene and 
T-cell receptor rearrangements, as well as removal of anti-self
clones (6). Irradiation and glucocorticoids known to have devasta
ting effects on developing cells of the immune system have been 
shown to be able to readily initiate apoptosis in these cells (20). 
Even nutritional deprivation as represented by serum deprivation 
initiates apoptosis in many kinds of cells (6). The cytolytic removal 
of virally infected and cancerous cells is via apoptotic mechanisms 
(6). Some of the more efficacious chemotherapy agents are effec
tive because they can induce apoptosis. Thus, chemicals that 
enhance or block apoptosis are readily sought because of their 
potential to regulate so many facets of health and disease. Zinc 
is one such regulator and there is growing evidence that other 
nutrients can modulate cell death as well (see Table 2). 

Glucocorticoid-induced apoptosis of murine thymocytes 
became an early model frequently used to better understand the 
biochemistry of cell death (6). It was subsequently shown that 
the precursor and immature B cells of the marrow were also 
very susceptible to glucocorticoid-induced apoptosis, as already 
discussed (19,20). Indeed, the low but chronic levels of steroids 
known to be present in zinc deficiency and protein-calorie defi
ciencies was sufficient to reduce 40-90% of the early B cells both 
in vitro and in vivo (22). However, for over a decade, it was also 
known that zinc, in tum, could block cell death in a variety of 
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systems, which included blocking glucocorticoid-induced death 
of precursor B cells and thymocytes (6,7,29). Thus began a com
plex role for zinc in cell death. 

Perhaps the earliest evidence that zinc could block apoptosis 
was the 1984 data provided by Cohen and Duke, where high zinc 
inhibited apoptosis in murine thymocyte nuclei (29). Hence, it 
was thought that zinc inhibited the endonuclease that digests DNA 
at the linker regions of the nucleosomes and yields the 180-
bp (basepairs) DNA fragments characteristic of apoptosis. What 
followed was a raft of apoptotic cues that zinc was shown to be 
able to block (7,30-32). However, the problem for those in the 
trace element field was the fact that 500-1000 J.1M of zinc was 
required to bring about this inhibition. This high amount of zinc 
set off alarms among those who knew zinc to be a trace element 
that often had deleterious effects at the high concentrations used 
by those investigators. 

Curious about this phenomenon, we wondered if zinc could 
block the death signal itself, as there seemed to be multiple sites 
in a cell where zinc might have inhibiting effects beyond the 
endonuclease. For example, another metal, molybdate, was associ
ated with the docked glucocorticoid receptor (33). Furthermore, 
it had been shown that cadmium would bind to the receptor, 
preventing binding of the steroid (34). Thus, it seemed probable 
that zinc might alter glucocorticoid-mediated signaling in cell 
death. Indeed, cells that were incubated simultaneously with zinc 
and 3H-dexamethasone failed to initiate apoptosis. As suspected, 
zinc had blocked binding of the 3H-dexamethasone to the receptor, 
and Western analysis showed the receptor remained intact and 
docked (35 ). Yet, zinc was not a strong inhibitor because it was 
unable to reverse the binding or block cell death if added after 
steroid had bound to the glucocorticoid receptor. Moreover, the 
reducing agent dithiothreitol (DTT) could overcome the inhibitory 
effects of zinc. This suggested that zinc was binding to the vicinal 
cysteines at sites 656 and 660, which are critical to the ligand
binding region of the glucocorticoid receptor (35). Thus, zinc, 
albeit at high levels, can inhibit the glucocorticoid-mediated 
death signal. 

As we sought to determine whether lower or higher physiologi
cal concentrations of zinc would protect thymocytes, we made a 
surprising discovery. At about 80 J.1M, zinc became a good inducer 
of apoptosis, killing 25-45% of all thymocytes in a few hours 
(36). This suggested that zinc could modulate cell death. Other 
trace metals such as nickel, copper, and cadmium failed to either 
initiate or block apoptosis. 

However, there was a cloud over these findings. Follow-up 
studies showed that few of the cells presumed to be protected 
from undergoing glucocorticoid-induced apoptosis via the addition 
of high zinc survived more than a few hours before dying. Repeated 
washing to remove steroid and zinc also failed to generate any 
long-term survivors (7). The high nonphysiological concentrations 
of zinc left in the cell eventually took a toll and probably induced 
cell death in the cells that had temporarily managed to survive 
glucocorticoid-induced death. This could be chalked up to test
tube chemistry with a disappointing ending. However, the dramatic 
effect that the combination of suboptimal dietary zinc and the 
accompanying glucocorticoids have on the thymus and B-cell 
compartment of the marrow makes one also wonder if there is 
not some synergy between the two. It is very possible that in the 
microenvironment of the cells of the immune system that fluxes 
in cellular zinc might enhance or inhibit death signals. 

The literature is also replete with many examples that changes 
in calcium status within a cell definitely modulate apoptosis (6,29). 
It is thought that intracellular release of calcium is a critical event 
in many, although perhaps not all, death pathways. The calcium 
ionophore A23187 is able to induce apoptosis in a variety of types 
of cells, especially thymocytes and other cells of the immune 
system (6,37). Investigators struggle to identify the function Bcl-
2, a protooncogene, that protects cells from apoptosis. Some 
hypothesize that Bcl-2 regulates the movement of calcium ions. 
Some of the proteases such as the calpains that are activated 
during apoptosis are calcium dependent. Calcium is also needed 
for endonuclease activity (29). 

Other minerals and metals can also promote apoptotic cell 
death, especially among cells of the immune system. In the case 
of mouse leukemic cells LI21O, the addition of selenite caused 
concentration-dependent DNA strand breaks that were characteris
tic of apoptotic death (38). When thymocytes were exposed to 
metal chelators, apoptosis was induced, supposedly by the eight
fold elevation in copper. Copper was presumably the sole metal 
transported into the cell by pyrrolidine dithiozine carbamate (39). 
Chelation of either iron or zinc created deficits in the metals, 
which induced apoptosis as well (21,40). Of particular interest 
was the ability of vitamin D3 to arrest the growth of MCF-7 breast 
cancer cells. A 48-h time-course of treatment followed by in situ 
labeling of DNA strand breaks indicated that D3 had gradually 
increased apoptosis in the cancer cells (41). 

The above literature is just a small sampling of the many 
studies that suggest that intracellular fluxes in a variety of nutrients 
can promote or inhibit apoptosis, especially among leukocytes. 
Clearly, so-called death signals can be intensified or neutralized 
by a variety of metals and other nutrients. These seem to further 
evidence of the tight link between nutritional status and immune 
status that would seem to include influences on life and death 
decisions within a cell. Moreover, it is yet another argument for 
the need to give greater consideration to the role of nutritional 
supplements in chronic diseases. 

THE POTENTIAL VALUE OF 
APPROPRIATE NUTRITIONAL 
SUPPLEMENTATION TO CHRONIC DISEASES 
There are numerous examples of the positive impact of zinc sup
plementation, especially on growth and the immune function. The 
pioneering studies of Prasad that established that zinc was an 
essential trace element for humankind (4,42) also showed that 
zinc supplementation rapidly restored growth, sexual develop
ment, lymphocyte counts, and so forth, of zinc-deficient children 
in the Middle East (42). Immune parameters were also improved 
by zinc supplementation of a child with Acrodermatitis entero
pathica, a genetic disorder that creates malabsorption of zinc (43). 
Although the zinc status of the elderly presents a complex picture, 
several investigators have shown that zinc supplementation will 
improve some immune functions in the aged (44,45). More 
recently, zinc supplementation of malnourished children provided 
enhanced growth with reductions in the incidence of infection 
(46). In the case of rodent studies, zinc-deficient mice that had 
experienced greater than 30% body weight loss and a 70% reduc
tion in thymus weight were provided 50 ppm zinc in their diet 
(47). Recovery of the immune function was amazing. Within 
2 weeks, the thymus was restored, as were antibody-mediated 
responses. Amazingly, this immune repair preceded restoration 
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of body weight. Moreover, at a certain point in the repair process, 
a significant number of thymuses were 25-40% larger than normal. 
Spleens containing 130-150% the normal number of lymphocytes 
were also noted in a substantial proportion of the repairing mice 
only 10 d after supplementation. This was reminiscent of an over
shoot in the immune repair process that had been noted many 
years before by those studying immune repair in irradiated animals. 
Although repair studies are tedious and expensive to carry out, 
there is evidence that repair of zinc deficiency is also a regulated 
process that may have its own unique regulating events. 

As will also be discussed, a subset of AIDS patients has been 
shown by several investigators to have low serum zinc levels (48). 
The provision of zinc to a number of AIDS patients at a midpoint 
in the etiology of the disease reduced infection by nearly half 
(48). Even though zinc has been shown to be suboptimal in a 
variety of disease states, it is odd that patient care and management 
does not routinely include supplementation with this inexpensive 
nutrient. However, suggestions that holding a zinc lozenger in 
one's mouth will reduce the duration of colds has led to inclusion 
of zinc in a variety of pharmaceutical products in the hopes of 
increasing sales in spite of other studies which suggest zinc has 
no discernible effect on colds (49,50). It takes fairly substantial 
amounts of zinc supplementation to create a deficiency in copper 
because they share common metal-binding ligands for absorption 
in the gut (51). It appears to take rather extraordinary zinc dosage 
to create toxicity (51). Thus, it remains puzzling that this essential 
trace element so readily available is an inexpensive supplement 
but is not an integral part of the care of patients with chronic 
diseases, especially where appetite reduction, malabsorption, and 
wasting are known to be part of the disease state that will clearly 
compromise immune defense. Although the focus here was on 
zinc, there are many other studies in which a specific nutrient or 
group of nutrients are altered by disease or infection (1-5). 

SIMILARITIES AND VARIANCES 
IN THE IMPACT OF NUTRITIONAL 
DEFICIENCIES ON THE IMMUNE FUNCTION 

Zinc deficiency and protein-calorie deficiencies (PCM) are 
observed among peoples of the Third World and among patients 
with chronic disease states such as cancer, AIDS, renal disease, 
gastrointestinal disorders, and so on (4,5,18). These two nutri
tional-immunological models have been extensively studied. 
Because the immunological changes noted in humans or animals 
that are either zinc deficient or PCM are similar, it gives a sense 
that there is a lot of common ground in how nutritional deficits 
impact on the immune system. It is well documented that PCM 
and zinc deficiency causes thymic atrophy, lymphopenia, and 
reductions in cell- and antibody-mediated responses (1-18). 
Increased infections and reduced potential to defend against patho
genic challenges have been noted in PCM and zinc-deficient sub
jects (1,4,5,18). Moreover, glucocorticoids are also chronically 
elevated in both humans and mice with PCM (52-54). As was 
the case for zinc deficiency, adrenalectomy of PCM mice prior 
to the induction of PCM protected the thymus from atrophy (55). 

The similarities between zinc deficiency and PCM probably 
provide too much assurance that nutritional deficiencies may have 
similar effects on the immune function. For example, it is well 
known that PCM accompanies zinc deficiency, because appetite 
suppression and reduced calorie intake ensue as the deficiency 
advances (4,5). More often than not, low serum zinc is noted in 

PCM (56). This, along with the fact that the two deficiencies alter 
endocrine function in similar ways, may account for the many 
parallels between PCM and zinc deficiency. 

The careful work of Prohaska and Failla provide comparison 
and contrast for the effects of copper deficiency on immune func
tion to the above models (57). Although not frequently seen in 
the human population, increased infections have been noted in 
copper-deficient children. Copper-deficient mice have a smaller 
thymuses, with impaired cell-mediated immunity. They generate 
poor protective immunity when challenged with bacteria or para
sites. It is not clear whether a thorough enough examination has 
been made of whether or not copper deficiency induces the produc
tion of glucocorticoids, although it is thought not to do so (57). 
However, testosterone and estradiol levels were lower in the 
plasma of copper-deficient male mice. Copper-deficient rats also 
showed reductions in the proportion of the T cells not altered in 
zinc-deficient mice (58). The spleen also contained blastoidlike 
cells, and in addition to having lower copper content, it had lower 
iron content as well. Failla's laboratory found that interleukin-2 
(IL-2) production was diminished in copper-deficient rats and 
mitogenic responses were reduced (59). This is also of significance 
because IL-2 production mitogenically was thought to be normal 
for T cells from zinc-deficient mice (11,13). Moreover, healthy 
males fed low-copper diets exhibited reduced response to T cell 
mitogens with reduced production ofIL-2, providing good correla
tion to the rodent studies (60). Surprisingly, 3 wk of copper 
supplementation did not bring about full immune repair. It is 
hoped that a longer period of supplementation would give full 
repair. More recently, human lurkat T cells cultured in copper
chelated media also exhibited decreased production of IL-2 (61). 
Thus, there are some common effects of zinc, copper, and PCM 
on the branches of the immune system, but important differences 
appear at the cellular and biochemical level. 

If we turn our attention to the comprehensive review provided 
by Kuvibidila, one finds that iron deficiency also impairs cell
and antibody-mediated responses and causes lymphopenia (18). 
Vitamin A deficiencies in rats create reductions in the thymus 
and reduce antibody-mediated responses, and so forth while 
increasing the susceptibility of humans to infection (18). Space 
does not permit the examination of all nutrients of potential inter
est; however, the above data suggest that some nutritional defi
ciencies have common effects on immune status. They often cause 
thymic atrophy, lymphopenia, and reduced cell and antibody 
response. As a consequence, nutritionally deficient hosts often 
have greater chances of infections and reduced capacity to with
stand pathogenic challenges. Not surprisingly, we still have 
patients dying of sepsis, pneumonia, and a variety of infections 
rather than their primary disease such as cancer, renal disease, 
gastrointestinal disorders, and so on, which create a variety of 
nutritional deficiencies that compromise immune status. Better 
nutritional management of a host of chronic diseases would 
undoubtedly extend the life of the patient and reduce the chance 
of death from an infection. As we become concerned about the 
cost of health care, we may finally begin to give greater attention 
to the efficacy of nutritional supplements, which cost very little. 

AIDS: AN IMMUNE DEFICIENCY 
CREATES NUTRITIONAL DEFICIENCIES 

The devastating effects of AIDS generated an intense effort to 
identify its cause. More recently, the focus has been on drugs and 
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drug cocktails to slow the advance of the disease while a vaccine 
is sought. Only in the last few years have studies been launched 
in the hopes of enhancing the quality of life of the AIDS patient 
by including better nutritional management. A number of studies 
were initiated in the nineties to look at the nutritional status of 
the AIDS patient, although such studies are fraught with a plethora 
of problems. Obviously, one would expect to see more changes 
in nutritional status as AIDS advances and wasting sets in. Because 
it is indeed an immunodeficiency disease, many of the subjects 
have opportunistic infections. Whether the infection is Pneumo
cystis carinii or more routine viral, fungal, or bacterial infections, 
they each could contribute unique and potentially different changes 
in the subject's nutritional status. There are a number of past 
studies that provide evidence that pathogens can cause their own 
unique changes in the body's nutritional status (2). No doubt that 
the various drugs given in an effort to arrest HIY virus will also 
alter the nutrient balance to some extent. Thus, each AIDS patient 
comes to a study with many variables that are very difficult to 
control. In a 1996 study of 228 patients with AIDS, Koch et al. 
attempted to control some of the many variables among subjects 
by taking care to subdivide them by degree of malnutrition, CD4 
count, type of infection, and so forth (62). They began by examin
ing the serum zinc levels of the patients. Almost 30% of the 
subjects exhibited rather low serum zinc levels. The remaining 
subjects had borderline or normal levels of zinc. Surprisingly, a 
low serum zinc did not seem to correlate with the subject's degree 
of malnutrition, CD4 count, and so on. In a related study of this 
same group of patients, the investigators tried to determine if there 
was a correlation between zinc status and albumin levels, as both 
are often low in advanced states of malnutrition (63). There was 
no correlation there either. A smaller study by Lambl et al. noted 
significantly lower serum zinc levels in those HIY+ patients with 
chronic diarrhea and Microsporidia infection (64). This might be 
an important but secondary outcome of HIY+ because gastrointesti
nal disturbances accompanied by diarrhea are known to alter zinc 
absorption (4). The most recent study, which included 125 HIY+ 
patients studied for 3.5 yr, continues to show that mineral status 
is altered in AIDS patients (65). However, in this study, selenium 
emerged as being suboptimal. Although zinc was also suboptimal 
in some of these subjects, only selenium had a strong correlation 
to CD4 counts and mortality (65). 

The above studies leave one in a quandary. However, an Italian 
group headed by Mocchegiani provides a very valuable addition to 
these studies (48). This group found that stage IY AIDS patients 
had substantial reductions in serum zinc and the zinc-dependent 
hormone thymulin, whereas mid-stage subjects manifested more 
moderate reductions in these entities. Subsequently, zinc sulfate was 
provided to a group of mid-stage HIY+ patients, with encouraging 
results that suggest additional studies are warranted. Over the course 
of 24 mo, the zinc-supplemented patients gained weight, exhibited 
increased numbers of CD4+ cells, and had active thymulin levels. 
Most importantly, zinc supplementation reduced opportunistic 
infections to half the number of unsupplemented subjects! 

Although the potential immune alteration created by subopti
mal zinc is well documented, the role of selenium in the immune 
function has not been adequately described. Thus, points of focus 
for potential beneficial effects of selenium supplementation in the 
etiology of AIDS are not clear. Once again, a disease state with 
nutritional deficits that may need to be managed collide with 

lack of sufficient information. Clearly, selenium is important to 
glutathione peroxide function. It protects all cells, especially 
phagocytic cells, from oxidative damage created by peroxides 
(66). Clearly, selenium deficiencies depressed the oxygen burst 
in cattle; however, its effect on the same function in the rat was 
inconsistent (66). Earlier work by Spallholz showed that selenium 
deficiencies depressed antibody-mediated responses, but supple
mentation with modest levels of selenium greatly enhanced these 
responses in mice (67). More recently, selenium deficiency not 
only increased the virulence but also the viral phenotype of Cox
sackie virus in mice (68). Perhaps of greatest importance is the 
finding that selenium deficiency in mice substantially reduced 
the cytolytic T-cell function in selenium-deficient mice, whereas 
modest supplementation of a regular diet with selenium provided 
enhanced cytolytic responses (69). The latter are, of course, critical 
to AIDS patients, given their high incidence of viral infection and 
cancer such as Kaposi's sarcoma. 

Together, these studies suggest that zinc and/or selenium sup
plementation of AIDS patients may be a low-cost means of 
improving immune defense in these individuals, especially in the 
later stages of the disease. Reduced appetite, wasting, infection, 
drugs, and so forth, could all create a low level of zinc or selenium 
deficiency that could be difficult to detect via analysis of serum 
(4). The profound impact that zinc deficiency has on the immune 
system, especially if combined with deficits in other nutrients and 
protein-calorie deficiency, could, indeed, hasten the demise of the 
already handicapped immune system of the AIDS patient. It also 
seems clear that if modest deficiencies in some nutrients can have 
substantial effects on host defense, AIDS also provides evidence 
that an immunodeficiency state can create nutritional deficiencies. 

EVIDENCE OF THE POTENTIAL 
OF NUTRITIONAL SUPPLEMENTS TO 
IMPROVE AN AUTOIMMUNE DISEASE 
Most autoimmune diseases remain an enigma, being difficult to 
diagnose. Moreover, the original cause of these diseases is often 
unknown. Crohn's disease is a chronic inflammation of the gut, 
which creates abdominal pain and diarrhea in its more benign 
form but can lead to fistulas and diseased areas that require surgical 
removal. The gut area is often infiltrated with large numbers 
of lymphocytes, with some evidence that faulty T-cell function 
exacerbates the disease. Yarious deficiencies develop, especially 
in iron and zinc resulting from altered absorption (70). In its 
more severe form, appetite induction and weight loss are factors 
suggestive of protein-calorie deficiency. Thus, dietary manage
ment quickly became part of the treatment program for these 
patients. It is another, albeit unique, example of nutritional status 
affecting immune status. 

If Crohn' s is bad, multiple sclerosis, myasthenia gravis, muscu
lar dystrophy, and lupus are worse. They are more debilitating 
and invariably shorten the victim's life. However, the laboratory 
of Hayes has come upon a potentially important nutritional answer 
for experimental autoimmune in encephalomyelitis (EAE), a 
murine model of multiple sclerosis (MS) (71). EAE was induced 
in BIO.PL mice by injecting them with myelin basic protein. 
When symptoms of autoimmunity began to appear, the mice were 
given 1,25-dihydroxy vitamin D3 (D3), which was able to prevent 
the progression of disease. Withdrawal of D3 resulted in the 
resumption of autoimmunity (71). 
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To their credit, the investigators are advancing the above study 
beyond the phenomenological realm, toward one with a scientific 
basis. They hypothesize that D3 acts as a selective immune regula
tor that may inhibit the undesired immune reactions that probably 
initiate this autoimmune disease (72). Under low-sunlight condi
tions, they point out that less D3 will be produced, thereby increas
ing the risk of MS. In support of their theory, they point out 
that geographics greatly impact on the prevalence of MS in a 
population. Indeed, MS is apparently nearly zero in equatorial 
regions around the world. If their hypothesis is correct, supplemen
tation of individuals with MS with vitamin D3 may have great 
therapeutic potential and, perhaps, some preventative capacity for 
those with a clear genetic predisposition for MS. This is another 
important example of investigators linking nutrition to an 
immune dysfunction. 

DIETARY RESTRICTION: WHEN LESS 
MAY BE MORE FOR THE IMMUNE SYSTEM 
Over the years, a compelling body of literature has accumulated, 
showing that modest restriction in calorie intake over an extended 
period of time will substantially lengthen the life-span of mice 
(73). From a more immunological point of view, calorie restriction 
also prolonged the onset of autoimmunity in NZB and MRL/lpr 
mice, while also reducing spontaneous tumor development in a 
variety of strains of mice (74). As might be expected, a number 
of age-related changes in the immune function were significantly 
offset by dietary restriction (75-77). 

These are fascinating findings that indicate dietary restriction 
has a plethora of positive health effects, some of which have an 
impact on the immune system. Although the data generated were 
tantalizing, it had been generated over a period of 20 yr without 
provision of an underlying mechanism(s) that would explain the 
observed extension of life. Clearly, attempting to identify a single 
unifying mechanism(s) is a daunting task. However, without it, 
these potentially important studies could remain on the clinical 
shelf. There is, however, some recent progress in this area. As a 
result of the recent interest in the role of reactive oxygen species 
(ROS) in aging, Tian et al. compared the levels of lipid peroxida
tion and oxidation of plasma proteins in ad libitum-fed and calorie
restricted Fischer rats over a period of 31 mo (76). Although one 
would like to have seen a more extensive evaluation of immune 
parameters, especially in vivo, the primary immunological assess
ment was the in vitro response ofT cells to mitogens. Nevertheless, 
these investigators found that the decline in T-cell response with 
age correlated with the levels of lipid and protein peroxidation. 
Caloric restriction partially offset both peroxidation and the age
associated decline in T cell function. Indeed, the reduction in ROS 
production appears to be a promising explanation for the many 
protective effects noted for dietary restriction. 

The problem with ROS in understanding how diverse types of 
dietary restriction ranging from withholding calories to reducing 
zinc intake would reduce ROS production. Moreover, how would 
reduced ROS production offset the onset of autoimmunity in 
calorie-restricted NZB mice? An interesting new angle is provided 
by Spaulding et al. (77) that adds new dimension to the picture. 
They propose that the well-documented reduction in aging among 
T cells is the result of malfunction of a subset of T cells within 
the population rather than a decline in function among all T cells. 
They further note that in calorie-restricted mice, there is some 

lymphopenia that would otherwise seem to have a negative impact 
on immunity until one looks at rates of cell death. They noted 
reduced rates of apoptosis among T cells from aged mice that 
was normalized in calorie-restricted mice. These findings may 
mean that calorie restriction enhances or normalizes the removal 
of faulty cells as rodents age, including ROS damaged cells, via 
maintaining or perhaps even heightening the rate of apoptosis. As 
discussed, it is well established that serum or nutrient deprivation 
and deprivation of zinc apoptosis in vitro not just among cells of 
the immune system but also many other types of cell (6,7,21). 
Thus, modest dietary restriction could well be a cue that promotes 
apoptosis. However, one wonders if dietary restriction like protein
calorie and zinc restriction might also alter the circadian rhythm 
of glucocorticoids. Small but chronic elevations in glucocorticoid 
production that might be difficult to measure might also be suffi
cient to elevate apoptosis just a few percent. This, in tum, might 
be more than sufficient to facilitate removal of faulty cells that 
accumulate with aging, spontaneous tumor cells, or the anti-self
lymphocytes that are the underpinning of autoimmunity. Regard
less, these investigators are much closer to being able to explain 
why a variety of kinds of dietary restriction can have a positive 
impact on such diverse phenomena as aging, autoimmunity, and 
malignancy. This could well have a significant impact in the 
United States, where the overfed continue to be one of the greatest 
health problems. 

THE COMPLEX INTERACTIONS 
AMONG INFECTION, NUTRITION, 
AND THE IMMUNE SYSTEM 
Each infection has its own unique pathogenesis, which makes it 
difficult to generalize about their effects on nutritional status (2). 
However, more often than not, infections cause significant losses 
from nutritional reserves of the body. This is particularly true for 
infections that initiate an acute-phase response, where loss of 
appetite and wasting are key components of the response. One 
assumes that the many deleterious effects for PCM on immune 
status would be potential problems for these patients as well. 
Therefore, there is a high probability that the nutritional deficien
cies created by the infection will lead to immune system derange
ment as a secondary consequence, thereby exacerbating recovery. 
Suboptimal intake of zinc, PCM, and copper have already been 
shown to increase the incidence of infection and morbidity in 
human and animals (1-3,18,57). This, of course, has the obvious 
potential of creating a vicious and life-threatening circle, where 
the infection impairs the immune system, creating a higher level 
of infection with a concomitant heightened level of impairment 
of immune defense. Thus, death becomes a possible outcome of 
sepsis, toxic shock syndrome, and other serious infections that 
compromise the immune system and for which no nutritional 
management is provided. 

Viral infections as well as some other intracellular infections 
may be cleared early by natural-killer cells or by more sustained 
responses on the part of cytolytic T cells. Defense against bacterial 
infections is somewhat better understood; however, they are multi
faceted. Moreover, bacterial infection can elicit an innate response 
from phagocytic cells that readily adhere to a protein or carbohy
drate on the surface of the microbe, making for rapid clearance. 
Others initiate the alternate complement pathway that can lead to 
removal by lysis and/or phagocytosis. Still others gradually gener-
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ate an antibody-mediated response, with antibody-mediated agglu
tination of the pathogens leading to an arrest in their growth. A 
potent antibody-mediated response will also provide memory that 
results in the generation of rapid protective responses upon the 
next encounter. 

Failure of these responses can lead to toxic shock syndrome 
in the case of Streptococcus, Staphylococcus, Clostridium tetani, 
and Vibrio cholerae. Gram-negative bacteria, especially Esche
richia coli and Salmonella typhi, that currently represent a signifi
cant food safety problem can also overtake the immune system, 
becoming a catastrophic condition known as sepsis. As these 
responses advance, there is further activation of monocytes and 
macrophages. A variety of cytokines are produced, including Inter
leukin I and tumor necrosis factor that reduce appetite and initiate 
fever. Continuance of this process can lead to an intense acute
phase response. A marked change in metabolism is then noted 
with decreases in blood nitrogen observed, followed by enhanced 
gluconeogenesis as reductions in food intake increase and body 
wasting sets in (2). In addition, early investigators noted marked 
depletion in serum of iron and zinc status associated with some 
of these infections (1,2). Clearly, the nutritional costs mount as 
these infections advance. 

Although infections, in general, and sepsis and toxic shock 
syndrome, in particular, are of considerable current concern and 
interest, the development of nutritional strategies to manage these 
infections seems to be limited. Moreover, there are a host of 
parasite, fungal diseases, and so forth, some of which continue to 
cause significant health problems and mortality in underdeveloped 
countries, that are receiving little or no attention as far as identify
ing the sort of nutritional changes that they might create. As in 
many other areas, the early literature is replete with preliminary 
evidence that the relationships among infection, nutrition, and 
immune status are definitely linked (1,2). This is another important 
area ripe for more thorough investigation. Future nutritional strate
gies for providing specific or optimized nutrition for a specific 
infection also remain open for study. Beyond protein-calorie defi
ciencies created by infection, there are probably any number of 
infections for which the addition of the right array of trace ele
ments, iron, vitamins, and so forth would provide beneficial sup
port that might make the difference between a prolonged and a 
short-term illness, or even life versus death. 

SUMMARY 
It is evident from the examples provided in this chapter and 
throughout the book that nutritional status and immune status are 
tightly linked. Indeed, recent evidence suggests that at the cellular 
level, fluxes in nutrients can even modulate apoptotic death path
ways, especially in cells of the immune system. In spite of these 
interesting revelations, there are many nutrients whose impact on 
immune status remain to be explored. As also discussed, there 
are a number of chronic diseases, some of which were listed in 
Table 1, that create nutritional deficiencies that compromise the 
immune system. Clearly, this increases the chances of infections 
and mortality in the patient. Interestingly, immune deficiencies 
and defects (e.g., some autoimmune diseases and AIDS) appear 
to also alter nutritional status. This undoubtedly exacerbates the 
disease process further. A plethora of studies indicate that infec
tions alter nutritional status, thereby compromising immune 
defense systems in a way that helps the pathogens gain the upper 
hand. In spite of the overwhelming evidence that there is a glaring 

need for incorporating more nutritional supplementation into our 
management and care of chronic diseases, disease states, and 
infections, we are doing so at a surprisingly slow rate. There is 
a clear and growing need for additional studies, especially of 
human subjects, to explore the efficacy of nutritional supplementa
tion to optimize immune defense systems where suboptimal nutri
ture and wasting are a component of the disease process. 
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13 Nutritional Modulation of 
Inflammation by Polyunsaturated 
Fatty Acids/Eicosanoids 

VINCENT A. ZIBOH 

INTRODUCTION AND 
HISTORICAL PERSPECTIVES 

The first indication that dietary fat may be essential for healthy 
growing animals was presented in 1918 by Aron, who proposed 
that butter has a nutrient value that cannot be provided by other 
dietary components (1). This report suggested that there was a 
special nutritive value inherent in fat apart from its caloric contri
bution and that this possibly was related to the presence of certain 
lipids. In 1929, Burr and Burr (2) presented the first in a series 
of articles outlining a "new deficiency disease produced by the 
rigid exclusion of fat from the diet." In the series of conclusions 
put forth, they developed the hypothesis that warm-blooded ani
mals, in general, cannot synthesize appreciable quantities of cer
tain fatty acids. In 1930, both investigators significantly added to 
their earlier work by presenting evidence that the dietary inclusion 
of linoleic acid alone could reverse all deficiency symptoms result
ing from a fat-free diet and thus linoleic acid (LA or 18:2n-6)1 
was heralded as an essential fatty acid (EFA) (3). The recognition 
that some unsaturated fatty acids could not be synthesized from 
endogenous precursors by mammals and were essential dietary 
elements led to the designation of essential and nonessential fatty 
acids. It was originally thought that there are only two essential fatty 
acids, linoleic acid (9,12-octadecadienoic acid, LA, 18:2n-6) and 
a-linolenic acid (9,12,15-octadecatrienoic acid [ALA], 18:3n-3), 
but continued nutritional studies revealed positive essential growth 
responses not only for linoleic acid and a-linolenic acid, but also 
for arachidonic acid as well as the long-chain highly unsaturated 
fatty acids in fish oil (eicosapentaenoic acid, 20:5n-3) and docosa
hexaenoic acid, 22:n-3) (4-6). More recent reports on the biologi-

IFatty acids and acyl groups are denoted 18:2n-6, 18:3n-3 and so on, 
with the first number representing the number of carbons in a straight chain 
and the number following the colon indicating the number of methylene 
interrupted cis double bonds. The number after n indicates the number 
of carbon atoms from the methyl end of the acyl chain to the nearest 
double bond. 
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cal significance of the longer-chain n-3 PUFAs do qualify these 
long-chain fatty acids as essential PUFAs. 

BIOLOGICAL SIGNIFICANCE 
OF ESSENTIAL FATTY ACIDS 

STRUCTURAL FORMS The two major families of polyunsatu
rated fatty acids (PUF As) characteristic of the mammalian species 
(the n-6, and the n-3 PUFAs) are shown in Fig. l. The n-6 and 
n-3 PUFAs are defined by the position of the double bond closest 
to the terminal methyl group of the fatty acid molecule. In the 
n-6 family, the first double bond occurs between the sixth and 
seventh carbons from the methyl group end of the molecule, 
whereas in the n-3 family, the first double bond occurs between 
the third and fourth carbons. PUFAs with these basic structures 
cannot be biosynthesized de novo in appreciable amounts by verte
brate animals nor are the n-3 and n-6 families of PUF As intercon
vertible. Thus, these essential PUF As must be supplied from 
dietary sources. 

DIETARY SOURCES The 18-carbon n-6 and n-3 polyunsatu
rated fatty acids (PUF As) are synthesized on land by many plants 
and, therefore, are dietarily obtained from vegetable oils. The 
longer-chain members of each family are either biosynthesized 
in vivo after dietary ingestion of the shorter 18-carbon precursors 
or they are obtained directly from animal or marine sources. For 
example, the longer-chain n-3 PUFAs, especially eicosapentaenoic 
acid (5,8,1l,14,17,EPA,20:5n-3) and docosahexaenoic acid 
(4,7,1O,13,16,19,DHA,22:6n-3) are found in fish and shellfish. 
They can be ingested directly from these sources. The longer
chain n-6 PUFA, arachidonic acid (AA, 20:4n-6), is found in the 
liver, brain, and meat, which are rich dietary sources of this PUF A. 
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DIETARY REQUIREMENTS Attempts have been made to 
estimate the human EF A requirement, but these have been met 
with a plethora of problems regarding what criteria to use for 
physiological normality. For instance, human infants and children 
are generally thought to require 1-2% of total calories as LA in 
order to avoid EF A deficiency (7). It is generally believed that 
children require more LA as a percentage of total daily calorie 
intake than adults, because growth increases the demand of this 
fatty acid for cell membrane components (8). Comparative studies 
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Fig. 1. Two major families of PUFAs characteristic of the mamma
lian species. 

on the metabolic equivalence of LA and AA demonstrate that AA 
has three times the potency of LA (7). 

ASSESSMENT OF ESSENTIAL FATTY ACID STATUS The 
classical biochemical method of establishing EF A deficiency 
(EFAD) is to calculate the ratio of triene (5,8,11-eicosatrienic acid, 
20:3n-9) to tetraene (AA, 20:4n-6) fatty acids (9). A competitive 
interaction between the n-6 and n-3 acids results in the suppression 
of long-chain n-9 acid biosynthesis. Furthermore, n-3 fatty acids 
have been shown to moderately suppress the metabolism of n-6 
acids. Thus, when the tissue level of 18:2n-6 acid is normal, 
relatively little oleic acid (l8:1n-9, OA) acid is de saturated and 
elongated into 20:3n-9, resulting in a low triene/tetraene ratio. On 
the other hand, when LA acid is very low or inadequate, as is the 
case in EFAD, OA acid (derived from de novo glucose metabo
lism) undergoes desaturationlelongation reactions resulting in the 
elevation of 20:3n-9 in tissue lipids. Correspondingly, the trienel 
tetraene ratio is elevated. The triene/tetraene ratios above 0.2 and 
0.4 are considered the upper limits of normalcy in human plasma 
and tissue lipids_ 

DEFICIENCY SYMPTOMS The various deficiency symp
toms apparent in response to diets low or free from EF As were 
first described by Burr and Burr (2,3). A salient feature of this 
deficiency syndrome is decreased growth rate, particularly in pair
fed male animals_ Other symptoms largely compiled from EFA
deficient rat studies include scaly dermatoses, permeability of 
skin to water, hair loss, tail necrosis, fatty liver, kidney damage, 
impaired reproduction, fetal resorption in females, testicular 
degeneration in males, and reduced ability to form and maintain 
cell membrane integrity_ 

BIOSYNTHESIS OF LONG-CHAIN 
FATTY ACIDS IN MAMMALIAN SYSTEMS: 
DESATURATION/ELONGATION 
The shorter-chain EFAs LA and ALA serve as the initial unsatu
rated precursors for the in vivo biosynthesis of the longer-chain 
PUFAs. Metabolism of the EFAs in most tissues involves an 
alternating sequence of ~-6-desaturation chain elongation, and ~-5 
desaturation, in which two hydrogen atoms are removed from the 
PUF A to create a new double bond followed by the addition of 
two carbon atoms from glucose metabolism to lengthen the fatty 
acid chain (10) as shown in Fig. 2. The de saturations are catalyzed 
by different enzymes and the same enzymes seemingly catalyze 
equivalent steps in the n-3, n-6, and n-9 pathways (11). The PUFA 
families competitively interact in such a manner that the n-3 acids 
more strongly suppress the metabolism of n-6 acids than the n-6 
acids suppress the metabolism of n-3 acids_ Both the n-6 and n-3 

acids singly or in concert strongly suppress the biosynthesis of 
the nonessential long-chain n-9 (20:3n-9) fatty acid. 

~-6 DESATURATION OF LINOLEIC ACID (18:2n-6) The 
~-6 desaturase is the first step in the metabolism of LA to longer
chain polyunsaturated fatty acids. The bioconversion is carried 
out in the endoplasmic reticulum membranes by an aerobic mecha
nism. The desaturase activity is associated with the subcellular 
microsomal fraction of many animal species (11). To initiate the 
reaction, a preformed long-chain fatty acyl-CoA is required as 
the substrate_ In the LA metabolic sequence, the ~-6 de saturation 
to y-linolenic acid (6,9,12-octadecatrienoic acid [GLA], 18:3n-6) 
is considered the rate-limiting reaction (12). 

CHAIN ELONGATION OF y-LiNOLENIC ACID The 
microsomal chain elongation of fatty acids is a malonyl-CoA
dependent process in which a corresponding preformed fatty acyl
CoA 18:3n-6 condenses with malonyl-CoA derived from glucose 
metabolism to generate a ~-keto derivative_ The ~-keto derivative 
is subsequently reduced to a secondary alcohol, which, upon dehy
dration, yields the 2-trans analog. A final reduction with NADPH 
(reducing equivalent) yields dihomo-y-linolenic acid (8,11,14-
eicosatrienoic acid; DGLA) with two carbons longer than the 
primer GLA. As there is no requirement for molecular oxygen in 
the elongation process, this step is classically examined under 
anaerobic conditions (11). Within any of the unsaturated fatty 
acid metabolic pathways, the rates of de saturation are generally 
slower than those for chain elongation (12), thus, the rate-limiting 
steps associated with the metabolism of LA to AA are both the 
~-6 de saturation and the ~-5 desaturation. 

~-5 DESATURATION OF DIHOMO-y-LiNOLENIC ACID 
(20:3n-6) The K 5 de saturation is the final step in the conversion 
of LA to AA and there are significant species differences in the 
function of this enzyme. The rodent, for instance, has an active 
hepatic ~-5 desaturase enzyme system, whereas the enzyme activ
ity is much lower in both the human and the guinea pig liver (10). 
The reason is unclear. 

RELEASE OF ARACHIDONIC ACID 
FROM MEMBRANE PHOSPHOLIPIDS 

PHOSPHOLIPASE Az (RATE-LIMITING STEP) The AA gener
ated after the ~-5 de saturation is incorporated and stored in mem
brane phospholipids. The release of AA from the phospholipids, 
which is catalyzed by the phospholipase A2 (PLA2) hydrolysis, 
sets off the series of metabolic reactions referred to as the AA 
metabolic cascade_ The PLA2 has been classified into two distinct 
forms: the secreted form of PLA2 (sPLA2) and the cytosolic form 
of PLAz (cPLA2) based on their apparent cellular localization. 
The cPLA2 has been purified and cloned by several groups (13-
15). The enzyme is expressed in a variety of cell types such as 
fibroblasts, kidney mesangial cells, and platelets (16-18). The 
cPLA2 differs from sPLAz in a number of ways. For instance, the 
calculated molecular mass of cPLA2 is approximately 85 kDa, 
whereas sPLA2 is 14 kDa. The cPLA2 is active at low Ca2+ concen
trations (micromolar) and is found in the cytosol, whereas the 
sPLA2 requires high Ca2+ concentrations (millimolar) for activity. 
Because the cPLA2 exhibits high selectivity for AA at the sn-2 
position of the glycerol backbone (19), it has been implicated 
with initiating the inflammatory processes. In contrast, the sPLAz 
has no fatty acid preference; thus, its role is consistent with the 
normal maintenance of cell membrane homeostasis. 
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THE CYCLOOXYGENASE PATHWAY One of the pathways 
that generate potent biological mediators from AA is the cyclooxy
genase pathway. The products generated include prostaglandin 
E2 (PGE2), prostaglandin F2a (PGF2a), prostaglandin D2 (PGD2), 
thromboxane A2 (TXA2, mainly from platelets), and prostacyclin 
(PGI}, mainly from the vessel wall). A schematic illustration of 
the cyclooxygenase pathway is shown in Fig. 3. The biosynthesis 
of TXA2 and the PGs involve three sequential steps: (1) the 
stimulus-induced release of AA from phospholipids by cPLA2, 
(2) the oxidative transformation of AA into prostaglandin endoper
oxide H (PGH2) and, finally, (3) the isomerization of PGH2 to the 
respective PGs and thromboxane. Specifically, the PGH synthe
tases catalyze the conversion of AA and O2 to PGH2 (20). The 
PGHS-I (COX-I; cyclooxygenase-l) has been characterized and 
is referred to as the constitutive enzyme (20). It is expressed in 
most normal cells and tissues in the absence of external stimuli. 
The newly characterized second isozyme, the PGHS-2 (COX-2; 
cyclooxygenase-2), is now referred to as the inducible isoform. 
Although COX -2 is similar to PGHS-I in structure, it differs in 
its pattern of expression. For instance, it is expressed mainly 
in cells stimulated by a variety of factors. Both isozymes are 
homodimeric, heme-containing, glycosylated proteins with two 
catalytic sites. The isozymes have become important pharmaco
logical targets for nonsteroidal antiinflammatory drugs (NSAIDS) 
(21). For example, COX-2 is the relevant enzyme target of 
NSAIDS, which act to inhibit inflammation, fever, and pain (21-
23). A low concentration of aspirin, which clinically lowers the 
risk for mortality from cardiovascular disease (24), acts via COX-I 
to inhibit the biosynthesis of platelet thromboxane A2• Persuasive 
studies have now emerged that indicate that the activity of COX-2, 
which is associated with inflammatory reactions, can be suppressed 

Fig. 3. Arachidonic acid cascade (cyclooxygenase pathway). 
TXA2 = thromboxane A2; PGG2 = prostaglandin cyclic endoperoxide; 
PGH2 = prostaglandin endoperoxide; PGE2 = prostaglandin E2; 

PGF2a = prostaglandin F2; PGI2 = prostaglandin I, (prostacvclin). 



160 PART III / NUTRIENT-IMMUNE INTERACTIONS 

STIMULUS ---....,~ .. PHOSPHOUPIDS 

12-HPETE 

1 
ll·HETE 

!~LA2 
ARACIllOONlC ACID 

E ll·W ~COOH 

'7 ~ 
~COOH ~COOH 

5.HP

1
ETE 15'HP1~~ '" 

~COOH 
LEUKOTRIENE A4 (LTA4) 

(TRANSIENT) +'l !+ ~umdUone 

15·HETE 

~COOH 
5(6) EPOXYTETRAENE 

LTB4 LTC4~LTD4~LTE4 
l~:E\ 

Prolnllammatory Spasmogenic LXA4 LXB4 

LEUKOTRIENES VasodlIaton Regulate 
Inhibits LT'. Myelopoiesis 

UPOXINS 

Fig. 4. Arachidonic acid cascade (lipoxygenase pathway). TXA2 = 
thromboxane ~; TXB4 = thromboxane B4; LTB4 = leukotriene B4; 
LTC4 = leukotriene C4; LTD4 = leukotriene D4; 12-HETE = 12-
hydroxyelcosatetraenoic acid; S-HETE = S-hydroxyelcosatetraenoic 
acid; 1S-HETE = 1S-hydroxyelcosatetraenoic acid. 

by diets supplemented with fish oil (n-3 PUFA) and/or vegetable 
oil (n-6 PUFA). 

THE LlPOXYGENASE PATHWAY Leukotrienes (LTs) are 
a family of related compounds derived from the lipoxygenation 
of arachidonic acid in the S-position. A schematic illustration of 
the lipoxygenase pathway is shown in Fig. 4. 

The 5-Lipoxygenase Pathway 
Generation of Leukotriene 84 The S-lipoxygenase (S-LO) 

enzyme catalyzes the transformation of AA to 5(S)-hydroperoxy-
6,8,11,14-eicosatetraenoic acid (S-HPETE). The same enzyme fur
ther catalyzes the transformation of 5-HPETE to an unstable epox
ide intermediate known as leukotriene A4 (LTA4; S,6-oxido-
7,9,11,14-eicosatetraenoic acid). These reactions are the first of 
two in the biosynthetic pathway for leukotriene biosynthesis. One 
subpathway of the 5-LO generates leukotriene B4 (LTB4)' which 
is derived directly from the sequential dehydration and hydrolysis 
of the highly unstable precursors of 5-HPETE and LTA, respec
tively. Functionally, LTB4 exerts very strong leukocytotropic 
activities. It is one of the most powerful chemotactic and chemo
kinetic agents, which causes neutrophil degranulation (25) and 
enhances binding to endothelial cells (26). It is readily biosynthe
sized by phagocytic cells, principally neutrophils and macro
phages, upon challenge by a variety of stimuli. It has been detected 
in significant concentrations in inflammatory bowel disease (27) 
and in psoriatic skin lesions (28). Thus, LTB4 appears to be a 
global potent inflammatory molecule. 

Generation of Sulfidopeptide Leukotrienes The other sub
pathway of the 5-lipoxygenase includes the generation of sufido
peptide leukotrienes C4, D4, and E4 (L TC4, L TD4, and L TE4)' The 
genesis of this familv of compounds was first noted when perfused 

lungs were challenged with snake venom and reported to cause 
the release of a biologically active substance that induced a slow, 
long-lasting contraction of smooth muscle (29). This pathological 
process was named "the slow reacting substance of anaphylaxis" 
(SRS-A). With the identification of mediators generated from 
AA via the 5-lipoxygenase pathway that possessed slow-reacting 
properties on bronchial smooth muscle, SRS-A is now known to 
be induced by a mixture of LTC4, LTD4, and LTE4 (30). The 
peptide leukotrienes are two to three orders of magnitude more 
potent than histamine as a bronchoconstrictor. Interestingly, when 
LTC4 and LTD4 are administered to human volunteers, they cause 
coughing, bronchoconstriction, wheezing, tightness of the chest, 
and a reduction in expiratory maximum airflow rate (31). Peptide 
leukotrienes have been detected in the sputum from asthmatics 
(32) and in nasal washes from allergic patients following antigen 
challenge (33). 

The 12-Lipoxygenase Pathway The 12-lipoxygenase (12-
LO) catalyzes the transformation of AA to 12-hydroperoxyeicosa
tetraenoic (l2-HPETE) which is then reduced to 12-hydroxyeico
satetraenoic acid (l2-HETE). The 12-LO activity has been identi
fied in a variety of cells, mainly platelets (34). Functionally, 12-
HETE has been reported to exert a variety of effects on cells 
and tissues such as its presumed involvement in the genesis of 
atherosceloric plaques. The 12-HETE liberated during platelet 
aggregation or by the vascular endothelium is known to be incorpo
rated into the vascular endothelial phopholipids, particularly pho
phatidy1choline (PC), and is reported to exacerbate cell injury. 
12-HETE as well as its intermediate, 12-HPETE, have been 
reported to inhibit vascular tissue prostacyclin biosynthesis, thus 
promoting platelet adhesion and aggregation. 

The 15-Lipoxygenase Pathway The 15-lipoxygenase (15-
LO) enzyme catalyzes the transformation of AA to 15-hydroper
oxyeicosatetraenoic acid (l5-HPETE) which is then reduced to 
the 15-hydroxyeicosatetraenoic acid (l5-HETE). The presence of 
a mammalian 15-LO, first reported in guinea pig lung, has now 
been confirmed in human lung (35). The enzyme has also been 
demonstrated in a variety of cell types, including neutrophils, 
eosinophils, macrophages, and airway epithelial cells. It has also 
been identified in skin epidermis, human prostate, and human 
cornea. Two isoforms of 15-LO (l5-S-LOX-l and 15-S-LOX-2) 
have recently been described (36). Functionally, lS-HETE has 
been reported to exert varying effects in a variety of systems. For 
instance, both 15-HPETE and 15-HETE are considered to be 
immunosuppressive because they inhibit murine splenocyte prolif
eration induced by lipopolysaccharide. The 15-LO products have 
been reported to induce bronchoconstriction in airways, on the 
one hand, and chemotaxis of inflammatory cells on the other 
(37,38). 15-HETE has also been reported to modulate the activity 
of enzymes associated with the AA cascade (39). Overall, compel
ling new information continues to emerge that implicate hydroxy 
fatty acids once thought to be inactivation products of AA with 
no biological actions in a variety of biological functions. 

THE BIOLOGICAL SIGNIFICANCE OF n-3 PUFAs 

Role in Brain Function Recent studies that implicate the 
PUFAs, particularly the n-3 PUFAs, in the biology of the brain 
has excited great interest. Rapid brain growth is recognized as 
an important feature of prenatal and early postnatal periods of 
development. Associated with this rapid growth is the accumula
tion of long-chain polyunsaturated fatty acids (LCPUFA) neces-
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sary for the formation of the neural tissue. The dry weight of the 
human brain is predominantly lipid, of which 22% is associated 
with the cerebral cortex and 24% of the white mater consisting 
of phospholipids. Therefore, it is not surprising that the mamma
lian fetus and placenta are dependent on the supply of maternal 
EFAs that form a constituent part of brain phospholipids. The 
major EFA deposition in the human fetus occurs during the third 
trimester. Phospholipids in placental vessels and uterine vascula
ture are dependent on EF A supplied by the mother for eicosanoid 
biosynthesis. Thus, maternal preconceptional nutrition determines, 
in part, which specific types of fat accumulate in the conceptus 
and placental tissues (40). Studies of several animal species and 
recent evidence from humans have established that brain phospho
lipid AA and DHA decrease when LA and ALA or only n-3 
PUFAs are deficient in the diet (41). Alternatively, under the 
above condition, the n-9 and n-7 mono-MUFAs and nonessential 
PUFAs increase. These reports, therefore, underscore the signifi
cance of long-chain PUFAs in the brain and neural functions. 

ROLE IN INFANT NUTRITION The potential for dietary 
EF A deficiency has become a significant issue for the nutrition 
of preterm-born infants, as these infants do not receive the third
trimester intrauterine supply of DHA and AA. Even full-term 
infants are at risk ofDHA deficiency, as most formulas are devoid 
of this critical EFA. Recent postmortem investigations of term 
infants indicate the dependency of brain cortex on diet in the FA 
composition. Infants who are breast fed have higher DHA and 
lower n-6 PUFAs (AA) in their cortex phospholipids when com
pared to infants receiving cow-milk-based formulas (42,43). The 
DHA content increases with advancing age in breast-fed infants 
and is proportional to the duration of human-milk feeding while 
the AA content remains stable. Furthermore, the dietary ratio of 
n-6/n-3 PUFAs appears relevant in human infants, as the lowest 
DHA and highest DHA contents in brain cortex phospholipids 
were observed in preterm infants fed formulas with a high 
LA! ALA ratio. Several studies are currently being pursued at 
various clinical centers to evolve an appropriate n-3/n-6 PUFA 
ratio to be incorporated into infant formula. There is enough 
evidence taken from measurements made by rod electroretinogram 
(ERG) and visual evoked potential (VEP) visual acuity to support 
the view that the dietary deficiency of n-3 PUFAs can affect the 
normal eye and brain functions of preterm infants. Preterm infants 
require DHA in their diet because they are incapable of biosynthe
sizing a sufficient quantity of DHA from dietary ALA, although it 
is provided by soy-oil-based formula products. Compelling reports 
continue to emerge that indicate that n-3 PUFA (particularly DHA) 
is required for optimal maturation of the nervous system and the 
retina in the human. 

ROLE IN INflAMMATORY/IMMUNE SYSTEMS The 
products of 5-LO-catalyzed oxygenations of AA (LTB4, LTC4, 
and LTD4) are known to participate in a variety of inflammatory 
diseases. This view is based on the fact that L TB4 has been found 
in exudates from experimental animals and humans with chronic 
inflammatory disease (44), as well as in lesional psoriatic skin 
and psoriatic scale (45). Consistent with this latter view, the topical 
application of L TB4 to normal human skin promotes the infiltration 
of polymorphonuclear leukocytes (PMN), along with other 
inflammatory cells into the skin epidermis. PMNs, macrophages, 
and mast cells are found in inflammatory diseases and the current 
dogma implicates these phagocytes as the sources of the leuko
trienes. Studies with these cells in culture have indicated that 

PMNs have the capacity to produce large amounts of LTB4, 
whereas macrophages, monocytes, as well as mast cells biosynthe
size larger amounts of the peptide-Ieukotrienes (LTC4, LTD4). 

In Inflammatory Bowel Disease Although the etiology of 
inflammatory bowel disease has not been fully delineated, local 
mediators consisting of AA metabolites and peptide mediators 
(cytokines) have been suggested as possible culprits in the patho
genesis of this disease. Because L TB4 is associated with inflamma
tory processes, a number of studies have aimed at reducing local 
bowel LTB4 formation by inhibiting the 5-LO. Also, because n-3 
PUFAs have been shown to inhibit LTB4 formation in a number 
of systems, the hypothesis has been developed to treat patients 
with inflammatory bowel disease with fish oil containing n-3 
PUFAs. In a controlled and double-blind dietary study, n-3 PUFAs 
was reported to exert beneficial effects in patients with ulcerative 
colitis but not in patients with Crohn's disease. In a more recent 
study, in which enteric-coated fish oil (made to minimize gastric 
acidity) were given to patients with Crohn' s diseases, the investiga
tors demonstrated marked reductions in the rate of relapse of the 
patients when compared to patients on placebo (46). Although it 
appears that dietary supplementation of n-3 PUFAs may be bene
ficial in inflammatory bowel disease, more trials are warranted in 
order to elucidate its mechanisms of action. The findings nonethe
less suggest that suppressing the generation of bowel proinflam
matory LTB4 may attenuate the severity of the disease. 

In Rheumatoid Arthritis The recognition that n-3 PUFAs 
can suppress the tissue!cellular generation of proinflammatory 
leukotrienes (L TB4, L TC4, and L TD4) in vitro and can also amelio
rate in vivo inflammatory conditions has prompted trials of fish 
oil (n-3 PUFAs) in rheumatoid arthritis. In animal studies, dietary 
modifications containing n-3 PUFAs has been reported to exert 
significant reduction in the severity of diffuse proliferative glomer
ulonephritis in several autoimmune strains of mice, including the 
NZBXNZWF, BXSB/Mpj, and MRL/lpr strains (47). 

In human studies, the effects of dietary fish oil supplements 
in patients with rheumatoid arthritis have been studied (48). The 
effect of high-dose fish oil after stopping NSAIDs has also been 
studied (49). An improvement in the number of tender joints on 
physical examination is most often observed, with some authors 
also reporting improvement in morning stiffness. The most striking 
benefits regarding tender joints and morning stiffness have been 
confirmed in a recent meta-analysis (50). Although the overall 
clinical response to fish oil supplements reported in these studies 
are modest, these promising beneficial effects warrant more and 
longer-duration studies. Furthermore, it is likely that the future will 
reveal increasing reports of n-3 PUF A modulation of interleukin-I 
(lL-l) and tumor necrosis factor (TNF)-driven disorders. 

I n Psoriasis The interest in the role of n-3 PUFAs in psoriasis, 
a skin disorder characterized by chronic inflammatory and hyper
proliferative skin lesions, was accentuated after the report of an 
epidemiologic study of Eskimos in Greenland by Kromann and 
Green (51). This report revealed a 20-fold more incidence of 
psoriasis among the Danish population when compared to the 
Greenland Eskimos. An initial study of AA metabolism in vitro 
by preparations from the psoriatic lesion revealed an increased 
formation of PGE2, PGF2<x and 12-HETE (52). A later report 
revealed that the psoriatic lesion contained elevated amounts of 
LTB4 (53). Because n-3 PUFAs have been shown in vitro to 
suppress L TB4 formation, an open-trial study to test the efficacy 
of dietary fish oil (Max-EPA), which is rich in n-3 PUFAs, was 
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investigated in a group of 18 psoriatic patients (54). Each patient's 
diet was supplemented with sufficient fish oil to contain approxi
mately 10.8 g of EPA, 7.2 g of DHA, and 0.6 g of AA per day. 
Clinical findings from these studies revealed a favorable response 
characterized by mild to moderate improvement of psoriatic 
lesional scaling, erythema, and epidermal thickness after an 8-wk 
dietary intake of the fish oil in approximately 60% of the 18 
patients. In another open-trial study (55), the investigators pro
vided more fish oil (containing approximately 12 g of EPA/d) to 
10 psoriatic patients for 6 wk and reported moderate beneficial 
effects in 8. Additionally, this group reported biochemical evi
dence of suppressed ability of PMN s from the patients to generate 
LTB4 when challenged in vitro. Taken together, these two open
trial studies with dietary fish oil containing EPA and DHA exerted 
moderate to excellent beneficial effects to the patients. 

Subsequently, in one double-blind, randomized, placebo-con
trolled trial study of 28 patients with stable psoriasis who received 
less Max-EPA (fish oil) capsules, equivalent to l.8 g of EPA/d, 
for 8-12 wk, these investigators reported a lessening of itching, 
erythema, and scaling in the treated group when compared to the 
placebo group (56). The findings from this double-blind, placebo
controlled trial study are consistent with the open-trial findings. 
However, in another double-blind, placebo-controlled study, the 
investigators reported that the administration of a low amount of 
Max-EPA (fish oil) capsules, equivalent to l.8 g of EPA/d as in 
the preceding study for 8 wk, resulted in no statistical difference 
in the clinical manifestations of the psoriasis between the active 
treatment group and the placebo group (57). The reason for the 
discrepancy in these two double-blind studies, which supple
mented diets with the same amount of n-3 PUFA (l.8 g EPA/d), 
has remained unclear. The reports raise serious questions as to 
the source of the oils used and their preservation during the period 
of the study. Nonetheless, in a recent large study, 6 capsules 
containing a total of 1.12 g and 7.56 g of ethyl esters of EPA and 
DHA, respectively, were given daily to 80 members of the Finnish 
Psoriasis Foundation with stable plaque psoriasis. After 8 wk, 
approximately 72.4% of the patients who completed the study 
showed moderate to excellent clinical improvement in pruritus, 
scaling, induration, and erythema (58). Data from these dietary 
n-3 PUFA trials indicate that minimal to excellent efficacy was 
attained as a monotherapy for psoriasis. These promising findings 
have prompted the use of fish oil capsules with success as an 
adjunct to reduce ultraviolet-irradiation (UV-B)-induced inflam
mation to prolong the beneficial effects of phototherapy (59). In 
order to evolve an effective efficacy for these n-3 PUFAs, it is 
imperative that the mechanisms of action of EPAlDHA or their 
I5-LO metabolites, particularly the monohydroxy fatty acids (15-
hydroxyeicosapentaenoic acid [15-HEPE] and 17 -hydroxydocosa
hexaenoic acid [I7-HDoHE]), which are biosynthesized locally 
in the skin, be elucidated. Recent incubations using guinea pig 
epidermis and/or human epidermis with EPA and/or DHA in vitro 
revealed the generation of 15-HEPE and 17-HDoHE by epidermal 
15-LO (60,61). These metabolites presumably function in vivo as 
endogenous anti-inflammatory metabolites. The role that these 
metabolites play in vivo deserves further explorations. 

A speculative scenario of the possible modulatory effects of 
EPAlDHA as constituents of the fish oil n-3 PUFAs on the genera
tion of AA inflammatory metabolites generated via the 5-LO 
pathway of AA is shown in Fig. 5. Pathway A illustrates the 
dietary ingestion of vegetable oil (safflower or com oil, containing 

LA), its de saturation, and elongation into AA. The resulting AA 
is further metabolized in vivo by PMNs via the 5-LO into pro
inflammatory leukotrienes, particularly, LTB4, LTC4, and LTD4. 
Pathway B illustrates the oxidative metabolism of fish oil (contain
ing EPAlDHA) via the cyclooxygenase and lipoxygenase path
ways to generate metabolites. The possible mechanisms of the 
reported beneficial effects of fish oil in cutaneous disorders seem 
consistent with the possible in vivo epidermal generation of 15-
LO products of EPA (I5-HEPE) and DHA (17-HDoHE). These 
metabolites have been shown in vitro to inhibit the generation of 
LTB4 by activated PMNs from AA. The possibility that LTBs (a 
moderate competitor for L TB4) is formed via the 5-LO after dietary 
intake of fish oil (containing EPA) also exists (55) and could 
possibly attenuate the pro-inflammatory effects of L TB4. The 
increase in these metabolites are dose dependent after dietary 
intake of fish oil. It is, therefore, reasonable to speculate that 
increased dietary ingestion of fish oil (containing EPAlDHA) 
could result in increased endogenous epidermal biosynthesis of 
these putative anti-inflammatory monohydroxy metabolites (15-
HEPE and 17 HDoHE). Local epidermal increases in these mono
hydroxy acids could, in tum, inhibit the local generation of the pro
inflammatory leukotrienes induced by infiltrating PMNs. Thus, the 
dietary intake of highly purified fish oil or its ethyl esters as a 
monotherapy or as adjunct with other therapeutic modalities may 
offer a less toxic approach to alleviating cutaneous as well as 
other inflammatory disorders. More trial studies are warranted. 

THE BIOLOGICAL SIGNIFICANCE OF n-6 PUFAs 

ROLE IN MEMBRANE STRUCTURE The prevailing concept 
of the cell membrane is that most of the phospholipid in the 
membrane is present as a bimolecular sheet, with the fatty acids 
chains in the interior of the bilayer-"the fluid mosaic model" 
(62). Membrane proteins are located either at the internal or exter
nal faces of the membrane or projecting from one side to the 
other. An important physical feature of the membrane is the degree 
of freedom for molecules to move around, generally described as 
"membrane fluidity." Thus, the membrane lipid provides a flexible 
structure in which a variety of membrane proteins are located, 
some of which are enzymes, receptors, or growth factors that 
modulate a variety of metabolic activities within the cell mem
brane. 

Unsaturated fatty acids are important constituents of these 
membrane lipids and they are mainly esterified in the phosphoglyc
erides. The presence of unsaturation in the chains of the fatty 
acids affects their shape and their ability to pack together. For 
instance, saturated fatty acids pack together in crystalline arrays 
that give low fluidity. In contrast, the introduction of a double 
bond in the fatty acid chain results in less packing but increased 
fluidity. The stability of mammalian membranes is, therefore, 
highly dependent on the presence of n-6 essential fatty acids, a 
major functional role of the n-6 PUFAs. For instance, if the n-6 
PUFA (AA) is replaced by the n-9 PUFA (20:3n-9), an abnormality 
is induced in the membrane, as in the case of essential fatty 
acid deficiency (EFAD). The membrane under this condition is 
characterized by a dysfunctional membrane that is more permeable 
to water and ions. Similarly, the dietary substitution of AA with 
EPA in the membrane phospholipid results in diminished meta
bolic transformation of AA into eicosanoids. 

The recognition that excessive generation of 20-carbon eicosa
noids with pro-inflammatory properties can result from ingestion 
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Fig. 5. Speculative regulation of inflammatory eicosanoid biosynthesis by 0)-3 polyunsaturated eicosapentaenoic acid. 

of shorter-chain n-6 PUFAs has lend itself to the unfortunate 
misconception that dietary n-6 PUFAs may be deleterious because 
of its metabolic transformation (via desaturationJelongation) to 
pro-inflammatory eicosanoids. For instance, it is believed that the 
dietary intake of dietary I8-carbon n-6 PUFAs (LA) would convert 
immediately to its desaturatedielongation intermediates: GLA, 
DGLA, and AA. It is reasoned that the resulting AA would gener
ate excessive amounts of pro-inflammatory n-6 prostanoids and 
leukotrienes. In contrast to this exaggerated view, the likelihood 
of the above to occur after normal dietary ingestion of LA contain
ing oils is small because the desaturation of LA to GLA has been 
reported to be minor (approx 4-20%). In other instances, the 
de saturation does not occur or is diminished when the K6 desatur
ase is inactivated (63,64), because the activity of the ,:1-6 desaturase 
is influenced by nutritional, hormonal, and physiological/patho
physiological factors. Thus, under these conditions, increased 
dietary GLA could serve as an alternate essential PUF A, undergo
ing rapid elongation to DGLA. The accumulated DGLA then 
undergoes metabolic transformations via the cyclooxygenase and 
I5-LO pathways to generate PGE j and 15-hydroxyeicosatrienoic 
acid (15-HETrE), respectively. Both of these metabolites have 
been reported to exert anti-inflammatory effects in vitro and in 
vivo by suppressing L TB4 biosynthesis. 

ROLE IN INFLAMMATORY/IMMUNE SYSTEM 
In Rheumatoid Arthritis There is a body of experimental 

evidence to support the view that eicosanoids do participate in the 
development and regulation of immunological and inflammatory 
responses. Because rheumatoid arthritis (RA) is characterized by 
inflammation, disordered immune regulation, and tissue injury, 
there is increasing interest in the role of eicosanoids in the regula
tion of host defense in RA patients. Furthermore, because of the 

deleterious effects that can often result in the therapy of RA 
when NSAIDs are used excessively, there is a need for new, safe 
approaches to treatment of chronic RA patients. Although the 
modulatory role of n-3 PUFAs in the management of RA has 
been investigated, emerging evidence obtained from experiments 
in vitro as well as in vivo suggest that novel (n-6) PUFAs may also 
be safe and effective anti-inflammatory and immunomodulatory 
agents. For example, oil extracts from seeds of the evening prim
rose and borage plants contain relatively large amounts of GLA. 
In vivo, the GLA is metabolized rapidly to DGLA, resulting in 
increased tissue level of DHA, a precursor for the biosynthesis 
of the monoenoic prostanoid PGE j • This prostanoid has been 
reported to exert anti-inflammatory and immunoregulating proper
ties such as the suppression of diverse T-Iymphocyte functions 
and interleukin-2 (IL-2) production (65,66). PGE1 has also been 
reported to suppress PMN leucocyte and monocyte activation. 
Furthermore, DGLA is also metabolized by I5-LO to I5-HETrE. 
This hydroxy acid has been demonstrated to suppress the biosyn
thesis of pro-inflammatory L TB4 (67). For example, the enrichment 
of synovial cells with DGLA in cell culture results in increased 
PGE1 biosynthesis, on the one hand, and a marked decrease in 
PGE2 synthesis on the other hand. These prostanoid alterations 
paralleled the reduction of IL-I-induced synovial cell prolifera
tion (68). 

Moderate to significant reductions in the signs and symptoms 
of disease activity in RA patients have been observed clinically 
after a daily supplementation of 1.4 g of GLA (in the form of 
borage seed oil) for 24 wk (69,70). In a double-blind placebo
controlled trial of RA patients, it was reported that after a I5-mo 
administration of evening primrose oil to RA patients, there was 
a significant improvement in subjective measures of the disease 
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(71). For instance, 12 mo after the dietary intake, the patients 
significantly reduced their NSAID intake without adversely affect
ing the clinical symptoms of the disease. Thus, the potential ability 
of PUFAs to regulate cell activation, immune responses, and 
inflammation is exciting at the clinical, cellular, and molecular 
levels. A better understanding of how fatty acids modulate the 
function of cells involved in host defense might lead to develop
ment of new, benign treatment for diseases characterized by acute 
and chronic inflammation. 

In Skin 
Significance of 18-Carbon Chain PUfA Two PUFAs with 

different carbon chain lengths play important roles in the physiol
ogy and pathophysiology of skin. For instance, the 18-carbon LA 
is the most abundant PUFA in human skin (71). One functional 
significance of the LA is its involvement in the maintenance 
of the epidermal water barrier (72), which is one of the major 
abnormalities of cutaneous EFAD. Another major functional role 
of LA is its involvement in the suppression of the proliferative 
activity of the skin epidermis. A possible mechanism for this 
suppressive effect was recently associated with tissue elevation 
of 13-hydroxyoctadecadienoic acid (13-HODE) (73). 13-HODE 
was shown to be initially incorporated into epidermal phospholip
ids, particularly phosphatidylinositol 4,S-bisphosphate (PtdIns 
4,SPz), followed by phospholipase C-catalyzed hydrolysis of 

PtdIns 4,S-Pz and generation of 13-HODE-containing diacylglyc
erol (13-HODE-DAG) (74). The level of 13-HODE-DAG was 
found to be markedly depleted in the hyperproliferative skin of 
the EF AD animal model. Interestingly, the depletions of 13-HODE 
and 13-HODE-DAG in the epidermis ofEFAD animals paralleled 
the elevated expressions and activities of Protein Kinase C (PKC)
a and ~-isozymes (75). Refeeding the animals with safflower oil 
(containing LA) replenished the epidermal level of LA, restored 
the tissue levels of 13-HODE and 13-HODE-DAG to normal, 
and selectively downregulated PKC-~ expression and activity. 
These biochemical alterations paralleled the reversal of the hyper
proliferative skin to normal. These results indicate that adequate 
dietary amount of LA is required to maintain adequate tissue 
levels of 13-HODE/13-HODE-DAG in normal epidermis. 

Significance of 20-Carbon Chain PUfA The 20-carbon
AA is the second prominent PUF A in the skin epidermis. It is 
approximately 6-10% of the total fatty acids in the epidermal 
phospholipids of normal human epidermis. It functions largely as 
a precursor for the generation of biologically potent metabolites 
from AA. The AA released from epidermal membrane phospholip
ids by epidermal cPLAz undergoes oxidative transformations via 
the cyclooxygenase pathway, generating mainly prostaglandins 
PGE2, PGF2a, and PGD2. and IS-LO into IS-HETE. IS-HETE 
functions as a potent inhibitor of proinflammatory LTB4 generation 
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from PMNs and basophils. Consistent with this anti-inflammatory 
potential, I5-HETE after intralesional injections into psoriatic 
lesion has been reported to improve the symptoms of inflammation 
and hyperproliferation (76). 

Significanceof20-Carbon PUFA 20-CarbonPUFA (DGLA) 
is a metabolite of GLA rapid elongation by the epidermal elongase. 
When GLA is taken as a dietary supplement, beneficial effects 
have has been reported in patients with atopic eczema (77) and 
in the suppression of acute chronic inflammation (7S). A possible 
mode of action of dietary GLA in skin involves an initial rapid 
in vivo elongation to DGLA, followed, on the one hand, by the 
latter's oxidative metabolism via the cyc100xygenase pathway to 
PGE), and on the other hand, by the metabolism of DGLA by 
I5-LO enzyme into I5-HETrE (79). Supplementation of human 
diet with borage oil (which contains GLA) has also been shown 
to elevate in vivo cellular levels of DGLA in human PMN phos
pholipids (SO). The elevation of DGLA in PMNs paralleled the 
suppression of LTB4 generation from AA (SO). 15-HETrE has 
been shown to markedly inhibit L TB4 generation in vitro from 
AA by rat basophilic leukemia (RBL-I) cells (Sl). These in vitro 
effects ofDGLA metabolites (PGE/15-HETrE) on pro-inflamma
tory LTB4 generation from PMNs are consistent with the reported 
beneficial effects of dietary oils containing GLA on inflamma
tory conditions. 

SUMMARY 
The biological significance of polyunsaturated fatty acids (PUFAs) 
are associated with fatty acids termed "essential fatty acids" pro
vided from dietary sources. The PUFAs are subdivided into two 
groups commonly referred to as n-6 PUFAs and n-3 PUFAs. The 
IS-carbon n-6 PUFAs undergo an alternating sequence of ~-{j 
desaturation, chain elongation, and ~-5 de saturation to yield the 
20-carbon AA. The n-6 PUFAs serve as the important structural 
constituent of the cell membrane. Furthermore, the AA undergoes 
metabolism via cyc100xygenase and the lipoxygenase pathways 
to generate prostagandins, leukotrienes, and hydroxy acids. When 
generated in excessive amounts in vivo, these metabolites trigger 
deleterious inflammatory and proliferative conditions. However, 
when generated in moderate amounts under physiological condi
tions, they modulate physiological functions. Similarly, n-3 
PUFAs must also be supplemented dietarily with fish oil (contain
ing EP AlDHA) in adequate amounts. Sufficient dietary intake of 
n-3 PUF As increases the tissue of EPA and D HA in phospholipids, 
diminishes the level of AA, and decreases excessive generation 
of n-6 PUFAs pro-inflammatory and proliferative eicosanoids. 

A speculative scenario of the possible modulatory effects of 
the constituent dietary fatty acids from vegetable oils (mainly 
n-6 PUFAs), fish oils (mainly n-3 PUFAs), and their respective 
metabolites on the generation of pro-inflammatory leukotrienes 
from AA is shown in Fig. 6. It is reasonable to speculate that 
metabolites from both the Band C pathways could singly or in 
concert inhibit the in vivo generation of local tissue pro-inflamma
tory leukotrienes generated from AA (pathway A). These in vivo 
possibilities imply that the dietary intake of purified triglycerides 
from vegetable or fish oils, or the intake of synthetic structured 
triglycerides with appropriate positional esterification of n-6/n-3 
PUFAs may offer an alternative therapeutic modality for alleviat
ing inflammatory/hyper-proliferative conditions with minimal 
side effects. 

ACKNOWLEDGMENTS 
The author thanks Donnelle Yoshino for the preparation of the 
manuscript. Some of the studies referenced in this review were 
carried out in the author's laboratory and supported in part by 
Research Grant AM30679 from the National Institutes of Health 
of the United States Public Health Service. 

REFERENCES 
1. Aron H. Uber den Nahrwert. Biochem Z. 1918; 92:211-33. 
2. Burr GO, Burr MM. A new deficiency disease produced by the rigid 

exclusion of fat from the diet. J Bioi Chern 1929; 82:345-56. 
3. Burr GO, Burr MM. On the nature of the fatty acids essential in 

nutrition. J Bioi Chern 1930; 86:587-621. 
4. Turpeinen O. Further studies on the unsaturated fatty acids essential 

in nutrition. J Nutr 1937; 15:351-66. 
5. Burr GO, Brown JB, Kass JP, Lundberg WOo Comparative curative 

values of unsaturated fatty acids in fat deficiency. Proc Soc Exp Bioi 
Med 1940; 44:242-5. 

6. Quackenbush FW, Kummerow FA, Steenbock H. The effectiveness 
of linoleic, arachidonic, and linolenic acids in reproduction and lacta
tion. J Nutr 1942; 24:213-24. 

7. Rivers JP, Frankel TL. Essential fatty acid deficiency. Br Med Bul 
1981; 37(1):59-64. 

8. Holman RT, Smythe L, Johnson S. Effect of sex and age on fatty acid 
composition of human serum lipids. Am J Clin Nutr 1979; 32:2390-9. 

9. Homan RT. The ratio of trienoic : tetraenoic acids in tissue lipids as a 
measure of essentialfatty acid requirements. J Nutr 1960; 70:405-10. 

10. Marcel YL, Christiansen K, Holman RT. The preferred metabolic 
pathway from linoleic acid to arachidonic acid in vitro. Biochim 
Biophys Acta 1968; 164:25-34. 

11. Brenner RR. The oxidative desaturation of unsaturated fatty acids in 
animals. Mol Cell Biochem 1974; 3:41-52. 

12. Crawford MA, Rivers JP, Hassam AG. Comparative studies on the 
metabolic equivalence of linoleic and arachidonic acids. Nutr Metab 
1977; 21:189-96. 

13. Leslie CC, Voelker DR, Channon JY, Wall MM, Zelarney PT. Purifi
cation and properties of an arachidonyl-hydrolyzing phospholipase 
A2 from a macrophage cell line, RAW 264.7. Biochim Biophys Acta 
1988; 963:476-92. 

14. Kramer RM, Roberts EF, Manetta J, Putnam JE. The Ca2+-sensitive 
cytosolic phospholipase A2 is a 100-kDa protein in human monoblast 
U937 cells. J BioI Chern 1991; 266:5268-72. 

15. Sharp JD, White DL, Chiou SG, Goodson T, Gamboa GC, McClure D. 
Molecular cloning and expression of human Ca2+-sensitive cytosolic 
phospholipase A2. J Bioi Chern 1991; 266:14,850-3. 

16. Lin LL, Lin AY, DeWitt DL. IL-lu induces the accumulation of 
cPLA2 and the release of PGEz in human fibroblasts. J BioI Chern 
1992b; 267:23,451-4. 

17. Gronich JH, Boventre JV, Nemonoff RA. Purification of a high
molecular-mass form of phospholipase A2 from rat kidney activated 
at physiological calcium concentrations. Biochem J 1990; 271:37-43. 

18. Takayama K, Kudo I, Kim DK, Nagata K, Nozawa Y, Inoue K. 
Purification and characterization of human platelet phospholipase A2 
which preferentially hydroyzes an arachidonoyl residue. FEBS Lett 
1991; 282:326-30. 

19. Clark JD, Lin LL, Kriz RW, Ramesha CS, Sultzman LA, Lin AY. 
A novel arachidonic acid-selective cytosolic PLA2 contains a Ca2+
dependent translocation domain with homology to PKC and GAP. 
Cell 1991; 65:1043-51. 

20. Smith WL, DeWitt DL. Prostaglandin endoperoxide H synthases-l 
and -2. Adv Immunol 1996; 62:167-215. 

21. Carty TJ, Marfat A. The prospect for improved medicines. (Bowman 
WC, Fitzgerald JD, and Taylor JB eds.) Emerging Drugs. 1996; 
391-411. 

22. Seibert K, Zhang Y, Leahy K, Hauser S, Masferres J, Perkins W. 
Pharmacological and biochemical demonstration of the role of 



166 PART III / NUTRIENT-IMMUNE INTERACTIONS 

cyclooxygenase 2 in inflammation and pain. Proc Natl Acad Sci USA 
1994; 91:12,013-7. 

23. Chan CC, Boyce S, Brideau C, Ford-Hutchinson A W, Gordon R, 
Guay D. Pharmacology of a selective cyclooxygenase-2 inhibitor, 
L-745,337: a novel nonsteroidal anti-inflammatory agent with an 
ulcerogenic sparing effect in rat and nonhuman primate stomach. 
IPharmacol Exp Ther 1995; 274:1531-7. 

24. Patrono C. Aspirin as an antiplatelet drug. N Engl I Med 1994; 
330: 1287-94. 

25. Showell HI, Naccache PH, Borgeat P, Picard S, Valley P. Character
ization of the secretory activity of LTB4 toward rabbit neutrophils. 
IImmuno11982; 128:811-16. 

26. Bray MA, Ford-Hutchinson A W, Smith MIH. Lenkotriene B4: an 
inflammatory mediator in vivo. Prostaglandins 1981; 22:213-22. 

27. Sharon P, Stenson WF. Production ofleukotrienes by colonic mucosa 
from patients with inflammatory blood disease. Gastroenterology 
1983; 84: 1306(A). 

28. Brain SD, Camp RDR, Dowd PM, Black AK, Woolard PM, Mallet, 
Greaves M. Psoriasis and leukotriene B4. Lancet 1982; 2:762-63. 

29. Feldberg W, Kellaway CH. Liberation of histamine and formation 
of lysolecithin-like substances by cobra venom. I Physiol 1938; 
94:187-226. 

30. Murphy RC, Hammarstrom S, Samuelsson B. Leukotriene C. A slow 
reacting substance from murine mastocytoma cells. Proc Natl Acad 
Sci USA 1979; 76:4275-9. 

31. Holroyde MC, Altounyan REC, Cole M, Dixon M, Elliott EV. Bron
choconstriction produced in man by leukotrienes C and D. Lancet 
1981; 2:17-8. 

32. Zakrzewski JT, Barnes NC, Piper PI, Costello IF. Quantitation of 
leukotrienes in asthmatic sputum. Br I Pharmacol 1985; 19:574P. 

33. Creticos PS, Peters SP, Adkinson NF Ir. Neiclerio RM, Hayes EC, 
and Notman PS. Peptide leukotriene release after antigen challenge 
in patients sensitive to ragweed. N Engl I Med 1984; 310:1626-30. 

34. Hamberg M, Samuelsson B. Prostaglandin endoperoxides. Novel 
transformations of arachidonic acid in human platelets. Proc Natl 
Acad Sci USA 1984; 71:3400-4. 

35. Hamberg M, Hedqvist P, Radegran K. Identification of 15-hydroxy-
5,8,11,13-eicosatetraenoic acid (15-HETE) as a major metabolite of 
arachidonic acid in human lung. Acta Physiol Scand 1980; 110(2): 
219-21. 

36 Takashi I, Rildmark 0, Iornvall H, Samuelsson B. Purification of two 
forms of arachidonate 15-lipoxygenase from human leukocytes. Eur 
I Biochem 1991; 202:1231-8. 

37. Hunter lA, Finkbeiner WE, Nadel lA, Goetzl EI, Holtzman MI. 
Predominant generation of 15-lipoxygenase metabolites of arachi
donic acid by epitheial cells from human trachea. Proc Natl Acad 
Sci USA 1985; 82(14):4633-7. 

38. Henke D, Danilowicz RM, Curtis IF, Boucher RC, Eling TE. Metabo
lism of arachidonic acid by human nasal and bronchial epithelial 
cells. Arch Biochem Biophys 1988; 267(2):426-36. 

39. Vanderhoek IY, Karmin MT, Ekborg SL. Endogenous hydroxyeico
satetraenoic acids stimulate the human polymorphonuclear leukocyte 
15-lipoxygenase pathway. I Bioi Chern 1985; 260(29):15482-7. 

40. Galli C, Socini A. Dietary lipids in pre- and post-natal development 
in dietary fats and health. In: Perkins EG, Visek WI, eds, pp. 278-301. 
American Oil Chemical Society, 1983. 

41. Bourre 1M, Durand G, Pascal G, Youyou A. Brain cell and tissue 
recovery in rats made deficient in n-3 fatty acids by alteration of 
dietary fat. 1 Nutr 1989; 119:15-22. 

42. Farquharson I, Cockburn F, Ainslie PW. Infant cerebral cortex phos
pholipid fatty-acid composition and diet. Lancet 1992; 340:810-3. 

43. Makrides M, Neuman MA, Byard RW, Gibson RA. Fatty acid compo
sition of brain retina and erythrocytes in breast and formula fed 
infants. Am I Clin Nutr 1994; 60:189-94. 

44. Simmons PM, Salmon lA, Moncada S. The release of leukotriene 
B4 during experimental inflammation. Biochem Pharmacol 1983; 
32(8): 1353-9. 

45. Brain SD, Camp RD, Cunningham PM, Dowd PM, Greaves MW, 

Black AK. Leukotriene B4-like material in scale of psoriatic skin 
lesions. Br I Pharmacol 1984; 83(1):313-7. 

46. Belluzzi A, Brignola C, Campieri M, Peya A, Boschi S, Miglioli M. 
Effect of an enteric-coated fish oil preparation on relapses in Crohn's 
disease. N Engl I Med 1996; 334:1557-1616. 

47. Robinson DR, Prickett JD, Makoul GT, Steinber AD, Colvin RB. 
Dietary fish oil reduces progression of established renal disease in 
(NZBxNZW)Fl mice and delays renal disease in BXSB and MRLIl 
strains. Arthrtis Rheum 1986; 29:539-46. 

48. Kremer 1M, Bigauoette I, Michalek AU. Effects of manipulating 
dietary fatty acids on clinical manifestations of rheumatoid arthritis. 
Lancet 1985; 1:184-7. 

49. Kremer 1M, Lawrence DA, Petrillo GF, Mullaly PM, Rynes RL, et 
al. The effect of high dose fish oil on rheumatoid arthritis after 
stopping NSAIDs: clinical and immune correlates in patients with 
rheumatoid arthritis. Arthritis Rheum 1995; 38:1107-14. 

50. Fortin PR, Lian MH, Beckett LA, Wright EAC, Ralmeys TC, Sterling 
RI. A meta-analysis of the efficacy of fish oil in rheumatoid arthritis. 
Arthritis Rheum 1992; 35:S201. 

51. Kroman N, Green A. Epidemiological studies in the Upernavik dis
trict, Greenland. Acta Med Scand 1980; 208:401-6. 

52. Hammarstrom A, Hamberg M, Samuelsson B, Duell EA, Strawiski 
M, Voorhees JJ. Increased concentration of nonesterified arachidonic 
acid. 12L-hydroxy-5,8,1O,14-eicosatetraenoic acid, prostaglandin Ez 
and prostagllandin F2a in epidermis of psoriasis. Proc Natl Acad Sci 
USA 1975; 72:5130-4. 

53. Brain S, Camp R, Dowd P, Black AK, Greaves M. The release of 
leukotriene B4-like material in biologically active amounts from the 
lesional skin of patients with psoriasis. I Invest Dermatol 1984; 
83:70-3. 

54. Ziboh VA, Cohen KA, Ellis CN, Miller C, Hamilton TA, Kragballe 
K. Effects of dietary supplementation of fish oil on neutrophil and 
epidermal fatty acids. Arch Dermatol 1986; 122:1277-82. 

55. Maurice PDL, Allen BR, Barkley AS1, Cockbill SR, Stammers 1, 
Bather PC. The effects of dietary supplementation with fish oil in 
patients with psoriasis. Br I Dermatol 1987; 117:599-606. 

56. Bittiner SB, Cartwright I, Tucker WFG, Bleehen SS. A double-blind 
randomized placebo-controlled trial of fish oil in psoriasis. Lancet 
1988; 1:378-80. 

57. Bj\'lrneboe A, Smith AK, Bj\'lrneboe GE, Thune PO, Drevon CA. 
Effect of dietary supplementation with n-3 fatty acids on clinical 
manifestations of psoriasis. Br 1 Dermatol 1988; 118:77-83. 

58. Lassus A, Dahlgren AL, Halpern MI, Santalahti I, Happonen HP. 
Effects of dietary supplementation with ethyl ester lipids (angiosan) 
in patients with psoriasis and psoriatic arthritis. lInt Med Res 
1990; 18:68-73. 

59. Gupta AK, Ellis CN, Tellner DC, Anderson TF, Voorhees JJ. Double
blind placebo-controlled study to evaluate the efficacy of fish oil 
and low-dose UVB in the treatment of psoriasis. Br I Dermatol 
1989; 120:801-7. 

60. Miller CC, Yamaguchi RY, Ziboh VA. Guinea pig epidermis gener
ates putative anti-inflammatory metabolites from fish oil polyunsatu
rated fatty acids. Lipids 1989; 24:998-1003. 

61. Miller CC, Ziboh VA. Human epidermal transforms eicosapentaenoic 
acid to 15-hydroxy-5,8,1l ,13, 17-eicosapentaenoic acid: a potent 
inhibitor of 5-lipoxygenase. I Am Oil Chern Soc 1988; 65:474. 

62. Singer Sl, Nicholson GL. The fluid mosaic model of the structure of 
cell membranes. Science 1972; l75:720-31. 

63. Horrobin DF. The regulation of prostaglandin biosynthesis by the 
manipulation of essential fatty acid metabolism. Rev Pure Appl Phar
macal Sci 1983; 4:339-432. 

64. Nassar BA, Huang YS, Manku MS, Das UN, Morse N, Horrobin 
DF. The influence of dietary manipulation with n-3 and n-6 fatty 
acids on liver and plasma phospholipid fatty acids in rats. Lipids 
1986; 21:652-6. 

65. Fantone IC, Kunkel SL, Ward PA, Zurier RB. Suppression by prosta
glandin El of vascular permeability induced by vasoactive inflamma
tory mediators. I Immunol 1980; 125:2591-2600. 



CHAPTER 13/ NUTRITIONAL MODULATION OF INFLAMMATION 167 

66. Kunkel SL, Thrall RS, Kunkel RG, McConnackJR, Ward PA, Zurier 
RB. Supression of immune complex vasculitis by prostaglandins. 
J Clin Invest 1979; 64:1525-35. 

67. Miller CC, McCready CA, Jones AD, Ziboh V A. Oxidative metabo
lism of dihomogammalinolenic acid by guinea pig epidermis. Evi
dence of generation of anti-inflammatory products. Prostaglandins 
1988; 35:917-38. 

68. Baker DG, Krakauer KA, Tate GA, Laposata M, Zurier RB. Suppres
sion of human synovial cell proliferation by dihomo-y-linolenic acid. 
Arthritis Rheum 1989; 32: 1273-81. 

69. Leventhal LJ, Boyce EG, Zurier RB. Treatment of rheumatoid arthritis 
with gammalinolenic acid. Ann Intern Med 1993; 119:867-73. 

70. Belch JJF, Ansell D, Madhok AR, Dowd A, Sturrock RD. Effects 
of altering dietary essential fatty acids on requirements for non
steroidal anti-inflammatory drugs in patients with rheumatoid arthritis: 
a double blind placebo controlled study. Ann Rheum Dis 1988; 
47:96-104. 

71. Chapkin RS, Ziboh VA, Marcelo CL, Voorhees JJ. Metabolism of 
essential fatty acids by human epidennal perparations: evidence of 
chain elongation. J Lipid Res 1986; 27:945-54. 

72. Hansen HS, Jensen B. Essential function of linoleic acid esterified in 
acylglucosylceramide and acylceramide in maintaining the epidennal 
water permeability barrier. Evidence fonn feeding studies with oleate, 
linoleate, arachidonate, columbinate and a-linoleate. Biochim Bio
phys Acta 1985; 834:357-63. 

73. Chapkin RS, Ziboh VA. Inability of skin enzyme preparation to 

biosynthesize arachidonic acid from linoleic acid. Biochem Biophys 
Res Commun 1984; 124:784-92. 

74. Cho Y, Ziboh VA. Incorporation of 13-hydroxyoctadecadienoic acid 
(l3-HODE) into epidennal ceramides and phospholipids: phospholi
pase C-catalyzed release of novel 13-HODE-containing diacylglyc
erol. J Lipid Res 1994; 35:255-62. 

75. Cho Y, Ziboh VA. Nutritional modulation of guinea pig skin hyper
proliferation by essential fatty acid deficiency is associated with selec
tive down regulation of protein kinase C-~. J Nutr 1995; 125:2741-50. 

76. Fogh K, Sogaard H, Hedin T, Kragballe K. Improvement of psoriasis 
vulgaris after intralesional injections of 15-hydroxyeicosatetraenoic 
acid (l5-HETE). J Am Acad Dennatol 1988; 18:279-85. 

77. Wright S, Buton JL. Oral evening primrose seed oil improves atopic 
eczema. Lancet 1982; ii:1120-22. 

78. Tate G, Mandell BF, Laposata M, Ohliger D, Baker DG, and Schu
macher HR. Suppression of acute and chronic inflammation by dietary 
gamma1ino1enic acid. J Rheumatol 1989; 16:1729-36. 

79. Miller CC, Ziboh VA. Gamma1inolenic acid-enriched diet alters cuta
neous eicosanoids. Biochim Biophys Res Commun 1988; 154: 
967-74. 

80. Ziboh VA, Fletcher MP. Dose-response effects of dietary y-linolenic 
acid-enriched oils on human polymorphonuclear-neutrophil biosyn
thesis of leukotriene B4• J Clin Nutr 1992; 55:39-45. 

81. Vanderhoek JY, Bryant RV, Bailey JM. Inhibition of leukotriene 
biosynthesis by the leukocyte product 15-hydroxy-5,5,11,13-eicosa
tetraenoic acid. J Bioi Chern 1980; 225:10,064-6. 



CLINICAL ISSUES IV 



14 Immunological Considerations 
of Breast Milk 

80 LONNERDAL 

INTRODUCTION 

There is considerable evidence for infants in developing countries 
that breast-feeding prevents infection and that both incidence and 
prevalence of illness is considerably lower in breast-fed infants 
than in infants fed other diets (1). There are also studies on poor 
socioeconomic populations in more affluent countries showing a 
positive effect of breast-feeding on illness prevalence (2). 
Recently, carefully controlled studies in upper-middle-class, well
educated populations in affluent countries demonstrated a lower 
incidence of infections in breast-fed infants than in formula-fed 
infants and also that, when ill, the duration of the illness is shorter 
in the breast-fed infants (3). Taken together, there is ample evi
dence that breast-feeding protects the infant against infections. 

Newborn infants are highly susceptible to infection during 
early life, which, in large part, is the result of delayed development 
of the immune function. Neutrophil functions, macrophage activa
tion by interferon-y (IF-y), production of secretory IgA, formation 
ofT cells displaying the CD45RO memory phenotype, IgO antibody 
to T-cell-independent immunogens, and complement components 
have all been noted to be lower during early infancy (4,5). In addi
tion' newborn infants produce lower amounts of many cytokines, 
including granulocyte/macrophage colony-stimulating factor, IF-y, 
interleukin (IL)-3, IL-4, IL-6, and tumor necrosis factor-a (TNF
a) than adults, reducing their capacity to respond to an infectious 
challenge. A supply of factors in breast milk that can augment these 
deficits may, therefore, be critical for the infant and may, for exam
ple, explain the markedly lower incidence of necrotizing enterocoli
tis (NEC) in infants fed breast milk as compared to infants fed for
mula or given total parenteral nutrition (TPN) (6). 

When attempting to dissociate the various factors associated 
with the process of breast-feeding and evaluate their relative 
importance/quantitative significance with regard to acquiring or 
preventing illness, it is apparent that the situation is very complex. 
Exposure to pathogens is an obvious factor to consider. Whereas 
it is well-recognized that the use of contaminated water in the 
preparation utensils and bottles when preparing formulas or wean-
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ing foods will expose infants not being breast-fed to bacteria, 
viruses, and other microorganisms, it has recently become evident 
that there is a risk of transmission of HIV, cytomegalovirus 
(CMV), and other viruses through breast milk of infected mothers. 
The capacity of the maternal system and breast milk components 
to immunologically respond to the viral challenge is not well 
understood. 

Breast milk contains several components that directly partici
pate in the immune function of the breast-fed infant. There are 
also many components that directly interact with immune factors 
in breast milk or more indirectly affect its responsiveness and 
activity. These components include cells as well as soluble sub
stances in breast milk. This chapter will focus on a more detailed 
review of these factors. It should also be recognized that breast 
milk provides a very balanced supply of nutrients to the infant; 
in fact, the healthy, normal breast-fed infant is generally accepted 
as the "gold standard" with regard to infant nutrition. Clinical 
studies as well as theoretical considerations of nutrient require
ments show that breast-fed infants very rarely obtain inadequate 
or excessive amounts of any nutrient. Because nutritional status 
is known to affect immune function (see other chapters), it may 
be implied that the parts of the immune system that are affected 
by nutritional status are optimized in breast-fed infants, whereas 
this may not be the case in infants fed other diets. 

The lack of exposure of the exclusively breast-fed infants to 
various antigens, dietary or environmental, also warrants some 
consideration. The proportion of infants and children having 
allergy and asthma has steadily increased in the last few decades. 
Induction of atopic disease as well as the development of tolerance 
are two areas that are intimately connected with the mode of 
feeding, antigen exposure, and timing and duration of these events. 

MATERNAL IMMUNITY: IMMUNOGLOBULINS 
ANTI-IDIOTYPIC ANTIBODIES, ACTIVATED ' 
AND MEMORY T CELLS 

Human milk contains considerable concentrations of antibodies, 
with secretory IgA (SIgA) being the predominant class (7). In 
fact, SIgA was first isolated and characterized from breast milk and 
this type of IgA is considerably more resistant toward proteolytic 
degradation than the monomeric form (8). SIgA is assembled from 
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the J-chain containing IgA dimers, which are bound to a specific 
polyimmunoglobulin receptor, also called secretory component 
(SC), present in the membrane of epithelial cells of lactating 
women (9,10). These receptors appear abundant, as measurable 
concentrations of free SC are found in human milk (11), possibly 
suggesting facilitation of B-cell homing to mammary tissue during 
lactation. The SIgA antibodies in human milk are known to recog
nize a wide variety of microorganisms that are found in the respira
tory tract and intestine. They include bacterial pathogens such as 
E. coli, V. cholerae, H. injluenzae, S. pneumoniae, C. difficile, 
and Salmonella, viruses like rotavirus, CMV, HIV, influenza virus, 
and RSV, as well as yeasts like Candida albicans (12). The 
specificity of these antibodies is believed to be acquired by antigen
triggered migration of B cells from Peyer's patches in the small 
intestinal tract and from lymphoid tissue in the respiratory tract 
to the lamina propria of the mammary gland. 

The mechanism behind the migration of B cells appears to be 
cytokine mediated; when the mucosa is challenged by microbial 
antigens, cytokines will be released from mononuclear cells in 
Peyer's patches. Their release will cause local IgM+ B lymphocytes 
to undergo isotype switching to IgN lymphocytes or transform 
to IgA-secreting cells (12-14). Isotype-switched cells are then 
transported via lymph vessels to the mammary gland, most likely 
the result of the influence of hormones produced during late preg
nancy and early lactation. Within the mammary gland, the lympho
cytes differentiate into IgA-synthesizing plasma cells that secrete 
dimeric IgA. Once the dimeric IgA binds to the polymeric immu
noglobulin receptor on the basolateral membrane of the epithelial 
cell, the receptor-dimeric IgA complex will be transported to the 
apical side of the membrane (15). Following cleavage of the 
intracytoplasmic part of the receptor, secretory IgA is secreted 
into the milk. This so-called "enteromammary" pathway thereby 
provides the newborn, whose immune system is relatively imma
ture, protection against the same mucosal pathogens to which the 
mother is exposed (16). Because the production of secretory IgA 
is low during early infancy (17), breast-fed infants provided these 
antibodies orally will be provided protection against enteric and 
respiratory pathogens, whereas formula-fed infants will not. 

The quantitative significance of milk SIgA in the overall 
defense against infection that breast-fed infants acquire is difficult 
to assess. However, it has been shown that protection against 
cholera in breast-fed infants is correlated to milk SIgA antibody 
titers against V. cholerae enterotoxin and lipopolysaccharide (18). 
Similarly, it has been demonstrated that milk sIgA antibodies 
protect breast-fed infants against enterotoxigenic E. coli (ETEC) 
( 19). These findings clearly show that antibody titers are important 
in the immune defense of infants. Antibody avidity, however, may 
also be significant in the development of immunity. Svennerholm 
et al. (20) have shown that whereas parenteral vaccination may 
boost breast milk sIgA antibodies, oral vaccines may have the 
opposite effect. This suggested that "oral tolerance" may not be 
occurring consistently, particularly as the decrease in milk sIgA 
antibodies after oral exposure was accompanied by an increase 
in serum antibody. Roberton et al. (21) explored the avidity of 
sIgA antibodies against the E. coli 0 antigen and diphtheria toxin 
and found a higher relative affinity index in milk samples from 
Swedish mothers than from Pakistani women. Although compro
mised nutritional status possibly could have explained this finding, 
no changes in titers or avidities of SIgA antibodies were found 

in Guatemalan mothers before and after they were given a food 
supplement (440 kcal/d) for 3 mo. This suggested that there were 
other reasons for the differences observed between Swedish and 
Pakistani women. Cruz et al. (22) have shown that intestinal 
infections in lactating Guatemalan women, who already had anti
bodies in their milk against Shigella and Giardia, led to a decrease 
in antibody levels in most women. The magnitude and duration 
of the decrease varied widely among women, suggesting that 
factors such as the duration of the infection, infection dose, and 
type of microorganism may affect the milk antibody titer after an 
infection. Vaccination of lactating Pakistani women with whole
cell cholera vaccine increased titers but not avidities of the sIgA 
antibodies against cholera endotoxin (23). The authors proposed 
that the avidity of the milk antibodies was already high and that 
it was not feasible to increase it further by immunization. It is 
thus possible that many milk SIgA antibodies are the result of 
mature immune responses originating from memory cells migrat
ing into the mammary gland. It could also explain how milk 
can contain antibodies against so many different bacteria and 
serotypes, many more than the mother can have encountered 
recently (24). 

Anti-idiotypic IgA antibodies may also confer immunity to the 
newborn infant. If these antibodies survive in the gastrointestinal 
tract, they may elicit mucosal antibody responses targeted toward 
wild strains of enteric viruses, such as polioviruses. The concept 
of anti-idiotypic antibodies being presented to the fetus/newborn 
was first raised by Hanson and co-workers, who found specific 
secretory IgA and IgM antibodies to E. coli 0 antigens and polio
virus type 1 antigen in amniotic fluid, saliva, and meconium of 
infants at birth, indicating antigen-specific antibody production 
during fetal life (25). In addition, they found such antibodies in 
infants born to mothers with hypogammaglobulinemia or IgA 
deficiency, who had no IgA andlor IgM antibodies themselves 
(26). The authors noted that it is highly unlikely that the infants 
could have been exposed to poliovirus in utero, as there are no 
circulating wild or vaccine poliovirus strains in Sweden (where 
the study was done), because virtually the entire popUlation is 
routinely vaccinated against polio with an inactivated virus only. 
They hypothesized that the antibodies may originate from transfer 
of maternal anti-idiotypic antibodies across the placenta andlor 
via breast milk. By using a poliovirus antigen-antibody system, 
they found anti-idiotypic antibodies against poliovirus in human 
serum, breast milk, and commercial Ig (27). Studies in animal 
models have shown that anti-idiotypic antibodies transferred from 
lactating dams to the pup via milk can elicit an immune response 
to the original antigen in the newborn (28,29). That the antibodies 
reached the pups through the milk was documented by injection 
of the anti-idiotypic antibodies to the mothers after delivery. 
Immunization of mice with an anti-idiotypic antibody toward 
poliovirus has been shown to induce an immune response consist
ing of antibodies reacting with both poliovirus and anti-idiotypic 
antibodies to poliovirus (30). This finding of induction of antibody 
response to infectious agents without administration of antigen has 
led to the suggestion of using anti-idiotypic monoclonal antibodies 
(Mab) as a vaccine (31). The finding of anti-idlpolio in colostrum 
and mature breast milk is in agreement with studies showing better 
vaccine responses in breast-fed than in formula-fed infants (32,33), 
which may be the result of the additional exposure of the breast
fed infant to the anti-idiotypes present in the milk. 
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Leukocytes are present in breast milk, particularly in colostrum 
and during early lactation, when up to 3 X 106 cells/mL can be 
found. Neutrophils dominate with about 40-60% of the cells, 
whereas there are 30-50% macrophages and 5-10% lymphocytes 
(34-36). Of the lymphocytes in human milk, T cells dominate 
(>80%) and they are most likely activated, as indicated by their 
thermostability and phenotypic expression (IL-2R, CD45RO, 
HLA-DR). The morphology and high motility of the macrophages 
suggest that they are also activated. The neutrophils in breast milk 
have low motility and do not respond to chemoattractants such 
as N-formyl methionyl peptides (tMLPs) (37), which indicates 
that they may also be activated, as activated neutrophils become 
unresponsive to some chemoattractants, including tMLP. Keeney 
et al. (38) hypothesized that neutrophils in breast milk become 
activated in vivo and demonstrated that this is the case, as indicated 
by increased expression of CD 11 b, an adherence glycoprotein that 
is a member of the integrin family. This was further supported 
by reduced expression of L-selectin, an adhesion protein that is 
shed from the surface of activated neutrophils. Support for human 
milk activating the neutrophils was obtained by incubating blood 
neutrophils with decelled human milk; CD 11 b expression 
increased and L-selectin decreased, indicative of activation. Exper
iments with fractionated human milk suggested that the activation 
may be mediated via phagocytosis of membrane structures in 
milk, which reside in the particulate fraction. The function of 
activated neutrophils in breast milk is not yet known. It is possible, 
however, that they may compensate the newborn's poor capacity 
to recruit blood neutrophils to sites of inflammation by providing 
a supply of already activated neutrophils into the gastrointestinal 
tract and, thereby, serve an anti-inflammatory role, as suggested 
by Keeney et al. (38). 

That T cells in breast milk are activated was proposed by Wirt 
et al. (36), who found this likely, as macrophages in human milk 
are activated and several immunomodulating factors such as TNF
a are present in human milk. By using flow cytometry, they found 
that the proportion of CD4 + T cells in breast milk is similar to 
that in peripheral blood, but that the proportion of CD8+ is much 
higher, resulting in a much lower CD4/CD8 ratio than in blood. 
The functional significance of this is not yet known, but the authors 
pointed out that most intraepithelial lymphocytes in the human 
small intestine are T cells expressing CD8 and it is possible that 
the oral and intestinal epithelial layers may have higher affinity 
toward CD8+ T cells than to CD4+. Thus, the environment in the 
infant may stimulate the transfer of maternal T cells. Wirt et al. 
(36) also found that a large proportion of the T cells in human milk 
showed signs of activation as indicated by phenotypic markers. 
Although expression of HLA-DR and CD25 (IL-2R) was found 
on 85% of the human milk T cells, only 10% of those in peripheral 
blood of adults express these markers. The presence of CD45RO 
indicated previous activation. Most of the CD4+ (99.8%) and the 
CD8+ (92%) T cells were CD45RO+, and CD45RA expression 
was markedly decreased, which is in agreement with switching 
of unprimed cells to antigen-primed or memory T cells. CD4+ 
cells with the CD45RA CD45RO+ phenotype are known to help 
antibody production (helper-cell function) and suppress antigen
specific antibody production. Wirt et al. (36) suggested that the 
low number of memory T cells in newborn may be compensated 
for, in part, by the transfer of maternal CD45RO+ T cells via breast 
milk. Studies on development of CD45RO+ T cells in exclusively 

breast-fed infants and formula-fed infants should provide an 
answer if this is the case. 

ANTIMICROBIAL FACTORS 

Whereas the presence of antibodies in breast milk was recognized 
early, it was also apparent that there are many other components 
in breast milk that can complement immunoglobulin-mediated 
defense mechanisms. Lactoferrin, an iron-binding protein, present 
in human milk at remarkably high concentrations (1-2 gIL or 
10-20% of total protein content), was shown to have a bacterio
static effect against E. coli by Bullen et al. (39). It is believed 
that this effect of lactoferrin is the result of its strong affinity 
toward iron (Kass-1030), as this protein is present in breast milk 
largely in its unsaturated form and because addition of iron abol
ished its effect both in vitro and in vivo. Lactoferrin was subse
quently also shown to be bactericidal against several pathogens 
that infants may be exposed to, such as Vibrio cholerae, Salmo
nella, Staphylococcus, and so forth (40). Although the bacterio
static effect of lactoferrin described by Bullen et al. (39) was 
shown to be abolished by the addition of iron, the bactericidal 
activity was not dependent on the iron saturation of lactoferrin 
(41). To date, however, studies in which lactoferrin-fortified for
mula was used have failed to show any significant effects on the 
microbial flora in the infant gut (42). It should be recognized, 
though, that bovine lactoferrin was used in all these studies and 
not human lactoferrin. It has been shown that the intestinal receptor 
found in human infant brush border membranes recognizes the 
human form and not the bovine lactoferrin, possibly explaining 
the lack of an effect (43). Recently, lactoferrin has also been 
shown to have anti viral activity against both the human immunode
ficiency virus (HIV) and the cytomegalovirus (CMV) in vitro (44). 
To date, no clinical studies have been performed on this antiviral 
effect nor is the mechanism behind this action known. 

Recently, a peptide called lactoferricin has been isolated from 
human (residues 20 to 37) and bovine (residues 19 to 36) lactofer
rin that has strong bactericidal effects both in vitro and in animal 
models (45). This peptide is located at the N-terrninal end of 
lactoferrin and does not contain an iron-binding region (46). It is 
still not known whether the bactericidal effect of human lactoferrin 
is the result of the formation of this peptide or if intact lactoferrin 
and lactoferricin act in concert. A recent study by Turchany et 
al. (47) shows that both lactoferrin and lactoferrin peptides have 
giardicidal activity, suggesting that this activity of lactoferrin is 
the result of the formation of active peptides. 

Lysozyme is present in breast milk in unusually high concentra
tions for being an active enzyme (0.1-0.3 gIL). This enzyme can 
degrade the cell walls of gram-positive bacteria and has been 
shown to have strong antimicrobial activity in vitro. There is little 
evidence in vivo, however, for an involvement of lysozyme in 
the defense against infections in the newborn. It is possible that 
lysozyme and lactoferrin have synergistic effects; Ellison and 
Giehl (48) have recently demonstrated that lactoferrin can bind 
lipopolysaccharide (LPS) from the outer membrane of bacteria. 
This removal of LPS by lactoferrin opens up the outer membrane 
so that lysozyme gets access to the underlying proteoglycan matrix, 
causing lysis of the bacteria. Whether this potent synergism is in 
effect in vivo still remains to be explored. 

Nucleotides are present in human milk in significant concentra
tions (49), although they, up to now, have been absent in infant 
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formulas. They are believed to boost the "salvage" pathway in 
the enterocytes of infants; de novo synthesis of nucleotides is 
immature in newborns and in situations of need-an additional 
supply of nucleotides may help nucleic acid synthesis and thereby 
cell growth and proliferation. An enhanced integrity of the mucosal 
barrier is believed to deter microorganisms from attaching and 
invading the host (50). Carver et al. (51) found that infants fed 
nucleotide-fortified formula had higher concentrations of natural
killer (NK) cells and IL-2 than infants fed formula without added 
nucleotides, very similar to those of exclusively breast-fed infants. 
That this may affect infections in infants was demonstrated by 
Brunser et al. (52), who found that infants in Peru who were fed 
nucleotide-fortified formula had a lower prevalence of infections 
and also a lower total number of days being sick than those fed 
unfortified formula. 

Recently, Tanaka et al. (53) have shown that individual nucleo
tides, particularly AMP, can induce apoptosis in human fetal intes
tine in culture. These authors suggest that AMP and possibly 
other nucleotides via enhanced apoptosis may increase cellular 
proliferation and differentiation, thereby reinforcing mucosal 
integrity. It should be noted that the concentrations of nucleotides 
used in most clinical studies to date are far lower than the total 
concentration of nucleotides in breast milk. Human milk contains 
significant quantities of DNA and RNA, and Thorell et al. (54) 
recently showed that infant pancreatic fluid and intestine contains 
ample activities of the enzymes needed to degrade nucleic acids 
into nucleotides. Thus, the true concentration of nucleotides in 
the small intestine of breast-fed infants may be as high as 10 
times that of preformed nucleotides. The effect of fortifying 
infant formula with concentrations of nucleotides similar to 
those expected to be available from human milk was evaluated 
in a recent study by Pickering et al. (55). They found that 
infants receiving fortified formula had higher antibody titers 
against Haemophilus injluenzae type b and diphtheria after vacci
nations than infants receiving control formula. Thus, it is evident 
that dietary factors can have a role in the response of infants 
to immunization. 

Oligo saccharides are present in human milk in substantial con
centrations and in a large number of varieties (56,57). The predom
inant species are lacto-N-tetraose, lacto-N-fucopentaose, sialyl
lactose, and disialyl-Iacto-N-tetraose, but over 900 fucosyloligo
saccharides containing up to 32 sugars and up to 15 fucose residues 
have been detected by time-of-flight mass spectrometry (58). This 
diversity is in part the result of genetic differences in enzymes 
involved in carbohydrate biosynthetic pathways, particularly fuco
syltransferases and sialyltransferases, Lewis secretor status, and 
changes occurring during lactation. Most of the oligosaccharides 
occur in free form, but they are also linked to glycoproteins (e.g., 
lactoferrin, K-casein, SIgA), glycolipids, mucins, and so forth. 
Many of these carbohydrate structures are identical or similar to 
surface-bound glycans on the small intestine mucosa, which are 
known receptors for adhesive bacteria (56). Thus, milk oligosac
charide structures can act as soluble "decoys" and foil attempts 
of pathogens to attach and invade the host's mucosa. That the 
carbohydrate structure itself is responsible for the activity was 
shown by the finding that proteolytic digestion of fractions from 
human milk showing inhibition of adherence of enterotoxigenic 
E. coli had no effect on activity, whereas oxidation of carbohy
drates with periodate resulted in loss of activity (59). 

Inhibition of adhesion of Haemophilus injluenzae and Streptoc
cus pneumoniae to specific carbohydrate structures of human buc
cal epithelial cells by human milk oligo saccharides was demon
strated by Andersson et al. (60). Similarly, neutral oligosaccharides 
from human milk were shown to protect the infant's intestinal 
tract from infection by Vibrio cholerae (61). Cravioto et al. (62) 
described a milk oligosaccharide that inhibits adhesion of entero
pathogenic E. coli to their receptors. Sialylated oligo saccharides 
from human milk were shown to inhibit the binding E. coli species, 
which can cause meningitis and neonatal sepsis in infants (63), 
and a fucosylated oligosaccharide was demonstrated to inhibit the 
binding of Campylobacter jejuni to intestinal cells (64). A study 
on experimental gastroenteritis has shown an inhibitory effect of 
human milk mucin on rotavirus replication, which is most likely 
mediated by the carbohydrate part of the mucin (65). 

In all the above examples, it was shown, or strongly implicated, 
that the oligosaccharide structures inhibited binding of the bacteria 
to the mucosal surface. Another type of inhibitory mechanism has 
been demonstrated for heat-stable enterotoxin from E. coli (66). 
These authors used T84 epithelial cells and showed that the binding 
of heat-stable toxin is inhibited by fucosylated human milk oligo
saccharides. This toxin binds to the extracellular domain of gua
nylyl cyclase and activates the enzyme, causing inhibition of 
chloride channel function and resulting net flux of fluid into the 
lumen, which is believed to be the major cause of secretory diar
rhea (67). As washing of oligosaccharide-incubated T84 cells to 
remove free oligosaccharides did not diminish the inhibition of 
toxin-mediated guanylyl cyclase activity, it was concluded that 
the oligo saccharides bind to the toxin receptor, rather than to the 
toxin. The authors suggested that their findings represent a novel 
protective mechanism of milk oligosaccharides and that it may 
account for the inhibition of enterotoxin-induced secretory diar
rhea in breast-fed infants described in vivo. 

The microflora in the gut of breast-fed infants will also affect 
the infant's capacity to resist infection. It is well known that the 
bacterial population in the gastrointestinal tract of breast-fed and 
formula-fed infants is quite different. Several components in breast 
milk, among them oligosaccharides, lactoferrin, nucleotides, and 
lysozyme, are known to stimulate the growth of Lactobacilli and 
Bijidobacteria, creating a so-called "bifido-flora" (42). A predomi
nance of these bacteria decreases the pH of the gut, because of 
their production of lactic acid, which, in tum, inhibitsllimits the 
growth of many pathogens, such as E. coli, Bacteroides, Staphylo
cocci, and so forth. 

There are many other components of breast milk that have 
been shown to have antimicrobial and/or immunostimulatory 
activity (68). Among them are K-casein (69), digestive fragments 
of casein subunits (70), lactoperoxidase (71), and polyamines (72). 
It should be recognized, however, that most of these activities 
have been demonstrated in vitro or in animal models; human 
studies are largely lacking. 

IMMUNOMODULATING AGENTS 
The finding of cytokines in human milk opened up new possibili
ties for components in breast milk exerting effects on various 
cell types. Cytokines are polypeptides that can act in autocrinel 
paracrine fashion by binding to specific cellular receptors, thereby 
affecting cell activities and/or protein synthesis. The first cytokine 
to be found in human milk was transforming growth factor, TGF 



CHAPTER 14/ IMMUNOlOGICAL CONSIDERATIONS OF BREAST MILK 175 

(73), which can cause isotype switching to IgA + B cells (discussed 
earlier). Tumor necrosis factor (TNF)-a was subsequently also 
found in breast milk, particularly in colostrum, where concentra
tions of approx 600 pg/mL were detected (74). Significantly, it 
was demonstrated that human milk could enhance the movement 
of peripheral blood neutrophils in vitro and that this mobility 
could be inhibited by antibodies against TNF-a (75). It is also 
possible that TNF-a may affect SC synthesis and, therefore, cellu
lar uptake of dimeric IgA. Interleukin (IL )-1 ~ has been quantitated 
in breast milk at concentrations of approx 1100 pg/mL (76), which 
is at a level that can activate T cells. 

Interleukin-6, IL-8, and IL-lO have all subsequently been found 
in human milk, with concentrations usually being considerably 
higher in early milk than later during lactation (77-79). IL-6 is 
of interest, as it can affect the synthesis of IgA (77) as well as 
IgM (80) and activate T cells. It is also possible that IL-6 is 
involved in a negative-feedback control mechanism that regulates 
the synthesis ofTNF-a in the mammary gland (81). IL-6 can also 
stimulate the terminal differentiation of IgN B cells to plasma 
cells producing IgA (82) and enhance the production of ai-anti
trypsin by phagocytes (83), possibly explaining the presence of 
ai-antitrypsin in breast milk and the stool of breast-fed infants 
(84). IL-8 was found in human milk as well as in cultures of 
human mammary gland epithelial cells when epidermal growth 
factor (EGF), insulin, and hydrocortisone were added (78). 
Because the supernatant culture fluid was considerably higher in 
IL-8 than celllysates, it was suggested that the cells produce IL-8 
and that the cytokine is released rapidly after synthesis. Similar 
results were obtained for IL-6, suggesting that the presence of 
both the cytokines is at least in part, the result of mammary gland 
biosynthesis. IL-8, being a chemokine, is a chemoattractant for 
neutrophils and it is possible that it may contribute to the recruit
ment of T cells and neutrophils into breast milk (78). 

Leukocyte growth-stimulating factors (CSF) have also been 
found in human milk, among them macrophage CSF (85) and 
granulocyte CSF (86). Concentrations of these CSFs were approx 
17,000 U/mL and approx 300 pg/mL, respectively. Interferon-y 
(IF-y) has also been detected in breast milk (87), but it has not 
yet been determined whether the concentrations present are at a 
level that would affect the immune function. Other members of 
the CXC and CC family have also been shown to be present in 
colostrum and mature milk, among them monocyte chemotactic 
protein 1, growth-related peptide a, and the factor called RANTES 
(regulated upon activation, normal T cell expressed and secreted) 
(5,88). The effects of these individual factors as well as their 
combined net effect on immune function, particularly in breast
fed infants, remain to be elucidated. 

There are also several noncytokine immunomodulating agents 
in milk, such as hormones and growth factors (89). These hor
mones may act locally in the intestinal mucosa or may have 
systemic effects, indirectly modulating immune function of the 
newborn. Growth factors can also have profound effects on muco
sal growth, differentiation, and physical integrity, thereby affecting 
the mucosal immune system. It is beyond the scope of this review 
to discuss these factors in detail. 

ANTI-INFLAMMATORY FACTORS 
It is evident that human milk contains a wide variety of cytokines 
and chemokines, some of them in concentrations that suggest 

physiological activity. Still, human milk was early found to be 
anti-inflammatory in that it protected against infection without 
providing any clinical evidence of inflammation. One possible 
explanation for this is that human milk also contains soluble 
cytokine/chemokine receptors and receptor antagonists. For exam
ple, breast milk contains soluble TNF receptor I and II, as well 
as IL-I receptor antagonist, throughout the lactation period (90). 
Goldman (12) has noted that breast milk contains low concentra
tions of initiators and mediators of inflammation, and it has high 
concentrations of anti-inflammatory agents. One of these anti
inflammatory agents is lactoferrin, which can inhibit LPS-induced 
as well as TNF-a-induced release of IL-6 from fresh human 
monocytes or cultured monocytic cells (91). Both intact lactoferrin 
and lactoferricin (see earlier discussion) were found to be effective, 
with the latter being the strongest inhibitor. Expression of cell
surface receptors for TNF-a and IL-6 is rapidly downregulated 
by LPS, but it remains to be seen if lactoferrin receptor expression 
is affected. It is possible that breast-fed infants who are colonized 
by LPS-containing and -releasing gram-negative bacteria receive 
protection from lactoferrin by this inhibitory mechanism. The 
authors speculate that this may contribute to the well-known 
smaller physiologic weight loss of breast-fed infants during the 
first week of life as compared to formula-fed infants (91). 

In spite of the low production of pro-inflammatory cytokines 
in vitro by human infant blood leukocytes (discussed earlier), sick 
infants do respond with increased levels of TNF-a, IL-l~, IL-6, 
and IL-8 (4). These authors therefore suggested that production 
of anti-inflammatory cytokines, notably IL-lO, is developmentally 
delayed. IL-I 0 was a good possibility, as it inhibits the production 
of IL-l, IL-8, and TNF-a, limits participation of T helper-l cells 
in delayed hypersensitivity, and promotes the expression of T 
helper-2 cell responses that enhance synthesis of IgA that protects 
without being proinflammatory. Strong support for an instrumental 
role of IL-lO in the anti-inflammatory response has been obtained 
from homozygous IL-IO null-gene mice, which develop lethal 
enterocolitis similar to NEC (92). Chheda et al. (4) showed that 
stimulated blood T cells and monocytes from human newborns 
produce less IL-lO than cells from adults. Although this might be 
the result of decreased production of TNF-a by infant monocytes, 
production oflL-lO was not affected when the cells were exposed 
to exogenous TNF-a. Instead, expression of TNF-a receptors was 
significantly reduced, suggesting that low IL-lO expression in 
newborns may be the result of the immaturity of the regulatory 
process involving TNF-a and its receptors. Because human milk 
has been found to contain IL-IO in concentrations that are com
mensurate with bioactivity, as demonstrated by inhibition of thy
midine uptake by human blood lymphocytes (79), it is possible 
that IL-IO may aid in the protection of the gastrointestinal tract. 
Therefore, IL-lO may bridge the immunomodulating and anti
inflammatory segments of the defense system in human milk 
(79). Again, this may help explain why human milk protects 
against NEC. 

Proteins and ligands in human milk are usually compartmental
ized (i.e., they are distributed among the lipid fraction [part of 
milk fat globule membrane], the aqueous phase, and the casein! 
cell pellet) but also bound to various components within the soluble 
fraction (93). This may affect their digestive fate and biological 
function. The issue whether IL-lO and other cytokines can survive 
passage of the alimentary tract, escape digestion, and remain intact 
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Fig. 1. Components of breast milk that can affect the immune system of a newborn infant. 

at the mucosal surface was addressed in the article of Garofalo 
et al. (79). In their study, they found that IL-lO was distributed 
between the aqueous phase of breast milk and in the lipid fraction, 
and multiple molecular forms were detected. Infants have low acid 
secretion as compared to older children and adults and likewise 
production of pepsin and pancreatic proteases are low. These 
physiological conditions, coupled with the presence of protease 
inhibitors in human milk (84), make it possible for peptide/protein 
components to remain in intact form in the gut. Because bile salts 
released some of the IL-lO from the lipids (79), Garofalo et al. 
suggested that the total amount of IL-lO in milk that may be 
physiologically active in the intestine may be considerably higher 
than that analyzed in the aqueous phase. These observations may 
also explain some ofthe discrepancies for analyzed cytokine levels 
in human milk reported in the literature. 

ALLERGY ASPECTS 
The role of duration of breast-feeding and/or avoidance of cow
milk -based formulas during early life on the development of atopic 
disease has been a subject of considerable controversy. Early 
studies on prolonged breast-feeding demonstrated prophylaxis 
against atopic disease up to 3 yr of age (94) and a recent study 
by the same authors showed that the prevalence of manifest atopy, 
throughout follow-up to the age of 17 yr, was highest in the group 
that had little or no breast-feeding (95). Genetic and environmental 
factors have strong influence on allergic disorders, with heredity 
having the largest effect. The reason for environmental exposure 

during early infancy having an effect on sensitation and subsequent 
development of atopy is most likely the physiological immaturity 
of the immune system (95). 

Because heredity has such a strong impact on the development 
of allergy, many different approaches have been used for the 
prophylaxis of atopy in infants with high hereditary risk. The use 
of an elimination diet during lactation has been shown to decrease 
eczema in infants at high risk (96); however, it was ineffective 
if mothers used it during pregnancy only. It has been shown that 
low concentrations of cow's milk proteins can be detected in 
breast milk and that maternal elimination of daily products can 
reduce their levels significantly (97). 

The age for introduction of solid foods can also have an effect 
on atopic disease. Ferguson et al. (98) showed a clear association 
between the diversity of the infant's diet during the first months 
of life and the development of eczema. Delayed introduction of 
a single allergen has been shown to postpone, but not prevent, 
the respective food allergy (95). In their prospective, long-term 
study, Saarinen and Kajosaari (95) found that breast-feeding for 
6 mo or longer is required for prophylaxis of atopic eczema for 
the first 3 yr of life. However, even exclusive breast-feeding for 
more than 1 mo was found to be beneficial in preventing food 
allergy, with its peak prevalence around 3 yr of age, as well as 
respiratory allergy with a peak prevalence around 17 yr. 

Although the study presented above and several others show 
a beneficial effect of breast-feeding on development of atopic 
disease, other studies fail to find a significant effect. In part, this 
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is most likely due to the multitude of confounders inherent in 

studies of this nature. These include the lack of randomization, 
differences in genetic background and predisposition, environ
mental factors (including smoking), feeding practices, and so forth. 
Another confounder is the antigen load; many studies consider 
only the qualitative aspect ("all or none") and pay little attention 
to quantitative aspects (i.e., the amount of antigens in the diet of 

the exposed group). Antigen load may have a strong influence on 
whether atopy or tolerance will be the outcome. A recent large 
study from Finland, in which premature infants were fed breast 

milk or formula in a randomized fashion, there were no significant 

effects of diet on development of atopic disease (99). It is evident 
that more, carefully controlled epidemiological studies are needed 

before conclusions can be made regarding the potential beneficial 
effect of breast-feeding on the development of allergy. 

SUMMARY 
It is evident that breast milk contains a multitude of components 
that can, or may, affect the immune system of the newborn infant 

(Fig. 1). Besides providing "optimal" nutrition (i.e., nutrients in 
adequate but not excessive amounts), all components of immune 
function that are dependent on nutrients are likely to have "opti

mal" physiological activity. Beyond this basic defense, breast milk 

components will facilitate the establishment of a microbial gut 
flora that will discourage many pathogens while stimulating the 
growth of beneficial microorganisms. Within this environment, 

maternal immunity will be transferred to the infant via antibodies 
of the SIgA type, but also anti-idiotypic antibodies, activated cells, 

and memory cells, thereby providing protection against the very 
same pathogens to which the mother has been exposed. An array 
of immunostimulatory components, notably cytokines, are pro
vided in the milk and are possibly protected against proteolysis. 
These components will help to boost parts of the infant's immune 

system that have not yet been fully developed and aid in the 
proper response to challenges to the system. Anti-inflammatory 

factors in breast milk will help to modulate cytokine responses to 
infection, facilitating defense mechanisms without creating tissue 
damage and sepsis, as occurring in infants with NEe. It should 
be evident that it will be almost impossible to "sieve out" the 
components that are most important for the infant; rather, it is 
likely that the entire "repertoire" is needed and that many compo
nents interact synergistically. It should also be clear that it will 
be impossible to provide a similar system in infant formulas, even 
if it may be possible to add some components, thereby providing 
some of the benefits encountered by the breast-fed infant. Whether 
breast-feeding and late introduction of solids has a pronounced 
beneficial effect on the occurrence of atopic disease needs to be 

studied further, with emphasis on the induction of oral tolerance. 
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15 Clinical Issues 
Childhood 'lin esses, Vaccinations, and Nutritional Status 

NOEL W. SOLOMONS AND GERALD T. KEUSCH 

THE INTERACTION OF NUTRITION 
AND INFECTION 

The concept that malnutrition conditions the response to infectious 
diseases was convincingly presented by Scrimshaw et al. in 1959 
( 1) and updated in a World Health Organization monograph in 
1968. The mechanisms by which this interaction occurred were 
not understood, but they were thought to be mediated by an effect 
of nutrition on the immune system. Most of the data reviewed at 
the time came from animal studies because there were only a 
limited number of published human investigations that examined 
immunological functions. In addition, these studies focused pri
marily on the effects of malnutrition on antibody-mediated immu
nity because that was the best understood immune host defense. 
Of particular interest to us, looking back three decades later, is 
the virtual lack of any reference to the potential impact of malnutri
tion on lymphocytes or cell-mediated immune responses, reflecting 
the state of understanding of basic immunological mechanisms at 
the time. The immune system is now known to be a complex 
interaction of cells with cells and soluble regulatory factors leading 
to immune responses mediated by both activated cells and soluble 
factors; this is described in greater detail elsewhere in this text. 
It is the specific goal of this chapter to examine the implications 
of nutritionally mediated alterations in immune function on the 
clinical response to infectious agents and vaccines. 

Studies prior to the epidemic of HIV / AIDS are consistent with 
the concept that malnutrition adversely affects immune responses. 
This is one major reason why life expectancy is significantly 
lower in poor developing countries with a high prevalence of 
malnutrition, compared to wealthier and better nourished popula
tions. Reduced life expectancy is primarily the result of the mark
edly increased perinatal and infantile mortality rates in the poor 
countries, and this is, in tum, primarily from infectious diseases. 
The disparity in survival between developed and developing coun
tries continues to today. In fact, infant mortality in the Third 
World at the end of the 20th century, which still exceeds 150/ 
1000 live born/year in many countries, is similar to the rates in 
Europe, Scandinavia, and North America in the 18th and 19th 
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centuries (2). Although immunization and the chemotherapeutic 
revolution have significantly contributed to the reduction in infec
tious diseases mortality in the industrialized countries, the down
ward trends had already become obvious before the widespread 
availability of vaccines or the chemotherapeutic revolution that 
has produced multiple classes of antibiotics, antivirals, antifungals, 
and antiparasitic drugs. Better living conditions, better diets, and 
access to health care clearly have an independent impact. Nonethe
less, the more recent reductions in the under-5 mortality rate in 
the industrialized nations, which has been reduced a further 75% 
since 1960 (3), is in great part attributable to improvements in 
immunizations against and specific therapy of the common infec
tious diseases of childhood and in recovery rates from acute diar
rheal dehydration. 

Pelletier et al. (4) have looked carefully at the relationship 
between nutritional anthropometrical indices as markers of nutri
tional status and infant and child mortality. They conclude that 
weight deficits, even of a mild-moderate magnitude, are signifi
cantly associated with mortality, with as much as 50% of total
cause mortality due at least in part to undernutrition. In this chapter, 
we will explore this relationship and examine how nutritional 
status affects the clinical presentation of infectious diseases. 

THE CHILDHOOD INFECTIOUS IllNESSES 

Beyond the first few months of life when maternally derived, 
transplacentally transported antibody and protective factors in 
breast milk afford some degree of protection against a variety of 
bacterial and viral infections, infants and children generally 
become more susceptible to the communicable diseases. There are 
two major reasons for this. First, the disappearance of maternally 
derived antibody-mediated immunity and, second, enhanced direct 
transfer of infectious agents by hand-mouth contact and close 
physical interactions during play and the difficulty in maintaining 
adequate sanitary practices in the young. Lack of immunity and 
ease of transmission result in ready transmission of the classical 
viral exanthems of childhood, including mumps, varicella, rubella, 
and measles. In addition, children are susceptible to enteroviruses 
such as poliomyelitis, classical bacterial infections such as diph
theria and pertussis, a variety of upper and lower respiratory 
infections, including otitis media, streptococcal pharyngitis, viral 
upper respiratory illnesses, and respiratory syncytial virus, pneu-
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Table 1 
Reductions in Morbidity Attributed to Universal Immunization Programs in the United States 

Cases reported 

Peak year Cases 1992 Cases % Reduction 

Diphtheria 1921 206,939 4 99.99 
Measles 1941 894,134 2,200 99.75 
Mumps 1968 152,209 2,460 98.38 
Pertussis 1934 265,269 3,359 98.73 
Paralytic polio 1952 
Rubella 1969 
Congenital rubella 
Tetanus 1923 

mococcal and Hemophilus injluenzae infection, and what used to 
be called "summer" and "winter" diarrhea, due to a variety of 
bacterial pathogens and rotavirus, respectively. 

Before the era of universal immunization, infection with the 
common viral agents of childhood was essentially universal at 
some time during early childhood. Poliomyelitis generally pre
sented as a summer diarrheal illness in the young and only occa
sionally progressed to paralytic polio; however, the frequency of 
infection led to a significant toll in paralytic disease. Each of these 
viral infections is vaccine preventable, and their occurrence and 
severity can be markedly reduced in both well-nourished and 
malnourished populations by universal application of immuniza
tion (Table 1). The serious adverse consequences of diphtheria 
and pertussis infection can also be prevented by prior immuniza
tion, and these two are among the earliest developed and applied 
vaccines throughout the world. Their incorporation into the univer
sal childhood immunization scheme of the World Health Organiza
tion for developing countries, the Expanded Programme on Immu
nization (or EPI), has led to a major reduction in transmission of 
these infections (5,6). 

However, whenever public health programs fail to achieve 
sufficient vaccine coverage to induce herd immunity to block 
transmission of these infections in the community, the incidence 
of infection and disease can increase sharply. This occurred in the 
United Kingdom two decades ago when a sharp drop in pertussis 
immunization occurred as a result of public antipathy to immuniza
tion related to exaggerated concerns for the adverse neurological 
effects of the old vaccine preparation. It also happened more 
recently in Russia because of the breakdown of public health 
services and consequent reduction in diphtheria immunization 
after the dissolution of the former Soviet Union. In both instances, 
epidemics of illness followed in a just a few years, as a new 
susceptible population was born. Acute respiratory and diarrheal 
diseases of both viral and bacterial origin are exceedingly common 
in all children, regardless of nutritional status (7). Many of these 
pathogens are actually groups of related, but antigenically distinct 
types, and unless immunity is group-specific, infection with one 
type does not protect against infection with other types. Hence, 
under circumstances of poverty, crowding, and limited environ
mental sanitation, it is predictable that children will develop a 
series of symptomatic respiratory and enteric infections, as they 
are highly likely to encounter many virulent members of these 
pathogenic groups of organisms. Mucosal infections with Hemo
philus injluenzae, typically type b, or various serotypes of Strepto-

21,269 0 100.00 
57,686 148 99.74 
20,000 9 99.96 

1,560 42 97.31 

coccus pneumoniae can disseminate and lead to bacteremia and 
systemic infection, including pneumonia and meningitis. 

In many developing regions of the world, protozoal and helmin
thic diseases (usually grouped together as parasitic infections) 
are also common. In areas endemic for Plasmodium Jalciparum, 
infants and children bear the brunt of morbidity and mortality 
because protective immunity to this parasite is slow to develop. 
Malaria is, in fact, quite unusual because multiple symptomatic 
encounters with the parasite are required before effective resis
tance to clinical illness appears and, even then, recurrent infections 
continue to occur (8). Recurrent malaria, by means of the catabolic 
response and anorexia induced with each episode, accounts for a 
significant proportion of the growth faltering of young infants and 
children in malaria-endemic developing countries (9). Systemic 
protozoal diseases such as visceral leishmaniasis also cause a 
severe catabolic response that may progress to overt protein
energy malnutrition (10). The systemic helminthic infection 
caused by Schistosoma mansoni or S. japonicum also may result 
in severe malnutrition, secondary to the cirrhosis these worms 
induce (11). Unfortunately, none of these infections is vaccine 
preventable at this time. 

Intestinal helminthic infections are the most common chronic 
infections of humans. Eggs shed in feces into the soil transmit 
many of these multicellular eukaryotic parasites. There, they 
undergo an obligatory developmental state to an infectious stages 
and are, subsequently, orally transmitted to a new or the same 
host. It is the accumulation of worms by continuing exposure and 
reinfection that increases the worm burden to the threshold for 
the appearance of symptoms. Young children are, therefore, highly 
vulnerable to these parasites, including Ascaris lumbricoides, the 
giant roundworm, and Trichuris trichiura, the whipworm. Beyond 
infecting at least a quarter of the world's population (some 1.5-2 
billion cases), roundworms are associated with a finite mortality. 
It has been estimated that of the 1.3 billion people infected with 
A. lumbricoides, upward of 59 million are at risk annually for 
some degree of morbidity, with 12 million cases of acute illness 
leading to 10,000 fatal infections per year (12,13). These infections 
are species-specific and are limited to humans, there being no 
reservoir or intermediate host involved. The peak of the age
intensity curve for these two human nematodes is from 7 to 10 
yr of age. Hookworm, transmitted not by oral ingestion of infec
tious eggs but rather by the invasion across the skin of live infec
tious larvae hatching from eggs deposited in soil, most commonly 
affects older children and young adults and results in intestinal 
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blood loss. However, it takes time to develop a sufficient worm 
burden before iron-deficiency anemia develops, the most promi
nent manifestation of hookworm infection. 

Children are also susceptible to newly "emerging" and 
reemerging infectious diseases (14-16). These include a number 
of newly described hepatitis viruses, Hantavirus, Ebola, and Lassa 
fever viruses, malaria (already mentioned above), Group A strepto
coccal infection, drug-resistant tuberculosis, Shigella dysenteriae 
type 1 infection, and others. Arguably the most important emerging 
new infection is the human immunodeficiency virus (HIV). The 
major route of transmission of HI V for children is perinatal, includ
ing intrapartum and perinatal as well as postpartum via breast 
feeding from an HIV-infected mother (17). An additional route 
is through injections with contaminated reused needles or blood 
transfusion, often employed to treat the severe anemia resulting 
from malaria (18). Unfortunately, blood-banking practices in 
developing countries are often inadequate and blood remains un
screened for all transfusion-transmitted infectious agents, includ
ing HIV and hepatitis viruses. Because of its chronic nature and the 
frequency with which HIV infection affects the gut, malabsorption, 
failure to thrive, and malnutrition (referred to as "slim" disease 
in Africa) have become cardinal manifestations of AIDS in chil
dren as well as in adults (15). 

The diversity of infectious agents, the variety of routes of 
transmission, the serious nature of their clinical manifestations, 
and their interactions with nutrition account for the prominence 
of infectious diseases among the estimated 12-20 million young 
children who perish annually around the world, primarily in the 
poor, developing countries. 

IMMUNIZATIONS 

Because immunization is the most cost-effective strategy to reduce 
the burden of morbidity and mortality caused by infectious dis
eases, increasing attention has been given over the past two 
decades to the improvement of existing vaccines and the develop
ment of new vaccines where none have previously existed. 
Although considerable progress has been made, it is disappointing 
to note that all of the useful vaccines are not currently deployed 
in those countries where the disease burden is greatest because 
of their inability to pay the cost. Vaccine development has tradi
tionally been carried out primarily by industry, although some of 
the basic research has been supported by public funds. Because 
of this private for-profit base of research, vaccine development 
has focused on the disease burden of those in the rich countries. 
It remains a challenge to bring the technology of vaccines to all 
of those who need it, and not just to those who can pay for it. 
Public-private initiatives are just beginning to gel around this 
theme, spearheaded by the World Health Organization, the World 
Bank, and several of the major bilateral foreign assistance agencies 
and nongovernmental organizations. 

Among the recent victories for vaccines are the development 
of an acellular pertussis immunogen that is largely free of the 
severe adverse effects of the previously employed killed whole 
cell vaccine, the development of a H. injluenzae type b (Hib) 
polysaccharide capsular-protein conjugate vaccine that protects 
against the invasive systemic complications of Hib infection, 
including pneumonia and meningitis (19), the recent successful 
test of a multivalent pneumococcal polysaccharide-protein conju
gate vaccine in the United States, the development of vaccines 
for hepatitis A and B and varicella, and a newly released reassortant 

rotavirus vaccine that blends the Jennerian approach of a naturally 
attenuated Rhesus rotavirus (analogous to Jenner's use of cowpox 
to immunize against smallpox) with the modem approach of genet
ically manipulated vaccine strains. 

At the same time, the sad commentary is that the new pertussis 
vaccine is not being used in the developing world, where the cheap 
and more reactogenic pertussis component of standard diphtheria -
tetanus-pertussis (DTP) is still employed, Hib vaccine is not avail
able to the majority of children in developing countries, and the 
conjugate pneumococcal vaccine will, when licensed, be used in 
industrialized nations, where otitis media is the major problem, 
long before it reaches the developing nations, where invasive and 
lethal pneumonia and meningitis are common occurrences. In 
addition, hepatitis A vaccine is not available and only a few of 
the developing countries have implemented early immunization 
with hepatitis B vaccine, directed as much toward the reduction 
of adult hepatocellular carcinoma related to the virus as toward 
the prevention of clinical hepatitis. Varicella vaccine is slowly 
being implemented in the first world but will remain unavailable to 
the Third World for many years, and the newly licensed rotavirus 
vaccine, already recommended by the American Academy ofPedi
atrics for routine use in the United States, will present a challenge 
of economics to deliver to the infants of the developing nations, 
a million of whom die of this infection yearly. 

Despite these technological successes, many challenges in vac
cine development remain, especially with organisms that interact 
with the immune system in such a way that strong protective 
immune responses are not readily elicited, or because antigenic 
variation makes it difficult to identify useful conserved vaccine 
antigens. Such organisms represent particularly difficult targets 
for the vaccine developer, and include HIV and malaria. HIV has 
been difficult because it directly destroys immunological capacity 
and because antigenic variation so readily occurs in the surface 
glycoprotein targets for vaccine immunity. Malaria represents a 
different story, in which natural immunity is slow to develop, 
requires multiple encounters with the organism, which results in 
high morbidity and mortality while immunity is elicited, and 
because acquired protection dissipates readily and rapidly when 
the "immune" individual leaves the endemic region for relatively 
short periods of time. A hopeful new development has been the 
organization of a global collaborative network to focus on malaria 
vaccine development (the Multilateral Initiative on Malaria or 
MIM), whereas extensive work by the pharmaceutical industry 
and increasingly targeted research in the public sector toward an 
HIV vaccine offer increased promise of progress in the next few 
years. Few, however, would predict that a useful vaccine for either 
infection will result in the next decade (20,21). 

Molecular biology has made very significant contributions to 
the recent efforts in vaccine development. First, the ability to 
create genetically altered organisms has facilitated the task of 
identifying virulence factors by isolating their role in disease 
pathogenesis. The understanding that many virulence factors are 
only expressed in vivo has led to the development of appropriate 
models in tissue culture or in animals in order to search for in 
vivo expressed antigens, which then become prime targets for 
vaccine development. Second, selected and site-directed mutations 
can provide attenuated organisms or virulence molecules (e.g., 
biologically inactive but antigenic ally intact toxins involved in 
disease pathogenesis) for the purpose of eliciting immunity. Third, 
a new understanding of the function of the immune system has 
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led to new approaches to presentation and delivery of new antigens 
specifically designed to activate particular limbs of the immune 
response. Of importance has been the development of attenuated 
live vaccines, carbohydrate-protein conjugates, protein subunits, 
and, more recently, DNA vaccines (22). Never have the prospects 
been better for progress. However, because the easy problems 
usually are solved sooner, the remaining diseases for which no 
useful vaccine is available generally represent the difficult cases 
or the orphan diseases for which little private sector resources 
have been made available. 

An interesting case in point is the recent development of a 
vaccine for rotavirus (23). This is a universal infection throughout 
the world, targeting infants and children from 6 to 24 mo of age 
in developed and developing countries alike, and virtually all 
infants everywhere develop rotavirus infection and diarrhea. It is 
estimated that there are 50,000 hospitalizations annually in the 
United States for severe dehydration resulting from rotavirus, 
primarily from severe dehydration, with approximately 100 deaths. 
This results in an annual expenditure of around 500 million dollars 
for the costs of hospitalization and treatment of patients with 
severe rotavirus diarrhea. On top of this, a similar amount of 
money is lost in wages and productivity, as parents take leave 
from work in order to care for their sick infant. The impact on 
individuals in the developing world is even greater, and it is 
estimated that I million infants may die annually from rotavirus 
infection. Despite this toll in the developing world, the cost
benefits and affordability of this vaccine in developed countries 
will lead to its early implementation there, whereas developing 
countries will continue to experience the severe morbidity and 
mortality of rotavirus infection. 

Four principal rotavirus serotypes affect humans, and because 
immunity is serotype-specific, it is necessary to have a multivalent 
vaccine. The first breakthrough was the discovery that a bovine 
rotavirus was attenuated for humans, and initial exploitation of 
this Jennerian opportunity produced evidence of vaccine-induced 
immunity. However, disease caused by the other serotypes contin
ued unabated and this vaccine candidate was abandoned. Further 
work continued with a Rhesus monkey rotavirus of serotype III, 
which was also attenuated for humans. Rotaviruses are character
ized by a segmented RNA genome, and because genetic reassort
ment between two different viruses occurs naturally, it was possi
ble to create reassortants of the Rhesus rotavirus that had acquired 
the genes for human serotype-specific immunity. Reassortants 
expressing human serotype I, II, and IV were therefore combined 
with the serotype III native Rhesus rotavirus to create a quadriva
lent vaccine that induces immunity and protects against severe 
infections and lethal disease resulting from all serotypes. Whereas 
much of the basic research underlying this vaccine was supported 
by public funds from the U.S. National Institutes of Health, the 
production and marketing of the vaccine has been transferred 
to industry. At present, vaccine efficacy in developing countries 
remains unproven; however, even if it is as effective as it has 
been in the United States, the current cost of the three-dose vaccine 
schedule will be 20-50 times greater than the per capita expendi
ture on health in the poor developing nations (24). 

Currently recommended immunizations for children in the 
United States are shown in Table 2 (25,26). These recommenda
tions are reviewed yearly, and, most recently, rotavirus vaccine 
has been added to the list. We may also anticipate addition of a 
pneumococcal polysaccharide conjugate vaccine in the near future, 

if the initial safety and efficacy data are confirmed. Unfortunately, 
the situation in developing countries is quite different. It has taken 
over a decade of programmatic development by the Expanded 
Programme on Immunization of the World Health Organization 
to increase coverage of DTP, measles, polio, and bacille Calmette
Guerin (BCG) vaccines to greater than 50% in most developing 
countries, albeit some have done much better than this (5,6). Still, 
only rarely are hepatitis Band H. injluenzae conjugate vaccines 
included in the national immunization plan, and nowhere is the 
current licensed unconjugated pneumococcal vaccine used, despite 
the importance of infections due to S. pneumoniae (19). 

New vaccine-delivery techniques, such as jet injectors and 
national immunization days, when every age eligible infant and 
child is immunized regardless of prior immunization history, have 
helped to increase immunization coverage (27). Even in countries 
plagued by military insurrections, truces have been called in order 
to achieve maximum coverage during the national immunization 
campaign days. The multiple doses required for most vaccines, 
which require follow-up visits on a regular schedule, including 
the requirement for multiple injections, represent an impediment 
to increasing the percentage of children who receive the complete 
sequence of vaccine doses required for maximum induction of 
protective immunity. New combinations of vaccines and new 
adjuvants have the potential to increase compliance with full 
immunization in both developed and developing countries. 
Although these advances will help, reductions in cost are probably 
the most urgent need to improve vaccine coverage in the latter (28). 

One of the concerns for the success of immunization programs 
in the Third World is the efficacy of the immunization in this 
setting. It is well known that nutrition impairs immune function, 
most particularly T-cell-mediated responses that may result in 
suboptimal immune response to vaccines. Indeed, vaccines have 
often been used as probes of the immune response in malnourished 
populations, with considerable evidence of an impairment in 
mucosal antibody-mediated immune responses and quantitatively 
decreased systemic antibody responses to polysaccharide versus 
protein antigens. However, protection derived from vaccines is a 
threshold phenomenon and, at any measured level of an immune 
response, may be conditioned by the inoculum size of the agent 
to which an individual is exposed. Thus, simply documenting a 
quantitatively diminished immune response to a vaccine does not 
necessarily translate into diminished protection, neither at the 
individual nor at the population level. This reality needs to be 
considered when interpreting the observations that below-standard 
indices of anthropometric status is associated with lower serocon
version rates or reduced titers of serum antibody and/or reduced 
delayed cutaneous hypersensitivity responses following vaccina
tions. Moreover, such reduced responses may be vaccine-specific 
and determined by immunogenetic factors present in that popula
tion. For example, in a recent study in Nigeria, infants and toddlers 
with deficits of weight-for-age had diminished postimmunization 
responses to BCG and poliomyelitis, but not to measles vaccina
tion, compared to better nourished controls (29). 

The relative role of nutritional deficits in conditioning poor 
immune responses to vaccines is not well understood. For example, 
tetanus toxoid is a classical protein antigen dependent on T lym
phocyte help to induce an antibody immune response in mice. 
However, studies in severely malnourished humans suggest that 
tetanus toxoid still induces a level of antibody in the protective 
range. These studies generally examine the antibody response at 
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Table 2 
Recommended Vaccines for Children in the United States 

Vaccine Composition Efficacy Adverse events 

DtaP" Toxoids and purified antigen >95% Local reactions 
H. injluenzae Polysaccharide-protein conjugate >95% Local reactions 
Hepatitis A >95% Local reactions 
Hepatitis B Virus subunits >90% Local reactions, Guillain-Barre 
Measles, mumps, rubella combined Live viruses >95% Encephalopathy (rare), parotitis, arthralgia 
Pneumococcus Polyvalent polysaccharide >75% Local reactions, fever 
Rotavirus Live viruses >75% Fever 
Polio Sequential inactivated and live oral virus >95% Rare vaccine-induced polioh 

"Diphtheria and tetanus toxoids combined with acellular pertussis antigens. 
IYJ"he new recommendation of two inactivated polio vaccine doses followed by two live oral vaccine doses is intended to reduce the frequency of 
vaccine-induced paralytic polio. 

4 wk following primary or booster doses, and it may well be that 
the kinetics of the response in the malnourished host is delayed 
compared to that in a normally nourished host. However, for a 
population-based immunization program, it is not the speed with 
which protective immunity is achieved but rather the level of 
immunity achieved and its persistence over time. In the case of 
oral live polio vaccine, it is suspected that the presence of other 
enteroviruses in the intestinal tract result in competition for niche 
and interference with colonization of the gut by the vaccine strain. 
This is one explanation for the finding that the usual four-dose 
regimen in South India is inadequate to induce seroconversion in 
the majority of children; however, additional doses continue to 
increase the percentage that respond, independent of nutritional 
status. 

An additional issue that remains unclear is the impact of 
nutritional status on the specific immune responses that develop 
following immunization. As an example, antibody immunity to 
polysaccharide antigens resides primarily in the IgG2 and IgG4 
antibody subtypes, requiring a T-Iymphocyte-mediated switch in 
isotype from IgM to the specific subtype of IgG in order to 
induce the most protective immune response (30). It is likely 
that subpopulations of T helper lymphocytes are involved in the 
activation of clones of B cells producing the different subtypes; 
therefore, differential effects of nutritional status on such subpopu
lations may condition the efficacy of the resulting immune 
response. The impact of nutrition on immune responses has not 
been studied to this level of sophistication and the implied ques
tions remain unanswered. 

THE "SEVENTH" IMMUNIZATION However, given the 
potential effect of nutrition on immune responses, including the 
responses to vaccines, some consideration has been given to the 
use of particular nutrients as potential "adjuvants" for the immune 
response at the time of immunization. Thus, a number of trials 
have given a protein supplement or vitamin A along with the 
vaccine in an attempt to enhance the immune response. This notion 
underlies the recent assertion that oral vitamin A (retinal palmitate) 
may represent the "seventh" immunization in the Expanded Pro
gramme of Immunization six-vaccine scheme. The basis for this 
is the biochemical action of vitamin A as a transcriptional gene 
regulator, including genes for antibody synthesis. This use of 
vitamin A could be a two-edged sword, however, with a presum
ably beneficial outcome if the response is enhanced and a detrimen
tal one if the response is suppressed. Because this cannot be 
predicted a priori, field-based studies are needed to unravel the 

issue, and the concurrent administration of high doses of vitamin 
A has been examined with respect to tetanus, measles, DPT, and 
poliomyelitis immunization. It should be remembered that the 
administration of vitamin A at the time of immunization also 
represents an opportunity to supplement the population with vita
min A at a point of contact that is relatively well organized by 
the EPI program, independent of any beneficial effect on the 
vaccine response per se. 

With respect to tetanus toxoid, no effect of a supplemental dose 
of retinyl palmitate was demonstrated in Bangladeshi preschool 
children (31). When 200,000 IV of vitamin A was administered 
to older preschool-aged children in Indonesia 3 wk before a tetanus 
toxoid immunization, IgG antibody levels for tetanus were sig
nificantly enhanced in those children with pre-existing immunity 
for whom this was a booster injection inducing a secondary 
response. The experience with measles vaccination is both more 
extensive and more varied. In 1995, in Indonesia, Semba et al. 
(32) reported a 10% excess failure rate in seroconversion with 
measles vaccine given with 100,000 IV vitamin A in early infancy, 
as compared to those who had not received the supplement. In 
an accompanying editorial, Ross (33) commented that the "wisdom 
of giving vitamin A supplements with measles vaccine in pro
grammes that vaccinate from six months (of age) is questionable." 
The original researchers returned to this question in a study with 
older (9-mo-old) Indonesian infants (34). In this study, there was 
a greater than 98% seroconversion rate with the concurrent admin
istration of 100,000 IV along with measles immunization, signifi
cantly improved over the vaccine alone. Finally, in Bangladesh, 
Rahman et al. (35) found that 25,000 IV of retinyl palmitate, 
given at three monthly intervals in early life enhanced the cell
mediated skin test responses for diphtheria and tetanus toxoids 
and antibody responses to polio after the primary immunization 
series. This augmented response was seen only in those children 
in whom supplementation resulted in adequate circulating retinol 
levels. Those who received vitamin A but whose serum levels 
remained low generally remained anergic. 

The safety of delivering high doses of vitamin A to young 
infants has been examined, but the results are conflicting and 
inconclusive. Agoestina et al. (36) in Indonesia claimed total safety 
and lack of adverse effects in terms of intracranial hemorrhage 
or increased intracranial pressure with the supplementation of 
50,000 IV of retinyl palmitate compared to placebo in 2000 Indo
nesian children in the first semester of life. Although the rate of 
bulging fontanelle (5%) in those receiving vitamin A was twice 
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that seen in the control children, this was discounted as a significant 
untoward or potentially harmful consequence of vitamin adminis
tration. On the other hand, Rahman et al. (37) observed bulging 
fontanelle in 5 % of infants in the treatment group and 1 % of those 
in the control group in a trial including 200 Bangladeshi infants 
in which 25,000 IV of vitamin A was given with the first immuni
zations. Another approach to improving vitamin A status in young 
infants has been pioneered by Stoltzfus et al. in Indonesia (38), 
who have shown that most of a single, postpartum oral dose of 
300,000 IV of retinyl palmitate given to a nursing mother is 
eventually delivered to the infant over the course of lactation. 
Administration of vitamin A to lactating women has become a 
standard recommendation of WHO for maternal and child health 
care programs in populations at risk of hypovitaminosis A. The 
caveat, however, is that because such a massive load of vitamin 
A would be teratogenic to an embryo in utero, it is imperative to 
ensure that the dose is given before there is any risk of concur
rent pregnancy. 

ENDEMIC MALNUTRITION 

Malnutrition has often been equated with undernutrition, but its 
actual meaning is "bad nutrition," especially in the context of 
imbalanced nutrition (39). This means that both polar extremes 
of deviation from normal intakes and status-deficient and exces
sive-represent a potential for malnutrition (40). There are a 
number of dietary constituents that must be considered. First are 
the macronutrients; that is, substances that can be sources of 
energy. These include protein, carbohydrate, fat, and, in some 
settings, alcohol. Protein has a hierarchical use. The first priority 
for dietary protein is as a source of amino acids as primary building 
blocks for protein synthesis, including structural proteins, trans
porters, enzymes, hormones, regulatory and messenger proteins, 
antibodies, and acute-phase response proteins. Only then, do pro
teins normally enter into energy metabolism pathways. We recog
nize 13 organic compounds as essential vitamins and at least 20 
elements can be classified as nutrients. 

In the domain of protein and energy nutrition, there is a spec
trum of manifestations related to imbalances in the diet. At the 
extreme end of starvation, nutritional marasmus occurs. Acute 
protein deficiency in excess of energy-deficiency leads to the 
severe edematous malnutrition syndrome, kwashiorkor. With the 
increased recognition of clinical markers of these deficiency states 
and considerable attention given to assessing nutritional status in 
primary health care schemes, these extreme syndromes have 
become less common (41). The application of a more sophisticated 
evaluation of body composition has allowed a better characteriza
tion of a continuous scale of intermediate nutritional states. Short
ness of stature, a substantial deficit of height -for-age termed stunt
ing' is often termed "chronic" protein-energy malnutrition. This 
is not necessarily the case because most of the retardation of linear 
growth is established before 3 yr of age (42-44) and does not 
document an ongoing process (45). A deficit of weight-for-height 
(wasting), on the other hand, can be considered to represent acute 
energy deficit. When there is excessive storage of energy, grada
tions of obesity are present. In demographic terms, wasting affects 
up to a quarter of the populations in some poor societies in Africa 
(46); it is now relatively rare in Latin America and Asia, except 
in times of famine. 

Much more common and widespread are deficiencies of micro-

nutrients, including vitamins and minerals. As priorities in global 
public health, the nutritional anemias, hypovitaminosis A, and 
iodine deficiency have long represented the trinity of single-nutri
ent human deficiency states requiring urgent attention. Thus, these 
three were designated worldwide priorities at the World Summit 
for Children in 1990 (47) and designated concerns of "hidden 
hunger" in a technical follow-up conference in 1991 (48). Recent 
studies have identified zinc deficiency as another critical single
nutrient deficiency affecting immune responses. 

Nutritional anemia is primarily the result of iron deficiency 
(49), although in malaria-endemic regions, the frequent bouts of 
clinical malaria and hemolysis contributes in a significant manner. 
However, iron deficiency produces a series of functional deficits 
beyond those ascribable to the impaired transport of oxygen to 
tissues (50). Because of its essential role in iron metalloenzymes 
needed for DNA synthesis and cell replication, a critical part of 
the immune response as clones of responding lymphocytes must 
rapidly divide, iron deficiency can significantly impair immune 
responses. In addition, the functional role of iron in enzymes 
involved in oxidative metabolism and the production of antimicro
bial oxygen free radicals implicates iron deficiency as a cause 
of reduced microbicidal capacity. In developing countries, iron 
deficiency is common in late infancy and the toddler years, when 
the burden of infection is greatest, and there is reason to believe 
there is a relationship between the two phenomena (49,51). 

Vitamin A deficiency leading to endemic hypovitaminosis A 
is prevalent in most developing countries, often at levels that do 
not lead to vitamin-A deficient eye signs or symptoms. Hypovita
minosis A is strongly associated with indices of poverty and poor 
sanitation, and a history of a curtailed lactation and certain dietary 
habits are the most powerful determinants of individual cases of 
vitamin A deficiency (52,53). The consequences of vitamin A 
deficiency are most serious in preschool children, and multiple 
large-scale field studies have demonstrated a relationship between 
vitamin A nutrition and all-cause mortality, with vitamin A supple
ments reducing mortality by some 25-35%. 

Iodine deficiency, initially identified as endemic goiter and 
cretenism, is a common finding in populations living away from 
the coast, as iodine has been leached out of most inland soils over 
the millennia and is present in inadequate amounts in locally 
produced vegetables and grains. In the past two decades, the 
concept of iodine deficiency as "endemic goiter" has been broad
ened to iodine-deficiency disorders (lDD) (54) to emphasize a 
variety of manifestations other than thyroid enlargement or creten
ism. Whereas the world's population at risk of IDD is estimated 
to be 1 billion (55), iodine deficiency has come under progressive 
control since the World Summit for Children, as the proportion 
of iodine-fortified salt consumed in developing countries had 
increased to 60% from <10% in 1990 (56). The lack of evidence 
that iodine deficiency is associated with increased infectious dis
ease risk lends further credence to substitute zinc deficiency for 
iodine deficiency in the action agenda, as discussed later. 

It is now widely believed that marginal zinc status and overt 
zinc deficiency is endemic throughout the populations of develop
ing countries (57,58). Zinc is also required for DNA and protein 
synthesis because of its role in both DNA transcription and RNA 
translation (59,60). Thus, zinc deficiency can restrict rapid multi
plication and clonal expansion of critical cell populations in the 
immune response. Because of its essential role in zinc-binding 



CHAPTER 15/ CHILDHOOD ILLNESSES, VACCINATION, AND NUTRITION 187 

finger loop domains, known as "zinc fingers," which are involved 
in conformational stabilization of transcription factor proteins that 
permit sequence-specific DNA recognition and gene expression, 
zinc deficiency can also limit the translation of proteins involved 
in host defenses (53). In addition, thymus-derived peptides 
believed to function as thymic hormones in the differentiation of 
T cells are zinc metalloproteins (61). At least in vitro, when these 
proteins are stripped of zinc they do not function as maturational 
signals. Zinc deficiency can specifically diminish the T-Iympho
cyte response by impairing the development of mature function 
T lymphocytes. Thus, in a number of ways, abnormal zinc nutrition 
can be related to heightened infection susceptibility and/or sever
ity, and this has been shown in field studies of lower respiratory 
tract and diarrheal disease (62,63) and, more recently, malaria 
(Sazawal, unpublished data). 

IMPROVING MICRONUTRIENT INTAKE AND 
STATUS OF POPULATIONS 
If micronutrient status affects immune response to infection and 
immunization, improving intake of these nutrients can have an 
important impact on the burden of infectious diseases. Current 
public health teaching suggests four distinct (and not mutually 
exclusive) strategies for improving the micronutrient status of 
a population: 

1. Supplementation (36,64,65). 
2. Fortification of specific foods or dietary components such 

as salt or sugar (66). 
3. Dietary change and diversification (67,68). 
4. Attention to remedial health conditions that interfere with 

micronutrient intake, absorption, or utilization. 

The first three strategies are germane to the present discussion, 
as they represent measures aimed at enhancing the consumption 
of specific nutrients. 

Supplementation can be undertaken with therapeutic or prophy
lactic intent, depending on the particular circumstances. The dos
age of the supplementary nutrients can range from a fraction of 
the daily recommended intake to the full recommended dietary 
allowance (RDA), as in the over-the-counter multivitamin
mineral preparations. It must be understood, however, that the 
RDA is determined as the dietary levels needed to maintain healthy 
levels of the nutrient in the majority of a population, usually adults 
in industrialized nations. These levels are rarely determined for 
infants and children or in populations in developing countries, 
where local environmental or genetic factors can affect the popula
tion need. Alternatively, supplements of several multiples of the 
daily recommendation can be offered as in those sold in "health 
food" stores or sometimes prescribed by physicians, practitioners 
of holistic medicine, or even health authorities, whether or not 
evidence supports such practices. 

Fortification involves the addition of micronutrients to com
monly consumed foods and beverages or dietary constituents. 
Conventionally, at the public health level, vehicles that reach 
across whole populations are targets for micronutrient fortification, 
including salt, sugar, flour, cooking oil, and margarine (69). Pota
ble drinking water has long been exploited in the rich countries 
as a vehicle for fluoridation to reduce dental caries; however, 
water can also be fortified with iodine (70) and iron (71). Salt 
has been used extensively as the vehicle for iodine and fluoride 

and is also capable of bearing calcium and iron (69). Sugar can 
be a vehicle for vitamin A and iron, and oil and margarine could 
be vehicles for vitamin A (66). Additionally, cereal flours can be 
fortified with thiamin, riboflavin, niacin, folic acid, vitamin Bl2, 

iron, calcium, and iodine (69). 
Foods and beverages other than basic staples that are consumed 

on a selective and voluntary basis may also provide substantial 
amounts of micronutrients, in part through the addition of exoge
nous vitamins and minerals. Many breakfast cereals provide 100% 
of the recommended allowances of vitamins and major minerals 
in a single serving with milk. In Latin America, one manufacturer 
fortifies its brand of com flakes with zinc. Fruit juices and fruit 
drinks often contain a day's supply of vitamin C in a single serving. 
Foods targeted to specific populations also provide examples for 
the use of micronutrient fortificants. Infant formulas are fortified 
with iron. Milk for school programs in South America often con
tains iron. Similarly, the snacks served at recess breaks in elemen
tary schools throughout developing countries are increasingly 
being enriched with iron, vitamin A, and other micronutrients of 
local public health importance. 

Dietary diversification is a strategy to encourage consumers to 
enrich their dietary intakes of specific micronutrients by consum
ing foods that are rich in these nutrients. This can be accomplished 
either by replacing other foods or adding new foods to their diets. 
For instance, if one adds milk, cheese, or yogurt to a diet poor 
in these foods, high intakes of calcium and riboflavin are assured, 
and if this is not a substitution for an equivalent source, then total 
intakes will be increased. Similarly, ingestion of citrus fruits will 
raise intakes of vitamin C, whereas consumption of liver will 
provide increased vitamin A, iron, vitamin Bl2, folic acid, and the 
majority of the B-complex vitamins. For affluent individuals in 
whom low micronutrient status is the result of the poor selection 
of food items, dietary diversification is a viable strategy for achiev
ing an adequate intake of recommended nutrients. For the low
income inhabitants of low-income countries, the traditional fare 
is largely of plant origin and characterized by absent or low 
contents of some vitamins and minerals and poor biological avail
ability for others. Dietary diversification to include foods of animal 
origin is generally an unreachable goal and it may be necessary 
to target the dietary change strategy to the consumption of edible 
plants with high micronutrient content. 

Plants are sources of provitamin A carotenoids, the precursors 
of vitamin A. It has conventionally been considered that 6 mg of 
beta-carotene has the vitamin A equivalency of 1 mg of the pre
formed vitamin; however, when real foods with their complex 
matrices were the dietary form of provitamin A, the validity of 
this relationship was questioned (72). In field studies conducted 
in Indonesia, de Pee et al. (73) showed minimal effects of cooked 
vegetables on vitamin A nutriture or milk content of vitamin A 
in lactating women. Indeed, it may take up to two to four times 
as many edible plants to supply the desired intake of vitamin A. 
Manipulating the intake of plants is also problematic for improving 
human iron status, and there is no solid evidence for an impact 
of dietary education on the prevention of iron deficiency and 
iron-deficiency anemia. This means that consuming more iron
containing plants or vitamin C sources is not likely to impact 
nutritional status of these nutrients. This is particularly relevant 
to improving the nutrient status of the most nutritionally vulnerable 
of all groups, infants and children between 6 mo and 3 yr in the 
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weaning period, because both the acceptability of and gastric 
capacity for bulky vegetable dishes is lowest in this segment of 
the population. 

ADDITIONAL CONSIDERATIONS ON UPTAKE OF 
MICRONUTRIENTS FROM SUPPLEMENTS There are physi
ological constraints on the efficacy of regimens based on high
dose supplements, as some-but not all-micronutrients can be 
absorbed and retained with suitable efficiency to justify this dosage 
format. Vitamin A and vitamin B12 are stored in the liver in almost 
limitless amounts and with long half-lives. Iron can be stored in 
muscle, liver, and bone marrow with high efficiency. However, 
most of the other water-soluble vitamins are poorly retained and 
are rapidly excreted or metabolized. Parenteral (injection) doses 
of the former three nutrients would be avidly retained; however, 
ample evidence shows that therapeutic parenteral administration 
of iron is dangerous (74). Parenteral administration of iodine is 
a unique story. Although the nutrient is normally stored in the 
thyroid gland, intramuscular injection of iodine in oil (Lipiodol, 
Guerbet Laboratories, France) forms a deposit of iodine in the 
muscle that is slowly transferred to the thyroid gland. It can 
be retained in this format for 2 yr or more. Unfortunately, the 
transmission of infectious diseases, including hepatitis B and C, 
HIV, and others by blood, is facilitated by the reuse of hypodermic 
needles in community settings. 

The fractional absorption of an oral dose of the nutrients rele
vant to public health micronutrient programs is also variable (75). 
Whereas vitamin A is 70% absorbable, inorganic iron is absorbed 
variably, depending on the iron status of the host and total oral 
load. For example, from an oral dose of 60 mg of iron as ferrous 
sulfate, a severely iron-deficient individual or pregnant woman 
might take up 6 mg of the metal per dosing. This could fall to 1 
mg or less in an iron-replete individual receiving a supplemental 
dose. Iodine in its soluble, iodide form is absorbed with high 
(90%) efficiency; however, an alternative form, iodine-in-oil, has 
a lower bioavailability (76). Folic acid has an absorption efficiency 
of from 30% to 60%, and vitamin B12, which is absorbed from 
20% to 60%, should be given with intrinsic factor in order to 
ensure the administered dose is maximally absorbed. Zinc derived 
from chemical salts in the absence of meals is absorbed with an 
efficiency of just 10-40%. 

Consideration must be given to margins for safety, the upper 
limits of daily nutrient intake above which toxicity manifestations 
become likely (77). The margin between the recommended daily 
intake dosage and the highest observed safe level from nutrient 
to nutrient is well over 100-fold for riboflavin, lO-fold for iron, 
6.5-fold for vitamin A, and 4-fold for zinc. Concomitant disease 
states can increase the toxicity of certain nutrients; for example, 
renal insufficiency and liver disease which decrease the margin 
of toxicity for vitamin A (78). 

THE SOURCE OF UNCERTAINTIES 
Despite the sound, fundamental theoretical basis for the interaction 
of malnutrition and infection, discussed at great length elsewhere 
in this book, many uncertainties remain regarding the clinical 
implications for human populations. One important issue is 
whether or not the relationship has a nutritional or a pharmacologi
cal basis (79). Current knowledge is based on cross-sectional 
studies in which the strength of the association between nutrition 
and infectious diseases are explored and longitudinal intervention 
studies in which nutritional status is deliberately altered and the 

outcome is measured as a corresponding reduction in infection. 
The former approach represents a quest for associations between 
lesser nutritional status and greater susceptibility to an infection 
or its consequences; the latter seeks to establish a relationship 
between better nutriture and diminished infection morbidity or 
mortality. The stability and accuracy of the diagnostic measures 
for nutrient assessment are critical factors in establishing these 
associations, whether the individual or the group is the unit of 
analysis. These become substantial issues in the assessment of 
vitamin A, iron, or zinc status. For vitamin A, circulating retinol, 
which is the most commonly used index, does not represent the 
hepatic stores, except at the extremes of depletion and toxic excess. 
Moreover, infections themselves redistribute retinol from the cir
culating pool in the acute-phase response (80), further compound
ing assessment of nutritional status. Iron reserves are reflected by 
serum ferritin concentrations in steady-state conditions. However, 
ferritin is also an acute-phase reactant protein, and its measurement 
overestimates iron deficiency in individuals and populations with 
ongoing infection (81). Zinc status is most often assessed by 
assaying its concentration in the blood; however, there is both a 
poor correspondence with tissue status and variability based on 
technical matters and the presence of an acute-phase response that 
leads to reduced circulating zinc levels (82). As a consequence, 
the reliability of associations between nutritional status determined 
in the usual fashion and infections is suspect. 

Interventional studies provide an opportunity to go beyond 
association to probable causality, by comparing the outcome vari
able between preintervention and postintervention periods. The 
interpretation of such studies is usually based on the assumption 
that undernourished individuals will be improved and benefit by 
the intervention, whereas those who are initially adequately nour
ished will be relatively unaffected. Unfortunately, logistic and/or 
cultural barriers often make nutritional assessment impossible in 
studies in the developing world. In some investigations, clinical 
manifestations of deficiency such as xerophthalmia have been 
used (83). In other studies, attempts to assess status have been 
made on just a small subsegment of the population (84,85) or, in 
other instances, not at all (86). Interpretation is also confounded 
by the general use of micronutrient supplements and variations 
in form and dose between studies conducted in different popula
tions. In addition, most of the field trials have been conducted 
with high-dose supplements. 

These problems make it difficult to resolve the questions of 
whether the effects of interventions detected in field trials are 
pharmacological or nutritional in nature and whether nutritional 
interventions act by reversing a pre-existing deficiency or by 
promoting a change across the whole population, irrespective of 
nutrient status. 

NUTRITIONAL STATUS AND 
THE EXPERIENCE OF INFECTIONS 

VIT AMI N A Cross-sectional studies relating vitamin A status 
or intake to infectious diseases experience have been used to 
examine the effect of the nutrient on disease susceptibility. Studies 
from Indonesia (83), India, and Thailand (87) followed preschool 
children diagnosed as at-risk from hypovitaminosis A based on 
the presence of xerophthalmia or low retinol levels. An increased 
incidence of respiratory infections was documented, and in Indo
nesia, an increase in diarrheal incidence was noted as well. More 
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recently, premature infants in South Africa with the lowest serum 
retinol levels were reported to have the highest incidence of respi
ratory disease (88). In older South African children, the retinol 
level on admission was found to be an independent risk predictor 
for ARI and severity (89). A study from the Sudan, in which 
dietary intake of vitamin A rather than any index of status was 
the predictive variable, found an association of increased intake 
and decreased rates of diarrhea and cough plus fever (90). This 
was observed both before and after an intervention program with 
high-dose vitamin A supplementation, and the intervention had 
no influence on the clinical findings. 

Vitamin A has been employed as an adjunctive therapy with 
supportive hydration therapy in secretory diarrhea. In a study 
conducted in Bangladesh, no additional benefit on the course of 
noncholera watery diarrhea was observed in children randomly 
assigned to high-dose supplements of vitamin A compared to 
placebo (91). Another study carried out in 900 Indian children, 
aged 1-5 yr, provided high-dose vitamin A during diarrhea of 7 
d duration or less (92). When stratified by their breast-feeding 
status at the time of admission, children who were still receiving 
any maternal milk derived no benefit from the vitamin A supple
ment. In contrast, episodes of acute diarrhea in fully weaned 
children were significantly less severe, shorter in duration, and 
less likely to become persistent in those receiving vitamin A as 
part of their treatment regimen. 

Vitamin A has also been tested as a potential complementary 
treatment together with standard combined drug therapy for chil
dren with pulmonary tuberculosis. In one randomized, compara
tive clinical trial in children with an average circulating retinol 
level on admission of 18 Ilg/dL high-dose vitamin A had no 
effect on the outcome of standard therapy (93). In nontuberculous 
acute respiratory infection in preschool children admitted to the 
hospital in Guatemala with X-ray-confined pulmonary infections 
randomized to receive high-dose vitamin A or placebo along 
with appropriate antibiotics and supportive therapy, no differences 
in severity, duration of hospitalization, or mortality were observed 
between treatment groups (94). However, the national program 
to reduce endemic hypovitaminosis A in Guatemala by fortifica
tion of sugar may have improved baseline vitamin A status in 
these patients and altered their ability to respond to acute treatment 
with vitamin A. 

Vitamin A has become a recommended adjuvant in the treat
ment of measles patients sick enough to be hospitalized. This is 
based on the results from a randomized, double-blind clinical trial 
carried out in Capetown, South Africa among measles patients 
hospitalized for severe complications. Patients in the treatment 
group received a total dose of 400,000 IU of water-miscible vita
min A in divided doses on the day of admission and the subsequent 
day. Recovery from pneumonia and diarrhea were more rapid in 
the supplemented group, and these children experienced a lower 
mortality rate (95). A subsequent retrospective comparison of 
outcome of patients hospitalized because of severe measles in the 
preperiod and postperiod of routine administration of Vitamin A 
was performed. The mortality rate fell from 5% to 1.6% and the 
duration of hospitalization and utilization of intensive care were 
lower after adoption of routine vitamin A for these patients (96). 

To determine if vitamin A administration had any impact on 
less severe measles infections in the community, an outpatient 
study on the use of vitamin A was carried out in Zambia (97). 
Following a single oral dose of 200,000 IU of oil-soluble vitamin 

or placebo, those receiving supplementary vitamin A had less 
cough but they also recovered more slowly from pneumonia if it 
developed. Unfortunately, both the form of the supplement and 
the dose was altered in this study compared to the Capetown 
study and it is possible that this explains the difference in results. 
Alternatively, the lesser severity of disease in the outpatient study 
could preclude the detection of a difference due to the treatment. 

A particularly striking effect of routine periodic administration 
of vitamin A has been shown to reduce all-cause mortality in 
infants and children in a number of studies. The initial findings 
were reported in 1983 from a study designed to examine the 
effects of vitamin administration on progression of eye disease in 
children with mild signs of xerophthalmia (nightblindness, Bitot' s 
spots) at a baseline survey examination (98). At least 10 prospec
tive, intervention studies have since been conducted and published 
in peer-reviewed journals, and several meta-analyses have been 
performed (e.g., refs. 99 and 100). Meta-analysis indicates a 25-
30% reduction in all-cause mortality in subjects receiving vitamin 
A supplements, with the exception of two studies-one in Hydera
bad, India (101) and the other from the Sudan (86). The signifi
cance of the finding is given further credence by the finding of 
the life-sparing effect of the vitamin A intervention, as there 
is excess mortality in the placebo-treatment limbs of the trials. 
Controversy has remained about the effects of vitamin A on 
infants, especially those under 6 mo of age. Of the two studies 
that have addressed this, one, in Indonesia, showed a reduction 
in mortality rates (102), whereas the second, carried out in Nepal, 
reported no difference in mortality between the two groups (103). 

Prophylactic administration of Vitamin A has also had inconsis
tent effects on morbidity, with some studies finding a reduction 
in diarrheal or respiratory disease morbidity, whereas others using 
the same dose and dose interval find no effect. The effects, when 
found, are often based on symptom complexes not otherwise 
etiologically defined. For example, placebo-treated infants studied 
in Indonesia had an increased hospitalization rate for cough and 
fever (102), but there was no difference between groups in the 
infant cohort in Nepal (103). Some studies have been designed 
to detect differences in morbidity between the intervention and 
control groups. In one study in South India, there were no effects 
on childhood illness from periodic administration of high-dose 
vitamin A to preschool children (104). Another investigation in 
northeastern Brazil reported only a slight decrease in the incidence 
of severe episodes of diarrhea and no effect on acute respiratory 
illnesses as a consequence of vitamin A assignment (l05). The 
effect is not strikingly enhanced in HIV-infected children either. 
For example, in a study in Durban, South Africa, 118 infants born 
of HIV -positive mothers were followed for up to 15 mo (mean = 
8 mo) and given either an age-appropriate dose of vitamin A or 
a placebo at 1 and 3 mo of age and every 3 mo thereafter. Only 
when respiratory and diarrheal morbidity was pooled was there 
a significant reduction in the intervention group. Vitamin A did, 
however, significantly reduce diarrheal morbidity in those infants 
who had become HIV infected. An in-depth review of studies 
bearing on the hypothesis relating supplemental vitamin A to 
disease experience concludes the relationship to be inconsistent 
and the overall findings to be unremarkable (106). 

IRON The relationship of iron status and iron supplements 
to the incidence and severity of infection is complex (107,108). 
In particular, there are differences of opinion regarding the adverse 
effect of iron deficiency on immune response and the risk of 
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infectious morbidity and the concept that acute iron administration 
or iron-overload syndromes provide pathogens with needed iron 
and enhance infection. The accumulated experience suggests that 
iron deficiency generally impairs host defenses and increases 
infection morbidity; however, malaria replication may be 
increased by iron administration via increased hemoglobin synthe
sis, and certain organisms lacking efficient iron acquisition mecha
nisms are more prevalent and virulent in individuals with iron
overload syndromes. 

ZI NC Acute and chronic diarrheal disease are one of the 
leading causes of death among children under 5 yr of age. With 
increased understanding of the role of zinc in immune function 
and the evidence that zinc deficiency is common whenever protein 
intake is marginal, several trials of zinc supplementation to reduce 
morbidity have been undertaken. The design of these trials is 
different from the vitamin A trials because, unlike vitamin A, zinc 
is not stored after a bolus dose and must, instead, be continuously 
dosed. Although there is variation in the response from study to 
study, the overall impression is that zinc supplementation has 
advanced control of the immediate evolution of an episode of 
watery diarrhea and dehydration (79,108,109). In one large cohort 
study in India, including 937 children aged 6-35 mo, the inclusion 
of 20 mg/d of zinc as part of oral rehydration therapy reduced the 
number of watery stools and the number of days of purging (62). 

Studies in three nations-India (110), Guatemala (111), and 
Mexico (112 )-have addressed the question whether or not prophy
lactic zinc supplementation reduced infectious morbidity. In India, 
the study involved a follow-up interventional trial of the cohort 
enrolled in the earlier therapeutic study (62). A cohort of 570 
children aged 6-35 mo were randomly assigned to a maintenance 
dose of 10 mg of elemental zinc daily or placebo. The subsequent 
incidence of dysentery and the progression of acute episodes of 
watery diarrhea into persistent diarrhea lasting over 14 d was 
reduced significantly. These effects were most pronounced in the 
group of children 1 yr of age and older and in those with low 
initial circulating zinc concentrations. In Guatemala, a cohort of 
rural indigenous preschoolers in a mountain village receiving 
either 10 mg of elemental zinc or placebo were followed (J 11). 
The intervention decreased the incidence of acute and persistent 
diarrhea but had no effect on acute respiratory infections over a 
period of 7 mo. In Mexico, a factorial design was used to study 
the effects of iron and zinc alone and combined (112). Preschoolers 
in a rural, highlands village were followed for a year while receiv
ing four randomly assigned daily treatments: placebo; 20 mg of 
elemental iron alone; 20 mg of zinc alone; and a combination of 
iron and zinc. Both zinc-containing regimens reduced diarrheal 
morbidity by 40%; however, there were no differences in the 
experience of respiratory diseases among the four groups. 

RIBOFLAVIN Although riboflavin status has been virtually 
ignored in public health of late, riboflavin status may be particu
larly important in malaria-hyperendemic regions. In a study in 
India, riboflavin-deficient individuals had lower parasitization of 
red cells, but clinical recovery from an episode of malaria was 
slower compared to those with better riboflavin nutrition (113). 
Levels of malonyldialdehyde, a circulating marker of lipid peroxi
dation of cell membranes, was found to be higher in malaria
infected children than in controls as well as in riboflavin-deficient 
than riboflavin-sufficient subjects. It is proposed that riboflavin 
deficiency restricts the regeneration of reduced glutathione, mak-

ing the parasitized erythrocyte more vulnerable to destructive lipid 
peroxidation and increasing plasma lipid hydroperoxides (114). 

DIET AND CHILDHOOD DISEASES 
In contrast to dietary deficiencies and supplements, the influence 
of the pattern of food consumption and specific nutrient and non
nutrient components in the diet on susceptibility to infectious 
diseases has not been systematically examined. The diet is, of 
course, the source of food-borne pathogens and contamination of 
food remains a major route for the transmission of infectious 
agents (115). In addition, there is increasing understanding that 
the pattern of consumption of foods and beverages influences 
susceptibility or resistance to chronic degenerative diseases, 
including cardiovascular, neoplastic, and inflammatory diseases 
(116). Although the specific dietary components involved are not 
known, they may include the presence or absence of chemical 
constituents not considered to be essential nutrients themselves. 
Putative protective substances include dietary fiber (cellulose, 
hemicellulose, lignin, pectin, oligosaccharides), phytic acid, oxalic 
acid, carotenoids, organic acids, phytosterols, and flavonoids 
(117). Among the potentially noxious substances are soluble car
bohydrates, alcohols, aflatoxins, trans fatty acids, and rare earth 
metals. It is possible that various combinations, imbalances and 
interactions among these substances, perhaps interacting with the 
genetic constitution of individuals and/or in the presence of other 
environmental exposures, determine chronic disease risk. If this 
complex interaction of multiple factors, including diet, constitutes 
the risk for chronic disease, then it becomes understandable why 
progress has been slow in deciphering these relationships. 

There may be similar relationships between diet and infectious 
diseases. It is known, for example, that the intestinal flora repre
sents an ecosystem that may exclude the implantation or coloniza
tion of pathogens via niche occupancy or the production of antimi
crobial substances (e.g., colicins) (118). The initial gut flora that 
colonizes breast-fed infants, composed primarily of Bifidobac
terium bifidis, resists colonization by other bacteria and provides 
one level of protection against enteric infections. Unpasteurized 
fermented foods may introduce bacteria into the intestinal flora 
with salutary effects in older individuals and provide significant 
resistance to the colonization of the intestine by pathogens or 
assist in their clearance. This concept of using selected microbial 
agents as probiotics has recently been demonstrated in clinical 
trials in which the administration of a human colonizing strain of 
Lactobacillus successfully treated and prevented recurrence of 
antibiotic related diarrhea caused by Clostridium diffiicile (119). 

Natural antioxidants in the diet may be an important part of 
host defenses against infections (120). As the data implicating 
oxidative mechanisms in infectious disease pathogenesis and 
pathophysiology for both bacterial (121) and viral (122) diseases 
increase, the significance of dietary antioxidant intake becomes 
more relevant. This may be the explanation for the effects of 
dietary vitamin A in reducing diarrheal and respiratory disease 
morbidity in the Sudanese (90). These dietary sources were actu
ally provitamin A carotenoids present in local edible plants and 
it is at least possible that these dietary constituents were a marker 
for the foods with protective qualities, rather than the specific 
mediator of the effects. 

As these effects of diet are explored, the new science of food 
technology and engineering presents us with many new situations 
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in which food may plan an important role in the host-pathogen 
interaction. The food industry has created new chemical dietary 
compounds (e.g., non-nutritive sweeteners and sucrose polyesters) 
used as artificial fats and the synthetic capacity of the approach 
appears to be unlimited. Although we do not yet know how the 
long-term consumption of these "new foods" will alter health, it 
may be possible to develop components that influence microbial 
pathogens at least locally in the intestinal tract. It is also possible 
that adverse interactions among flora, pathogens, and the hereto
fore unheard of food substances being invented and introduced 
into the human diet will become apparent. 

It is also worthwhile to point out that diet may affect the 
pharmacology and pharmacokinetics of therapeutic agents used 
in the treatment of infection. One mechanism for this is the influ
ence of food or specific constituents of diet on the absorption of 
drugs or their capacity to induce side effects (123,124). It is 
interesting that charcoal-broiled meats and cruciferous vegetables 
induce the metabolism of xenobiotics, whereas protein levels in 
the diet are strong mediators of drug clearance. Hence, diet can 
lead both to loss of efficacy and to unexpected toxicity of drugs. 

UNDERNUTRITION AND NUTRIENT LOSSES 
RESULTING FROM INFECTIONS 

Infections, via the inflammatory response and the production of 
cytokines with metabolic effects, induce both a catabolic state 
and an anabolic state in which metabolic priorities are reordered 
toward the synthesis of proteins with host defense capacity. By 
these (and other) mechanisms, infection is a cause of malnutrition 
and, indeed, it has been proposed that control of infection is one 
of the best ways to prevent childhood malnutrition (125). This 
strategy is currently reflected in international health policy (6). 

Decreased intake of food, one of the most common responses 
to infection, is an obvious contributor to undernutrition in this 
setting. The effects of anorexia, mediated by the inflammatory 
cytokines (126,127) are compounded by the frequent cultural 
response of withholding of diet and food taboos, which account 
for both a quantitative and qualitative change in nutrient intake, 
respectively. Mothers have specific beliefs and practices regarding 
the feeding of sick children, some of which are now thought to 
be detrimental. For example, indigenous Peruvian mothers reduce 
the offering of non-breast-milk foods during diarrheal episodes 
(12S), whereas in a Mayan-speaking mountain village in central 
Guatemala, mothers prefer to offer more liquid foods of presum
ably less nutrient density during episodes of both diarrhea and 
respiratory infections (129). Similar examples abound in the nutri
tional anthropology literature. 

Maldigestion and malabsorption are additional mechanisms 
altering the availability of food-derived nutrients (45,130). Loss 
and wastage of nutrients already taken up by the body is the final 
mechanism by which infection promotes undernutrition. Three
quarters of total-body iron is found in the erythron; hence, bleeding 
is a direct mechanism of nutrient loss (131). Thus, hookworm 
infections produce variable, but occasionally heavy daily iron 
losses that result in clinically significant iron deficiency (lOS). 
For this reason, some public health workers have advocated mass 
drug therapy with anthelminthics as a measure to reverse iron 
deficiency in hookworm-endemic areas (132). Heavy infection 
with Trichuris trichiura (133) and amebic colitis and schistosomia
sis (130) are other direct causes of iron deficiency. 

The activation of the acute-phase response leads to urinary 
losses of nutrients, including nitrogen, zinc, and iron. The impor
tance of vitamin A losses has recently been highlighted by studies 
in Bangladesh (134). Infants given oral vitamin A at 2, 3, and 
4 mo who suffered respiratory infections during the period of 
supplementation failed to raise their circulating retinol levels. As 
a follow-up study, Peruvian children with acute diarrheal disease 
were studied in a metabolic ward, allowing for complete collection 
of excreta (135). There was no urinary vitamin A loss among 
healthy children, but renal loss of vitamin A proceeded at a rate 
of 1.44 mllmol of retinol per 24 h on d 1,0.62 on d 2 and 0.23 
on d 4, for a cumulative mean loss of 2.25 mllmol. The highest 
excretion of urinary vitamin A was associated with febrile episodes 
of diarrhea. 

Acute watery diarrhea is also responsible for the loss of nutri
ents from the intestinal tract itself. Guatemalan children receiving 
oral rehydration fluid were shown to lose endogenous iron, zinc, 
and copper into the stools (136). The losses of zinc amounted 
to a day's requirement of the nutrient. Shigellosis is also well 
documented to result in protein-losing enteropathy (137). 

The significance of these losses may be underestimated because 
of the usually short and self-limited duration of these infections. 
Whereas the losses in any individual episode may be inconsequen
tial for overall host nutritional status and readily repaired during 
convalescence, the cumulative impact of repeated infections can 
be severe. Although episodic, diarrhea and respiratory infections 
are frequent and recurrent in children in poor developing countries. 
In many such settings, children may experience infections during 
30-40% of their first year or two of life (39). Because it takes 
much longer to replete the host of these losses than it does to 
cause them in the first place, and because the diet is often limiting 
in protein, energy, and micronutrients, development of clinically 
overt malnutrition commonly occurs. This is readily seen in the 
retardation in linear growth and the reduction in weight for length 
in infants so affected. 

NUTRITIONAL INTERVENTIONS 
IN INFECTED INDIVIDUALS 

Given these inevitable mediator-driven alterations in nutritional 
status during infection, the obvious question is whether or not 
compensatory feeding of nutrient-dense diets has any favorable 
impact in nutrient-wasting situations? First, solid and semisolid 
foods as well as oral rehydration solutions increase the fecal 
volume in children with watery diarrhea, although there is net 
gain in water and salt absorbed. Because total nutrient absorption 
also increases under such circumstances, it is therefore recom
mended that the caloric density of the oral rehydration fluids used 
to manage diarrheal episodes be increased, that breast-feeding be 
maintained, and that a normal diet be introduced early in the 
recovery regimen (13S). There is a nuance to feeding associated 
with acute lower respiratory infections, which are known to inter
fere with alveolar diffusion of gases. Given the increase in energy 
consumption during infection, the increased CO2 produced from 
energy metabolism can become a complicating issue. As carbohy
drate generates more CO2 than fat, a high-fat, low-carbohydrate 
regimen has theoretical merit for refeeding of children with severe 
acute respiratory infections. Second, because the anorexia associ
ated with the production of inflammatory cytokines (which occurs 
coincidentally with consumption of body stores and appears to 



192 PART IV / CLINICAL ISSUES 

be designed to reduce voluntary work such as foraging for food 
in order to redirect metabolism toward the acute-phase response) 
appears to have been selected through evolution, there may be a 
danger in attempting to overcome this behavior. Some data support 
this concept. Monkeys infected with yellow fever viruses become 
anorectic and generally survive the experimental infection, but 
when force fed by the parenteral route, their mortality rate 
increases (Wannemacher, personal communication). Similarly, the 
use of parenteral iron to reverse the acute hypoferremia during 
acute infection has been shown to increase infection morbidity 
and mortality (74,139). 

There is great need to better understand the benefits and risks 
of feeding during infectious diseases in populations with different 
nutritional status at the outset, in those with protein-energy malab
sorption, and in those with specific micronutrient deficiencies and 
in different infectious diseases so that we may assist the healing 
process and, in so doing, do no harm. 
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INTRODUCTION 

The immune system plays a leading role in fighting off the constant 
bombardment of our bodies by invading pathogenic organisms, 
such as bacteria, fungi, viruses, toxins, and allergic compounds. 
Also, the immune system is intimately linked to the quality and 
quantity of nutrient intake (1,2). The host is defense-regulated 
and maintained by two branches of the immune system. One is 
cell-mediated immunity, carried out primarily by the CD4+ Th-l 
and CD8+ T lymphocytes, which plays a pivotal role in cytotoxic 
responses against malignant cells and cells infected with intracellu
lar bacteria and viruses. The other branch is humoral (antibody
mediated) immunity, of which the B lymphocyte plays a dominant 
role, to ward off and/or destroy extracellular pathogens. The T 
lymphocytes may also influence humoral immunity, as the Th-2 
CD4+ T -lymphocyte subset secretes a wide variety of antibody
inducing cytokines. The Th-l CD4+ T lymphocyte produces pri
marily interleukin-2 (IL-2) and interferon gamma (lPN-y) and the 
Th-2 population produces primarily IL-4, -5, -6, and -10. Antibody 
isotype production (IgA, IgE, IgG, etc.) is dependent on the kind 
of cytokine produced to fight invading antigen assaults. Unfortu
nately, this vast array of defense mechanisms is not impregnable. 
Primary causes of a breakdown in these lines of defense (i.e., 
serious breakdown of our immune system) is either chronic or 
acute under nutrition and malnutrition. 

The devastating consequences of malnutrition are most pro
found in young children and the elderly. More than 6 million 
(approximately 55%) children under 5 yr of age in developing 
countries die directly or indirectly from malnutrition (1) and 177 
million children have or have had malnutrition at some point in 
their lives. Malnutrition can arise from either inadequate food 
intake or, as is the case in breast-fed children « 18 mo old), from 
inadequate milk nutrient densities or deficiencies induced from a 
malnourished mother. The cause of this problem is multifactorial, 
having social, political, cultural and geographical components. 
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The elderly are also overwhelmingly affected by malnutrition, 
with approximately 33% (suffering from nutritional deficiencies) 
living in industrialized countries (3). Again, the etiology of this 
problem is multifactorial, involving social, physical, and psycho
logical issues. Figure 1 summarizes the diverse etiologies of mal
nutrition, ranging from congenital defects in infants to physical 
and mental impairment in the elderly. Although the etiology is 
slightly different between malnourished young children and the 
elderly, both have a significant increase in the risk of infection 
and subsequent death resulting from these infections. In young 
children, the immune system is still developing its innate and 
acquired defense mechanisms, whereas in aging persons, immune 
function is, at least in part, dysregulated because of the involution 
of the thymus and decline in its function. Therefore (compared 
to healthy young adults), both young children and the elderly 
exhibit altered immune responses that increase their susceptibility 
to infection, which is exacerbated by malnutrition (5). Thus, mal
nutrition further suppresses the immune system, allowing the host 
to be vulnerable to attack and subsequent rise in chronic infections. 
Hence, the viscious cycle of malnutrition and the onset of chronic 
illness begins (Fig. 2). One rather unique aspect of malnutrition 
is that it alters virtually every aspect of the immune response, 
including lymphoid anatomy, humoral and cellular immunity, 
phagocytic function, and the complement system (Table O. 

Malnutrition and protein-energy malnutrition (PEM) are gener
ally used interchangeably. However, PEM is somewhat a misno
mer, as it rarely occurs without deficiencies in other essential 
micronutrients like select vitamins and trace minerals, making not 
only the etiology but the pathology quite complex. In rodent 
models, the majority of the defects observed in malnourished 
humans are induced by only limiting the amount of protein in 
the diet while maintaining adequate quantities of vitamins and 
minerals (Table 1). For example, reducing the normal 18% protein 
diet in weanling mice with a 5% protein diet and increasing the 
com starch (to adjust for the other l3%) results in PEM symptoms 
while maintaining normal growth as assessed by body weight 
measurements. However, a 1-2% protein diet results in severe 
PE~ and subsequent blunting (stunting) of growth (i.e., body 
weight) (8). It should be noted, however, that PEM caused primar-
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Fig. 1. Flow diagram depicting the multiple etiologies of protein energy malnutrition. (Reproduced from ref 4 with permission.) 
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Fig. 2. Depiction of the viscious cycle of chronic infection and 
protein-energy malnutrition (PEM). (From ref 6 with permission.) 

ily by extremely low protein intakes in the presence of adequate 
calories may not result in significant weight loss because as muscle 
wasting begins to occur, fat production could increase or edema 
develops. Therefore, biochemical measurements in the blood (e.g., 
serum albumin) are important values for the diagnosis of ongo
ing PEM. 

As noted earlier, malnutrition is a global problem affecting 
both developing and industrialized countries. Its consequences are 
primarily respiratory tract infections and diarrhea, leading to a 
major cause of morbidity and/or mortality. Indeed, much of the 
recent work done in the area of PEM and immunity has also 
focused on the salivary and gut immune components and the 

intimate role the T and B lymphocyte plays in this system. Specific 
emphasis has been on the production of immunoglobulin A (IgA), 
which plays a key role in preventing the entrance of invading 
microbes and allergens into the body. Here, we will review briefly 
the current literature on how PEM influences the immune system, 
allowing higher and more severe infection rates, as well as essential 
current treatment modalities. One important point to keep in mind 
is that even though the etiology of malnutrition (i.e., PEM) is 
quite complex, it is preventable. Additionally, if PEM is already 
present, it can be partially reversed, from the immune system's 
standpoint. 

STUDIES IN THE YOUNG 
PEM IN CHILDREN Two severe forms ofPEM are kwashiorkor 
and marasmus diseases. Kwashiorkor is most prevalent in children 
1-3 yr of age and is characterized by edema, hair loss, and/or 
discoloration and flaky skin. Marasmus exhibits similar clinical 
signs, but, generally, edema is not present. One dramatic feature of 
PEM is lymphoid atrophy. Specifically, the thymus gland becomes 
smaller and its cellularity is altered; furthermore, the spleen and 
lymph nodes show signs of altered microanatomy and ratios of 
immune cells within the lymphoid organs. As expected, the ulti
mate result is impairment of most host defense mechanisms (3). 
Recently, Sauerwein et al. (9) examined the effect of kwashiorkor 
and marasmus in children with a mean age of 3 yr. Children in 
both groups showed impaired antioxidant defense mechanisms. 
Specifically, plasma vitamin E levels were found to be significantly 
reduced in the kwashiorkor groups and glutathione quantities were 
also lower in both kwashiorkor and marasmus, with the kwashior
kor group having the lowest, compared to healthy age-matched 
controls. Free radicals are important effector molecules in many 
physiological processes (immunitv being one); however. modulat-
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Table 1 
Summary of the Effects of Protein-Energy 

Malnutrition on Immune Functions: 
Comparison Between Human and Animal Studies 

Lymphoid anatomy 
Thymus 
Spleen 
Lymph nodes 
Other lymphoid tissue 
Total circulating lymphocytes 

Humoral immunity 
Circulating B lymphocytes 
Serum Ig levels 
Serum Ab, response to Ag 
Secretory IgA 
Splenic plaque-forming 

cell responses 
Cellular immunity 

Circulating T lymphocytes 
Delayed cutaneous hypersensitivity 
Allograft rejection 
Tumor cytotoxicity 
Immunity to intracellular 

organisms 
Lymphocyte proliferation 

(a) Concanavalin A 
(b) PHA 
(c) PWM 

Lymphokine production 
Phagocytic function 

Monocyte chemotaxis 
PMN chemotaxis 
PMN phagocytosis 
RES function 
Intracellular killing 

Complement 

Human 

J, 
J, 
J, 
J, 
J, 

J, or N 
i orN 

J, 
J, 

J, 
J, 

J,orN 
J, or N 
i or N 

J, 

J, 
N 
N 

J, or N 
J, 

Animal 

J, 
J, 
J, 
J, 
J, 

J, 
J, 

J, 

J, 
Nor i or J, 

i 

Nor i or J, 

iorJ, 
N 
J, 

Note: PMN = polymorphonuclear leukocyte; RES = reticuloendothelial 
system; N = normal; J, = depressed; t = increased. 
Source: Adapted from ref 7. 

ing proxidant levels could cause further tissue damage and 
heighten inflammation. Furthermore, clinical indices of concomi
tant infection were also shown to be elevated. For example, plasma 
IL-6 was higher in the kwashiorkor group, and soluble tumor 
necrosis factor (TNF) receptors (both p55 and p75) were found 
to be significantly elevated in both the kwashiorkor and marasmus 
groups, suggesting the presence of some type of infection. Interest
ingly, soluble IL-6 receptor was not affected and, in general, the 
effects were more dramatic in the kwashiorkor group relative to 
the marasmus group. 

In contrast, PEM children showed lower IL-6 and TNF produc
tion when peripheral blood mononuclear cells were unable to be 
stimulated with lipopolysaccharide (10). This suggests that, at 
least in the peripheral blood, immune cells are impaired to the 
point that they do not respond to in vitro stimulation. However, 
the increase in inflammatory mediators, such as IL-6 in the study 
described earlier (9), indicates that at least some aspects of the 
immune system are still able to respond, or that the magnitude 
of the immune response may not be adequate enough to ward off 
the invading infectious agents. The suppressed cytokine secretion 

seen is in agreement with other reports showing both reduced CD4 + 
and CD8+ T -lymphocyte subsets, as well as reduced production of 
IgG in vitro (3). Not only are the relative proportions ofT-lympho
cyte subsets altered but their function is also suppressed (i.e., 
proliferative response in vitro). Phagocytic function is also com
monly found to be suppressed, in part, through the reduction in 
complement protein levels. Secretory IgA levels are lower as well, 
which enhances the risk of bacterial translocation into the body 
via the gut (11). Decreased secretory IgA levels appear to be 
relatively universal, since it has been found in Indian, Thai, and 
Indonesian children suffering from PEM. Furthermore, suppressed 
IgA is not restricted to a select anatomical site, as levels were low 
in nasopharyngeal secretions, tears, saliva, and the duodenum (7). 

Studies have also found that C3 and C5 complement proteins 
are also reduced in PEM children (12), which is now accepted to 
be a common feature of PEM (13). Complement proteins are 
important to opsonize extracellular pathogens for their enhanced 
phagocytosis by macrophages as well as directly lyse invading 
organisms (13). In PEM children, bacterial adherence to the tra
chea was enhanced, indicating that the risk of respiratory tract 
infection was elevated. Clearly, the mucosal defense system in 
PEM children is impaired, thereby increasing their risk of respira
tory and gastrointestinal tract infections from both low- and high
virulent organisms. Furthermore, the anemia seen in PEM can 
also enhance the establishment of infectious microorganisms 
because the red blood cells have a complement receptor that will 
bind to the microorganisms, increasing their clearance primarily 
by the liver (13). 

Even moderate PEM dramatically affects the salivary and gut 
mucosal immune system (14). Young children who were moder
ately malnourished (i.e., serum albumin within the normal range) 
showed significantly lower IgA levels in the saliva, although higher 
levels were in the sera. Thus, both salivary and mucosal immune 
components appear to become very sensitive to malnutrition and! 
or PEM. 

PEM IN WEANLING MOUSE MODELS Many of the 
immunological effects of PEM in humans also develop in mice 
when fed an isocaloric protein-deficient diet. Woods and Wood
ward (8) found that weanling mice fed a protein-deficient diet 
(0.6% by weight) for 14 d induced wasting and suppressed the 
cell-mediated immune response to skin allograft rejection and 
antibody response to sheep red blood cells (SRBC). Following 
this same dietary protocol, the same authors showed in a subse
quent study that the delayed-type hypersensitivity to SRBCs was 
also reduced (15). Ha et al. (16) found that in weanling PEM 
mice, the gut and biliary lumen IgA levels were reduced and that 
serum IgA was elevated. Furthermore, Ig-producing cells were 
still expanding in the mucosa, albeit at a slower rate than in 
normal-fed control mice (16). Therefore, the authors proposed that 
because Ig-producing cells, in terms of expansion, are relatively 
resistant to PEM, perhaps the ability of the mucosa to secrete IgA 
into the lumen was impaired. The succeeding article by Ha and 
Woodward showed that, indeed, the polymeric IgA receptor (plgR) 
was reduced in the liver, with only minimal effects seen in the 
intestinal epithelium (17). The plgR is responsible for the transport 
of IgA into the gut lumen; these data, in conjunction with the 
high serum IgA, suggest that IgA transport, not synthesis, is more 
sensitive to PEM and that the liver is a major contributor to 
secretory IgA into the gut lumen. These data are in agreement 
with other studies in mice showing that relatively mild PEM 
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enhances serum IgA while reducing that found in the intestinal 
lumen. McGee and McMurray (18) also found that IgA-producing 
spleen cells were significantly reduced in response to oral chal
lenge with SRBCs in PEM mice. As has been found in humans, 
this effect reverted back to normal when the mice were fed the 
control diet for 3 wk (18). 

Interestingly, overall neutrophil function is only moderately 
suppressed by PEM as measured by enzyme release, bacterial 
phagocytosis, and subsequent killing (19). In other words, the 
reductions were small, yet statistically significant. Similar results 
were seen in alveolar macrophages (20). PEM did not significantly 
reduce macrophage killing of Listeria monocytogenes, production 
of hydrogen peroxide and superoxide anion, and production of 
IL-l and TNF production. However, prostaglandin, leukotriene, 
and thromboxane production was further reduced, suggesting that 
although PEM may not significantly affect macrophage function 
per se, it may influence the macrophage's ability to modulate the 
immune response indirectly (20). 

STUDIES IN THE ELDERLY 
PEM IN THE ELDERLY Both aging and PEM have cumulative 
effects on the immune system. Aging results in a dysregulation 
of the immune system, particularly the functional loss of T lym
phocytes, leading to enhanced risk of infection and decreased 
clearance of infectious agents. In terms of the immune system, 
the primary effects of aging are associated with alterations in 
T-lymphocyte-dependent cell-mediated immunity. The onset of 
aging lowers CD8+ T-lymphocyte numbers with only marginal 
effects on CD4+ T-lymphocyte levels, but B lymphocytes and 
monocytes remain relatively unchanged. Not only does the relative 
proportions of T lymphocytes change, but so does their functional 
activity. T-Lymphocyte IL-2 secretion and subsequent prolifera
tion is reduced, indicating a decline in T-lymphocyte function 
with respect to age. CD4+ T -lymphocyte Th-l cytokine production 
(IL-2, IFN-y) decreases, and Th-2 cytokine production (IL-4, 
-5, -6, -10) increases with age. The net effect predisposes the 
elderly to a reduced cell-mediated immune response and increased 
susceptibility to certain infectious agents. On the other hand, the 
humoral response may be hyperactive, leading to the overproduc
tion of certain antibodies, resulting in increased circulating autoan
tibody levels (21). It is well established that memory T lympho
cytes increase with age and naive T-lymphocytes decrease. This, 
in part, is the result of decreases in thymic function with age, 
which results in lower antibody titers in response to antigenic 
stimulation and/or immunization. The mechanism may, in part, 
involve the reduced thymulin bioactivity and the decreased size 
of the thymus, which could primarily cause the loss of naive T 
lymphocytes in the periphery with age. 

Protein-energy malnutrition has similar effects as aging on the 
immune system, making the elderly, in some cases, as immunosup
pressed as AIDS patients (22). For example, aging reduces CD8+, 
but not CD4+ levels, and in the background of PEM, both CD8+ 
and CD4 + T -lymphocyte populations are reduced (9 ). Unlike aging, 
PEM also suppresses B-lymphocyte and polymorphonuclear cell 
function (21). In chronically ill PEM patients, serum IL-6 and 
orosomucoid was higher compared to well-nourished controls. 
Furthermore, peripheral blood monocyte stimulation in vitro with 
lipopolysaccharide (LPS) generated a higher production of IL-l ~ 
and IL-6 in PEM patients, whereas IL-lO, TNF, and transforming 
growth factor-~ (TGF-~) did not change. The end result is full-

blown immunodeficiency and increased risk of infection because 
of the imbalanced cytokine levels. Chronic infection gives rise to 
the elevated production of IL-l, TNF-a, and IL-6, thereby induc
ing a cachectic state in which protein breakdown increases and 
food intake declines. These adverse effects further exacerbate the 
already existing PEM. Supplementation with 400 kcal energy and 
40 g protein per day for 3 mo resulted in decreased serum IL-6 
levels and an increase in the anabolic hormone insulin-like growth 
factor-l (IGF-l) in patients who responded to nutritional repletion 
(four out of seven patients) (6). 

In addition, PEM in the elderly can arise from either primary 
or secondary causes (23). The primary cause of malnutrition is 
inadequate food intake, which manifests itself in a variety ways 
(refer to Fig. 1). Secondary malnutrition is the result of physiologi
cal changes occurring during aging, resulting in inadequate intake 
or digestion of foods (refer to Fig. 3). Specifically, the senses of 
taste and smell are reduced, which can make food less appealing, 
thereby reducing food consumption. Gastric, liver, and biliary 
functions are also reduced, thus decreasing the absorption of essen
tial nutrients. The decrease in liver function may be further aggra
vated by various drugs and/or medications commonly taken, long 
term, by the elderly. Therefore, drug dosages may need to be 
reduced (Table 2) (24). The important point is that even in the 
presence of adequate food availability, the decreased desire to eat 
or, in the case of adequate or near adequate intake, reduced nutrient 
absorptive processes itself may give rise to chronic PEM. 

Measurement of serum albumin is commonly used as a diagnos
tic marker for PEM. Serum albumin less than 35 gIL is associated 
with a significantly decreased probability of surviving 1 yr after 
hospitalization (25). A prospective study showed that mortality 
in the elderly with PEM who had been admitted as emergency 
cases was 41%, compared to 18% in well-nourished age-matched 
controls. A follow-up study also showed that infection leading to 
doctor visits and death were significantly reduced in the elderly 
who had been nutritionally repleted (26). Furthermore, PEM can 
lead to enhanced bacterial gut translocation, resulting in intestinal 
and pulmonary infections (11), which are commonly seen in 
the elderly. 

The grim effects of PEM on the elderly immune system is, 
at least in part, reversible. Supplementation of elderly patients, 
showing no clinical signs of disease or infection, with a 4- to 
500-kcal/d canned drink supplement containing macronutrients 
and micronutrients could partially restore cell-mediated immune 
function. Furthermore, antibody titers in response to vaccines 
are partially restored, indicating that supplementation prior to 
vaccination may prove highly effective in the elderly (21). Benefi
cial results were also found in chronically ill, elderly PEM patients. 
Supplementation with 400 kcal energy and 40 g protein per day 
for 3 mo resulted in a higher DTH response, as was blood levels 
of the acute-phase protein orosomucoid, indicating improvement 
in immune status even after disease onset (27). However, supple
mentation would have to continue, otherwise the immune system 
will revert back to its suppressed status. 

Current therapeutic approaches involve the use of drugs to 
enhance appetite. However, these drugs are associated with ill 
side effects such as delirium, sedation, nausea, and so on (28). 
Whereas pharmacologic intervention targeted at modulating sero
tonin and other hormone levels to control appetite does seem 
appealing, another adverse side effect of many drugs is decreased 
salivary gland function. This, in tum, may cause difficulty in 
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Fig. 3. Diagram of the complex relationship among the immune, digestive and neuroendocrine systems in the manifestation of the anorexia 
of aging. (Adapted from ref 27.) 

chewing and/or swallowing food, thereby exacerbating the PEM 
state. Therefore, it would seem that the most efficient and health
conscious method to enhance health status would be to improve 
dietary habits as well as provide easier access to well-balanced 
meals. 

defense systems resulting in the accumulation of oxidatively dam
aged cell products. This mechanism is thought to play a major 
role in the impairment of cellular function seen in aged animals. 
PEM mice have been shown to have lower glutathione in their 
spleens, heart, and liver, which correlated with reduced splenic 
lymphocyte intracellular calcium mobilization and subsequent 
proliferation (29). Glutathione is a free-radical scavenging mole-

PEM IN ACED RODENT MODELS One current theory on 
the mechanisms of aging is explained based on altered antioxidant 

Table 2 
Alterations in Organ Function with Respect to Aging that May Influence Nutrient Status 

Organ function 

Taste and smell 

Saliva secretion 
Esophageal function and 

swallowing 
Gastric function and emptying 

Liver and biliary function 

Pancreatic secretion 
Intestinal morphology and function 

Intestinal micro flora 

Source: ref 24. 

Physical change 

Decreased taste buds and papilla on tongue 
Decrease in taste and olfactory nerve endings 
Change in taste and smell threshold 
Saliva flow may be reduced 
Minor changes including disordered 

contractions 
Decreased secretion of hydrochloric acid; 

intrinsic factor; and pepsin in 20% of 
healthy population> 60 yr of age (atrophic 
gastritis); rapid rate of emptying of liquids; 
increased proximal small bowel pH; 
bacterial overgrowth in bowel 

Decreased size and blood flow; minor 
structural and biochemical changes; activity 
of drug-metabolizing enzymes reduced 

Slightly lower bicarbonate and enzyme outputs 
Insignificant changes in small-bowel 

morphology 
Bacterial overgrowth in proximal small bowel 

in atrophic gastritis 

Importance to nutrition 

Loss of ability to detect salt and sweet 
Decreased palatability causing poor food intake 

Doubtful clinical significance 
Doubtful clinical significance 

Decreased bioavailability of mineral, vitamins, 
and proteins; decreased absorption of protein
bound vitamin B12 and folate; increase in 
bacterial folate synthesis to counteract 
malabsorption 

Rate of albumin synthesis may be decreased; drug 
dosages may need to be lower 

Doubtful clinical significance 
Doubtful clinical significance 

Functional significance unknown; influences 
supply of water-soluble vitamins and vitamin K 
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cule that aids in protecting the cell from oxidative damage. Feeding 
a normal diet to the mice for only I wk returned glutathione 
levels to the normal range. Studies have found that PEM in mice 
suppresses the number of splenic B lymphocytes that produce 
anti-SRBC antibody following SRBC immunization. Interestingly, 
although the number of CD4+ and CD8+ T lymphocytes was sup
pressed in the peripheral blood, the relative proportions were 
enhanced in spleens and mesenteric lymph nodes (30), suggesting 
that a lymphocyte homing increase or occurrence of selective 
"sticking" in certain lymphoid compartments is occurring. This 
may offer further insight into the mechanism for unresponsiveness 
in cell-mediated immunity in PEM. 

Protein-energy malnutrition also has site-specific influences on 
salivary and gastrointestinal immunity (31). Although tear volume 
was unaffected in adult (3 mo) and aged (16 mo) mice, the total 
IgA-containing cells in the lacrimal gland was suppressed in adult 
mice, and there was no effect of PEM in aged mice. The later 
lack of effect is due to the fact that aging itself reduces the number 
ofIgA-containing cells; therefore, PEM did not show a cumulative 
effect with aging. Furthermore, the IgA content in tears was lower 
in response to PEM in adult, but not old, mice. In contrast, PEM 
reduced IgA in saliva in both adult and old mice. Interestingly, 
feeding the PEM mice a control diet reversed the PEM effects in 
both the salivary and intestinal immune system (31). 

Studies employing the Fisher F344 rat-aging model found that 
whereas peritoneal macrophage production of IL-l and TNF is 
reduced with aging, PEM did not affect the production of these 
cytokines. Furthermore, PEM did not have a cumulative effect 
on the suppression of monocyte function in aged rats (32). Effects 
on neutrophil function were quite unique. Neither aging nor PEM 
alone suppressed neutrophil function. However, the combination 
of old age and PEM suppressed neutrophil respiratory burst, exo
cytosis, and enzyme release (19). These studies show how diet 
(specifically PEM) can have different effects on the various cells 
of the immune system. 

SINGLE-NUTRIENT DEFICIENCIES 

It is almost impossible to discuss PEM without mentioning defi
ciencies of individual nutrients like select vitamins and/or trace 
minerals, which, alone or in combination, have dramatic effects 
on cell-mediated immunity, nonspecific immunity, and to a lesser 
extent, humoral immunity (33). Common immune abnormalities 
seen in deficiencies of pyridoxine, pantothenic acid, folic acid, 
vitamin B12, biotin, thiamin, and vitamins C, A, and E include 
decreased lymphocyte response to in vitro stimulation and 
impaired antibody response (7). Pyridoxine and biotin deficiency 
also reduces thymic size and/or thymulin levels, whereas vitamin 
A deficiency results in an increased susceptibility to certain tumors 
(7). Iron deficiency is the most common single-nutrient deficiency. 
Both human and laboratory animal studies show significant reduc
tions in complement levels and cell-mediated, humoral, and non
specific immunity when iron deficiency is present (33). Similar 
effects are seen with selenium and copper deficiency (33). Among 
several trace mineral studies, the role of zinc on immune function 
and its susceptibility to infection was studied most extensively. 
The early studies by Fraker et al. (34,35) have established the 
critical role of zinc on immunity and antibody production. Our 
own studies in mice revealed that zinc is essential to develop 
cytotoxic T lymphocytes and natural-killer cells to ward off both 
malignancy and infectious agents (36). Also, zinc deficiency may 

be quite common among the elderly (37). It is also widespread 
in underdeveloped countries in pregnant women as well as in 
young children, which often leads to diarrheal diseases (38-40). 
These results clearly show that insufficient quantities of only a 
single nutrient (vitamin or mineral) can have profound negative 
effects on the immune system. Furthermore, it highlights the neces
sity of evaluating the status of all macronutrients and micronutri
ents when diagnosing and, subsequently, during the treatment of 
immunocompromised patients. 

TREATMENT 

The obvious cure for PEM is renutrition or renourishment. How
ever, several potential pitfalls should be considered. First, the 
introduction of well-balanced meals may not be easily tolerated 
by the atrophied gut mucosa and other digestive organs that are 
functioning suboptimally. This could result in a malabsorption 
syndrome, resulting in decreased transit time through the colon 
and leading to soft to runny stools, exacerbating the dehydration 
associated with diarrhea. The best example of this comes from 
the experiences encountered during World Wars. Prisoners of war, 
having been starved for up to several years, were given free access 
to adequate food upon return. The net result was malabsorption, 
which, in some cases, resulted in death. Second, introduction of 
minerals such as iron, selenium, zinc, and copper without the 
simultaneous increase in their respective binding (storage) protein 
could result in enhanced free-radical production and subsequent 
tissue damage. Third, replenishment of iron without its binding 
protein could exacerbate infection because many microorganisms 
use iron for growth. Therefore, renourishment should be carried 
out gradually and under the close supervision of a dietitian and 
physician and, in the case of the elderly, a psychologist or social 
worker. If renourishment does not seem to work in terms of 
increasing body weight and serum protein (i.e., albumin) levels, 
then the patient should be checked for infections and/or metabolic 
defects resulting in PEM (23). 

Protein-energy malnutrition can initiate and/or participate in a 
viscious cycle of malnutrition and infection. PEM renders the 
body susceptible to infections of all sorts, including opportunistic 
ones (i.e., those that are usually successfully defended by the 
host). The net result is increased infection, which leads to enhanced 
production of the cytokines TNF and IL-6, causing cachexia, of 
which lack of appetite is a classic effect (41). Cachexia, in tum, 
results in loss of body mass (protein and fat stores) and renders 
the animal more susceptible to infection. Hence, the cycle contin
ues, not only decreasing the quality of life of the patient but also 
increasing medical expenses, which can be financially taxing not 
only to family members but to our health care system in general. 
Amazingly, something as simple as proper diet can have dramatic 
effects in breaking this viscious cycle. 

Although the answer is simple, the solution is extremely diffi
cult and complex. With regard to young children in developing 
countries, society as a whole has to be involved to correct the 
deficiency. Training in effective agricultural practices is para
mount to increase food productivity. Also, parents (especially 
breast-feeding mothers) should be educated on proper nutritional 
habits to provide nutritionally adequate milk for their infants and 
toddlers, as children are not able to take care of themselves. Similar 
measures should be taken for the elderly. The elderly need help not 
only in obtaining food but also preparing it because of debilitating 
chronic diseases such as rheumatoid arthritis. Furthermore, chronic 
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illness and prolonged intake of medication leads to dental disease 

involving salivary gland hypofunction, resulting in difficulty in 

chewing and sWallowing. The net effect, once again, is malnutri
tion (i.e., PEM), which causes impaired immunity, increasing the 

rate of infection, which then leads to a further reduction in food 

intake. Interestingly, there is common ground between the PEM 

seen in children and the elderly. Both groups are, in most cases, 

unable to help themselves adequately and rely on society for 

support. Perhaps, society should put forth its best efforts not only 

to improve the quality of life of the underprivileged and their 

peers but also offer help to decrease the health care expenses by 

optimizing the essential nutrient intake to ward off the occurrence 

of common infectious diseases both in children and elderly popula

tions. 

SUMMARY 

Protein-energy malnutrition is a global problem primarily afflict

ing young children and the elderly. It does not discriminate 

between developing and industrialized countries. PEM results in 

a vast array of immunodeficiencies; however, the most notable 

outcome is the reduced IgA levels involved in mucosal immunity. 

Low IgA immunoglobulin allows the host to be highly susceptible 

to a wide variety of organisms, thereby increasing the risk of 

infection. Infection, in tum, leads to cachexia, which, in most 

cases, is already present as a result of PEM. Therefore, it is 

quite evident how the viscious cycle continues between PEM and 
infection. In many cases, especially in the elderly, PEM goes 

undetected unless proper biochemical analysis is conducted and 
aggressively corrected by optimal dietary intervention. Perhaps 

the most significant observation, normally overlooked, is that the 

need for adequate nutrition is involved in the life cycle. Many 

problems and concerns of the young (primarily infants and tod

dlers) are identical to that of the elderly. Furthermore, both groups 

require the assistance of both family and society to recognize and 

remedy the chronic and/or acute situation. The best treatment is 

a balanced diet with adequate vitamin and trace metal supplements; 

however, this should be approached with caution, as too aggressive 
a treatment regimen can be detrimental. Proper management 

requires the involvement of a team of health professionals, includ
ing nutritional specialists (i.e., dietitians), physicians, and/or social 
workers and psychologists. 
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INTRODUCTION 

LIPIDS AND ATHEROSCLEROSIS Although the mortality 
from coronary heart disease has declined recently, atherosclerosis 
and related vascular disorders are still the leading cause of death 
in the United States and other Western countries. The etiology 
of this disease is multifactorial, with hyperlipidemia, smoking, 
diabetes mellitus, hypertension, and obesity being well-established 
risk factors for the development of atherosclerosis. Dietary fat 
affects plasma lipids and lipoproteins and, thus, is linked to athero
sclerosis (1). Injury to or dysfunction of the vascular endothelium 
may be initiating events in the etiology of atherosclerosis. 

There are numerous theories for the pathogenesis of atheroscle
rosis (2), which include the response to injury theory (3), response 
to modified lipoprotein theory (4), response to low-density lipopro
tein (LDL) retention theory (5), and immunological hypothesis 
for atherosclerosis (6). The current trend is to consider atheroscle
rosis as a response of the vascular wall to a variety of initiating 
agents and multiple pathogenic mechanisms (e.g., hyperlipid
emia), contributing to the development of atheromatous plaques. 
It appears that the major participants in the atherosclerotic disease 
process include an active vascular endothelium, smooth-muscle 
cells, blood-borne cells such as monocytes and macrophages, and 
circulating lipoproteins (7-9). The result is a multifactorial 
sequence of events involving endothelial cell injury/dysfunction 
and uptake of circulating blood monocytes and their differentiation 
into macrophages, coupled with smooth-muscle cell migration 
and proliferation. 

There is ample evidence suggesting that serum cholesterol is 
a predictor of atherosclerosis and that serum cholesterol concentra
tions can be modified by varying the composition of dietary fat. 
Even though regression analysis of numerous human studies sug
gests that cholesterol and saturated fatty acid intake are primary 
determinants of serum cholesterol (10), the role of dietary fat 
in the development of atherosclerosis remains controversial and 
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poorly understood (11). In addition to dietary intake, biosynthesis 
of cholesterol represents a major input into whole-body cholesterol 
pools as well, and energy deprivation appears to result in the 
greatest decline in cholesterol synthesis, explaining, in part, the 
beneficial decline in circulating cholesterol concentrations 
observed with weight loss. Interestingly, consumption of oils, 
rich in polyunsaturated fatty acids, despite reducing circulating 
concentrations, can increase the cholesterol synthesis rate com
pared to other fats (12). 

Even though serum cholesterol appears to be a predictor of 
atherosclerosis and serum cholesterol concentrations can be modi
fied by varying the composition of dietary fat, less is known about 
the role of specific fatty acids in atherosclerosis. The general 
indication is that saturated fatty acids increase, whereas polyunsat
urated fatty acids decrease, serum cholesterol (10) and atheroscle
rosis, especially in some animal models (13). Also, monounsatura
ted fatty acids appear to have no specific effect on plasma 
cholesterol concentrations. However, it is now known that satu
rated fatty acids are not equally hypercholesterolemic. For exam
ple, stearic acid and saturated fatty acids with less than 12 carbon 
atoms are thought not to raise serum cholesterol concentrations 
(14). In fact, some studies suggest that stearic acid can be hypo
cholesterolemic (15-17). This would suggest that the cholesterol
raising properties of saturated fatty acids should be attributed 
solely to lauric, myristic, and palmitic acids. However, these three 
saturated fatty acids appear to have different effects on serum 
total cholesterol concentrations as well. Several studies suggest 
that lauric acid is less, and myristic acid probably more, hypercho
lesterolemic than palmitic acid (14,18). Furthermore, recent human 
studies suggest that lauric acid raises total serum cholesterol and 
LDL cholesterol concentrations compared with oleic acid. How
ever, it is not as potent in increasing cholesterol concentrations 
as is palmitic acid (19). On the other hand, in normocholesterol
emic men and women, dietary palmitic and oleic acids seemed 
to exert similar effects on serum cholesterol and lipoprotein pro
files (20). 
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The question then arises of whether dietary saturated fats should 
be replaced by unsaturated fats. Unsaturated fats, especially n-3 
or omega-3 fatty acids, may be beneficial to human health (21,22), 
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especially when incorporated into a low- rather than a high-fat 
diet (23). Diets high in n-6 and n-3 polyunsaturated fatty acids 
may lead to a decrease in serum cholesterol, but replacing saturated 
with unsaturated lipids may not be desirable because of their 
ability to oxidize easily. Numerous recent studies and biochemical 
investigations suggest that lipid-oxidation products, ingested with 
food or produced endogenously, represent a health risk (24). In 
fact, evidence supports the hypothesis that LDL undergoes oxida
tive modifications that increase its uptake by macrophages (4). 
Dietary antioxidants such as vitamin E might act as antiatherogenic 
agents by suppressing oxidative modification of LDL and the 
recruitment of monocytes into the arterial subendothelium by 
smooth-muscle cells (25). In fact, data from subjects with varying 
degrees of coronary atherosclerosis support the hypothesis that 
high serum polyunsaturated fatty acid levels, when insufficiently 
protected by antioxidants (e.g., vitamin E), may indicate a higher 
risk of atherosclerosis (26). 

IMMUNE NATURE OF THE ATHEROSCLEROTIC PRO
CESS Atherosclerosis is an inflammatory disease, and like other 
inflammatory diseases, it involves T cells, monocyte/macrophages, 
complement, and immunoglobulins. In addition, the vascular 
endothelium plays a central role in atherogenesis. Although many 
aspects of the immune nature of atherosclerotic plaque formation 
have been elucidated, many others remain to be discovered, includ
ing the initiating event resulting in the formation of a plaque at 
a specific location in the vascular tree. A number of excellent 
reviews addressing the immunological nature of the atherosclerotic 
process are available (27-33). 

The initial step in plaque formation likely involves dysfunction 
of the vascular endothelium directly overlying the future athero
sclerotic lesion. Atherosclerotic lesions occur in predictable and 
well-defined regions of slow blood flow, generally at vascular 
bifurcations or arterial branches (34). Hypertension exacerbates 
this response (35). Although LDL infiltration into the vascular 
intima is a hallmark of developing lesions, it is unclear whether 
this occurs prior to or following infiltration by immune T cells 
and monocytes. Two partially competing hypotheses addressing 
endothelial dysfunction and vascular inflammatory activities seek 
to explain these early stages of plaque formation. 

The first hypothesis suggests that injury to the endothelium 
(e.g., caused by hypertension, blood flow irregularities, or other 
causes) enhances LDL passage through the endothelium. The 
increased rate of LDL translocation increases the intimal LDL 
concentration and, hence, LDL residence time. With increased 
residence time comes an increase in the rate of LDL oxidation 
(or other modification), aggregation, or association with matrix 
proteins (36-38). These products, particularly LDL oxidation 
products such as lysophospholipids (39), oxysterols (40-43), and 
other free-radical-containing lipid species induce changes in endo
thelial physiology, resulting in the initiation or perpetuation of 
inflammation (29,44), finally resulting in cellular infiltration, lipid, 
and matrix protein deposition, and ultimate mature plaque for
mation. 

By itself, native LDL is relatively inert, as demonstrated by 
the effectiveness of vitamin E and other antioxidants in reducing 
atheroma formation in experimental hypercholesterolemia models 
of atherosclerosis (45,46). Macrophages (47,48) and endothelial 
cells (49,50) have been shown to oxidize LDL. Moreover, transi
tion metals such as copper, present in the form of ceruloplasmin 

as well as in its free, ionized form, are available to contribute to 
this oxidative process (51,52). Increased residence in the intima 
markedly augments the oxidation of LDL, and such oxidative 
modification greatly increases its internalization by intimal macro
phages via scavenger receptors (53), resulting in foam cell forma
tion. As internalized, oxidized lipids accumulate, they damage 
and possibly induce apoptosis in foam cells, resulting in the dis
gorgement of lipids into the intima. These oxidized lipids, as well 
as nonendocytosed oxidized LDL and other oxidized lipids, 
injure endothelial cells and further enhance permeability to 
serum LDL, thus perpetuating the development of this chronic 
inflammatory site. 

An alternative, related hypothesis suggests that injurious condi
tions such as hypertension and slow blood flow contribute to 
endothelial changes; the primary change of importance is activa
tion of stress protein hsp 60 (6). In itself, this physiologic response 
is not injurious; however, in the presence of anti-hsp 60 antibodies 
originating from immune responses directed against viral antigens, 
an autoimmune, antiendothelial cell response takes place in the 
vicinity of the developing plaque (6). This response, in tum, results 
in endothelial cell adhesion molecule expression with infiltration 
first with T cells and later with monocytes (54). The end result 
of the ensuing inflammatory response is the same: a marked 
increase in endothelial permeability to LDL, an increase in LDL 
residence in the intima, its oxidation and internalization by macro
phages, foam cell formation, injury to foam cells and endothelial 
cells by exposure to oxidized lipids, death of foam cells with 
release of lipids into the intima (forming the beginning of the lipid 
core), and perpetuation of the response by continued, enhanced 
infiltration of LDL into the intima. 

Fundamental to these hypotheses is the primary role played 
by the endothelium in initiation of inflammation at a defined 
location. A unique facet of the inflammatory response occurring 
in the wall of a large blood vessel, compared to other tissues, is 
the exposure to high concentrations of lipoproteins and lipoprotein 
remnants. Although all inflammatory responses involve altered 
endothelial permeability, only certain inflammatory responses tak
ing place within large arteries result in atherogenesis. Without 
infiltration and accumulation oflarge amounts of cholesterol-laden 
LDL in the vessel wall, vessel wall inflammatory responses are 
transient and without lasting effect. Therefore, the immigration 
of copious amounts of LDL into the intima and its oxidation in 
situ is unique and central to the genesis of atherosclerosis. 

Expression of adhesion molecules such as the E-selectins allow 
T cells and monocytes to migrate into the affected area of the 
vessel wall. The T cells bearing antigen receptors cross-reactive 
with endothelial hsp 60 may also directly induce inflammation of 
the vessel wall (6). These T cells and monocyte/macrophages, in 
response to hsp 60 or other antigens, or to oxidized, aggregated, or 
otherwise modified LDL, secrete cytokines such as tumor necrosis 
factor (TNF) which have direct, injurious, and proinflammatory 
effects on the endothelium (30,32). This chapter will focus on 
TNF as a modifier of endothelial function, including interactions 
between fatty acids and TNF (Fig. 1). Ultimately, these immune 
cytokines further exacerbate endothelial monolayer dysfunction, 
enhance endothelial permeability to LDL and other serum macro
molecules, and augment recruitment of other leukocytes into the 
intima. Thus begins the slow, chronic inflammatory cycle resulting 
in atheroma formation. 
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Fig. 1. Schematic diagram of the proposed mechanisms involved 
in lipid and inflammatory cytokine-mediated endothelial cell dysfunc
tion. Bold bars represent pathways hypothesized to be inhibited by 
antioxidant and/or anti-inflammatory nutrients. 

PATHOLOGICAL RESPONSES IN VASCULAR 
ENDOTHELIAL CEll INJURY AS AFFECTED 
BY SElECTED NUTRIENTS 
FATTY ACIDS, LIPOPROTEINS, INFLAMMATORY RE
SPONSE, AND ENDOTHELIAL CELL DYSFUNCTION High 
levels of circulating triglyceride-rich lipoproteins (chylomicrons 
and very low-density lipoprotein [VLDL]) have been implicated in 
the injury process of the endothelium (55,56). Plasma chylomicron 
levels are elevated in humans after consuming a high-fat meal, 
and hepatic synthesis of VLDL is increased when caloric intake 
is in excess of body needs . Hydrolysis of triglyceride-rich lipopro
teins mediated by lipoprotein lipase, a key enzyme in lipoprotein 
metabolism that is associated with the luminal site of endothelial 
cells, may be an important source of high concentrations of fatty 
acid anions in proximity to the endothelium (57,58). It has been 
hypothesized that high levels of diet-derived fatty acids can cause 
endothelial injury or dysfunction and thus disrupt the ability of 
the endothelium to function as a selective barrier (57,58). This 
would result in lipid deposition by allowing increased penetration 
of cholesterol-rich remnant lipoproteins into the arterial wall. In 
fact, activity of lipoprotein lipase is increased in atherosclerotic 
lesions (58-60). A recent report also provides evidence that lipo
protein lipase may be a chemoattractant for activated macrophages 
(61). Furthermore, activated lipoprotein lipase induces TNF gene 
expression in macrophages and TNF production by this type of cell 
(62). Lipoprotein lipase-derived remnants of lipoproteins isolated 
from hypertriglyceridemic subjects, as well as selective unsatu
rated fatty acids such as linoleic acid, were demonstrated to disrupt 
endothelial integrity (63,64). 

As mentioned earlier, there is evidence that selected fatty acids, 
derived from the hydrolysis of triglyceride-rich lipoproteins, may 
be atherogenic by causing endothelial injury or dysfunction and 
subsequent endothelial barrier dysfunction (reviewed in ref 65). 
In support of this hypothesis, we have shown that exposure of 
cultured endothelial cells to selected fatty acids (e.g., oleic acid) 
decreased endothelial barrier function, expressed as an increased 
transfer of both albumin and LDL across the endothelium (66,67). 

In addition to oleic acid, we also investigated the effects of other 
fatty acids on endothelial barrier function (68). Albumin-bound 
palmitic and stearic acid had little effect on endothelial barrier 
function, but exposure of cell monolayers to linoleic acid produced 
an even greater increase in albumin transfer than did equal concen
trations of oleic acid. The disruption in endothelial barrier function 
was exacerbated greatly in the presence of small amounts of 
oxidation derivatives of unsaturated fatty acids (69). Furthermore, 
when comparing fatty acid extracts derived from different animal 
fats and plant oils, the fat-induced disruption of endothelial barrier 
function was related to the amount of linoleic acid present in the 
fat source (70). These data suggest that among different fatty 
acids, linoleic acid may playa critical role in the pathogenesis of 
atherosclerosis (71). This hypothesis is supported by the fact that 
adipose tissue levels of linoleic acid, which reflect intake of this 
fatty acid over a period of time, were positively associated with 
the degree of coronary artery disease (72). In addition, concentra
tions of linoleic acid were increased in the phospholipid fractions 
of human coronary arteries in cases of sudden cardiac death result
ing from ischemic heart disease (73). Recent research involving 
a population from a country with one of the highest dietary poly
unsaturated/saturated fat ratios in the world has concluded that 
diets rich in omega-6 fatty acids may contribute to an increased 
incidence of atherosclerosis, hyperinsulinemia, and tumori
genesis (74) . 

Several mechanisms were proposed to explain injurious effects 
of linoleic acid on endothelial cells. Because of very low basal 
activity of endothelial cell elongases and delta 5 and delta 9 
desaturases, arachidonic acid is not produced from linoleic acid 
significantly in this type of cell (75,76). Consequently, linoleic 
acid accumulates within endothelial cells (75,77). Moreover, lino
leic acid decreases levels of intracellular ATP (78) and proteogly
cans (79) and enhances elastase-like activity (80) . Linoleic-acid
mediated disruption of endothelial barrier function also may be 
caused by its ability to inhibit gap-junctional intracellular commu
nication (81) and to induce intracellular oxidative stress (64). 

In recent years, the role of oxidative stress has gained much 
attention in studies of lipid-mediated and/or inflammatory cyto
kine-mediated endothelial cell dysfunction or injury. It is now 
generally accepted that oxidation of LDL plays one of the most 
critical roles in atherogenesis . LDL can be oxidized in the subendo
thelial space, which lacks many of the antioxidants present in 
whole blood. It is possible that LDL is oxidized by endothelial 
cells while passing through the endothelium (82). In fact, oxidative 
modifications of LDL were first characterized in vitro using endo
thelial cell culture model systems (83). Moreover, other major 
cell types present in the arterial wall, such as smooth-muscle cells 
and macrophages, are able to oxidize LDL in vitro (84). However, 
mechanisms of LDL oxidation still remain controversial. Whereas 
superoxide radicals appear to be involved in monocyte-mediated 
LDL oxidation (85), their role in endothelial-cell-stimulated LDL 
oxidation has been questioned. In addition, lipoxygenase may be 
involved in oxidative modification of LDL by endothelial cells 
(86). Oxidized LDL exerts several harmful effects on the endothe
lium. Oxidatively modified LDL is cytotoxic to endothelial cells 
(87), induces endothelial cell production of monocyte chemotactic 
protein (88) and growth factors (89), inhibits the release of endo
thelium-derived relaxing factor (EDRF) (90), and increases adhe
siveness ofleukocytes to endothelial cells (92). Interestingly, high-
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density lipoproteins (HDL), and mainly Apo A, can prevent cell 
death of endothelial cells induced by oxidized LDL (93). 

There is clear evidence that in humans, dietary oxidized lipids 
can be absorbed by the small intestine, be incorporated into chy
lomicrons, appear in the bloodstream, and thus contribute to the 
total body pool of oxidized lipids (94). Including oxidized com 
oil in a diet accelerated the development of fatty streaks in choles
terol-fed rabbits (95), suggesting that the consumption of oxidized 
lipids (e.g., high-corn-oil diets) may be an important risk factor 
for atherosclerosis. It also has been shown that, compared with 
normal LDL, mildly oxidized LDL may be atherogenic because 
it may circulate in plasma for a period sufficiently long to enter, 
accumulate, and be degraded in the arterial intima (96). Interest
ingly, when studying lipoproteins from subjects consuming differ
ent types of dietary fat (e.g., high in oleic acid or linoleic acid), 
only the percentage of linoleic acid in LDL correlated strongly 
with the extent of oxidizability and macrophage degradation of 
these lipoproteins (97). This suggests that substitution of mono
unsaturated (rather than polyunsaturated) fatty acids for saturated 
fatty acids in the diet might be preferable for the possible preven
tion of atherosclerosis. 

There is evidence that diets enriched with polyunsaturated fatty 
acids increase the susceptibility of LDL to undergo oxidative 
modifications (98). We determined the impact of different high
fat diets on the oxidizability of LDL combined with the effect of 
native and/or oxidized LDL on endothelial barrier function (99). 
Rabbits were fed diets enriched with com oil, com oil with added 
cholesterol, milk fat, chicken fat, beef tallow, or lard. Feeding 
rabbits a diet enriched with com oil decreased plasma total choles
terol and LDL cholesterol. However, LDL isolated from this group 
of rabbits exhibited the most significant oxidizability. Moreover, 
oxidized LDL derived from the com oil group significantly dis
rupted endothelial integrity and endothelial barrier function. On 
the other hand, cholesterol supplementation to the com oil diet 
decreased the oxidizability of LDL and partially protected the 
oxidized LDL-mediated endothelial cell dysfunction, as compared 
with the com oil group (100). In addition, vitamin E levels in 
LDL isolated from the animals fed com oil with added cholesterol 
were higher than those in the nonsupplemented group even though 
the vitamin E levels in these two diets were not different. These 
data suggest that there was a lower level of oxidation in the 
presence of added cholesterol, supporting the hypothesis that cho
lesterol may act as an antioxidant (J01). One may suggest that the 
antioxidant effect of cholesterol was, at least partially, mediated by 
the sparing of vitamin E. Our data confirm observations that diets 
rich in unsaturated fats contribute to decreased antioxidant status, 
increased oxidizability of LDL, and enhanced toxicity of oxidized 
LDL toward endothelial cells (99). There is now in vivo evidence 
that oxidized LDL can injure the endothelium, compromising 
the function of the endothelium as a permeability barrier (102). 
Furthermore, oleic acid may attenuate dysfunction of cultured 
endothelial cell monolayers mediated by oxidized LDL (103). 

It is widely recognized that the effects of fatty acids released 
from triglyceride-rich lipoproteins on endothelial cell metabolism 
depend largely on the degree of unsaturation. However, the role 
of oxidative stress is one of the controversial issues in fatty-acid
mediated injury to endothelial cells. Although oxidizability of 
fatty acids is linearly dependent on the degree of unsaturation 
(104), linolenic acid appears to be less toxic to endothelial cells 
than the less unsaturated linoleic acid (105). To test the role of 

oxidative stress and antioxidant protection in fatty-acid-mediated 
disturbances in endothelial integrity, we measured cellular oxida
tion in cells exposed to 18-carbon fatty acids (106). Cellular 
oxidation was determined using a new cell-imaging technique 
based on reactive oxygen species-mediated conversion of 2,7-
dichlorofluorescin into fluorescent 2,7 -dichlorofluorescein (DCF) 
(107). This technique allows measurement of oxidative stress in 
living cells. An increased DCF fluorescence emission reflects 
enhanced oxidative stress. Among the 18-carbon fatty acids differ
ing in the degree of unsaturation, the most significant increase in 
cellular oxidation was caused by linoleic acid (106). This high 
potency of linoleic acid to induce cellular oxidative stress may 
be related to the fact that it can accumulate within endothelial 
cells because of insufficient conversion to arachidonic acid (75). 
Moreover, linoleic acid induced endothelial cell peroxisomal ~
peroxidation, a pathway that leads to the production of hydrogen 
peroxide (108). Other reports support our observation that linoleic 
acid can act as a potent oxidant within endothelial cells (109). 

Inflammation and any agents that provoke an inflammatory 
response may be the most critical risk factors in the atherosclerotic 
disease process (110), and there is evidence that the progression of 
atherosclerosis includes events that are immunologically mediated 
(6,48,111). Little is known about the interaction of nutrition (and, 
in particular, fatty acids) and inflammatory mediators, but there 
is evidence that selected nutrients can provoke an inflammatory 
response or, on the other hand, provide anti-inflammatory or anti
atherogenic properties (65,112,113). It appears that only selected 
omega-3 fatty acids can reduce endothelial expression of adhesion 
molecules (114-117) and that linoleic acid can increase adhesion 
receptor expression (118). In fact, our data strongly support the 
fact that selected unsaturated fatty acids (e.g., linoleic acid) and 
inflammatory cytokines may cross-amplify vascular endothelial 
cell activation, a response common to inflammation and athero
sclerosis (106). Others have shown that oxidatively modified LDL 
can augment cytokine-activated VCAM-I gene expression in 
human vascular endothelial cells (119), suggesting an imbalance 
in oxidative stress/antioxidant status as part of the mechanisms 
involved in these inflammatory events. 

Even though numerous risk factors, including hyperlipidemia, 
smoking, and hypertension, seem to contribute to the development 
of atherosclerosis, to date it has not been possible to link these risk 
factors into a common pathogenic mechanism. There is evidence, 
however, that modulations in the level of activity of a select set 
of endothelial transcription factors (e.g., endothelial nuclear factor
lCB [NF-lCB]) may provide a mechanism for linking these seem
ingly diverse processes with the generation of dysfunctional endo
thelium and the onset of atherosclerotic lesion formation 
(120,121). Stimuli known to activate the NF-lCB complex include 
inflammatory cytokines, activators of protein kinase C, viruses, 
and oxidants (122-124). Recent studies suggest a dysfunction of 
NF-lCB by oxidized LDL (125), presenting further evidence for 
a critical role of this transcription factor in the pathology of 
atherosclerosis. One may speculate that selected diet-derived fatty 
acids may induce endothelial oxidative stress and generate excess 
reactive oxygen species, which activate NF-lCB and modulate 
endothelial gene expression. Our data support the hypothesis that 
linoleic acid may be atherogenic by intensifying cytokine expres
sion and endothelial cell injury in atherosclerosis. We have 
recently shown that linoleic acid can activate NF-lCB (126) and 
induce synthesis of adhesion molecules and inflammatory cyto-
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kines in cultured endothelial cells (127). All these studies lead 
one to conclude that excessive consumption of oils and fats rich 
in linoleic acid may be pro inflammatory and atherogenic and 
that the type of fat becomes a less significant component in the 
pathogenesis of atherosclerosis when one consumes a low-fat diet 
rich in soluble fibers and natural antioxidants. 

CHOLESTEROL, LIPOPROTEINS, AND ENDOTHELIAL 
CELL DYSFUNCTION Elevated serum cholesterol, particularly 
in the form of LDL, is a well-known risk factor for atherogenesis. 
It is becoming generally accepted that LDL per se may be rela
tively inert, and acquires its atherogenic qualities upon variable 
degrees of modification (e.g., oxidation). The oxidation of LDL 
is a semisequential process involving initiation of oxidation of its 
hydrophilic surface phospholipids; depletion of its vitamin E 
stores, further oxidation of surface phospholipids and apolipopro
tein B and of core cholesteryl ester fatty acids; oxidation of choles
terol to various oxysterols, and formation oflipid/apo B conjugates 
and fragmentation of apo B. The process of LDL oxidation has 
been described in more detail elsewhere (128). Oxidized LDL has 
been identified in human atherosclerotic plaque ( 129,130) and its 
long-term presence in vivo was demonstrated by the presence of 
serum antibodies directed against oxidized LDL (131-134). 

Cholesterol accumulation in the arterial intima is a hallmark 
of the atherosclerotic plaques (27,135). The vast majority of this 
cholesterol is delivered into the intima in the form of native, 
nonoxidized LDL and is oxidized in situ (128). Penetration of 
excess quantities of LDL into the intima is the result of disrupted 
endothelial barrier function (136), potentially resulting from vas
cular injury (3), retention (5) andlor modification (4) of LDL, or 
immune injury to the arterial wall caused by an autoimmune 
response (6). Once in the intima, LDL may be oxidized by free 
radicals released from endothelial cells (49,50), intimal monocytes 
(47,48), and transition metals (51,52). The acetic milieu within the 
atherosclerotic plaque is thought to contribute to the predilection to 
oxidation of LDL trapped in the intima (137). Oxidized LDL can 
contribute to atherosclerotic plaque formation through a number 
of immune and nonimmune mechanisms (27,30,121,135,138). 

The fatty acid composition of LDL is known to affect its 
oxidizability (99,139-143). Moreover, enrichment of endothelial 
cells with oleic acid attenuated alteration of endothelial actin 
micro filament architecture and barrier function caused by exposure 
to oxidizedLDL (144). As described earlier, exposure to stearic and 
palmitic acids had minimal effect on endothelial barrier function, 
whereas exposure to oleic acid caused a moderate reduction in 
endothelial barrier function and exposure to linoleic acid resulted 
in a marked reduction (67-69). Enrichment with linoleic acid 
synergistically reduced endothelial barrier function and increased 
intraendothelial oxidative stress related to TNF exposure (106). 

Tappia and Grimble recently reported that thioglycollate
elicited peritoneal macrophages isolated from rats fed diets 
enriched with a variety of fats responded to TNF stimulation with 
different levels of interleukin-l (IL-I) and interleukin-6 (IL-6) 
production (145). Rats fed the com-oil-enriched diet for 8 wk 
produced the greatest amounts of these cytokines. These in vestiga
tors reported a direct relationship between membrane phospholipid 
containing linoleic or arachidonic acid in the sn-2 position and 
both IL-l and IL-6 production. The dietary linoleic acid effects 
on cytokine formation were only partially related to changes in 
prostaglandin E2 (PGE2 or to L TB4 production. 

We reported that LDL from rabbits fed diets enriched with com 

oil and cholesterol was less oxidizable and had fewer detrimental 
effects on endothelial barrier function than LDL from rabbits fed 
com-oil-enriched diets without cholesterol (99). However, we also 
found that exposure of endothelial cells to LDL isolated from 
rabbits exposed to an acute intragastric dose of cholesterol resulted 
in a loss of barrier integrity (146). In contrast, in vitro enrichment 
ofLDL with cholesterol did not affect endothelial barrier function 
compared with control LDL; however, LDL enriched in vitro or 
in vivo with the oxysterol cholestan-3~,5a,6~-triol (Triol) reduced 
endothelial barrier function (146). 

As oxysterols are formed during LDL oxidation (40-43) and 
are found in atherosclerotic plaque (43,147,148), their effects on 
vascular wall biology are of interest. We previously reported that 
a variety of oxysterols detrimentally affected in vitro measures 
of endothelial barrier function (149), an effect that was not pre
vented by supplemental vitamin E (150). The reduction in endothe
lial barrier function caused by oxysterol exposure may be related 
to direct toxicity. Indeed, oxysterols were shown to be cytotoxic 
in many cell types, including monocytes, smooth-muscle cells, 
and endothelial cells (151-153), probably as a result of apop
tosis (154,155). 

In addition to their cytotoxic effects, oxysterols were shown 
to inhibit gap-junction communication between smooth-muscle 
cells in culture, whereas pure cholesterol enhanced this function 
(156). Exposure to oxysterols also had no effect on or enhanced 
smooth-muscle cell DNA synthesis (157,158), even in the presence 
of cytotoxicity. Whereas smooth muscle cells were not actively 
attracted to oxysterols, they also were not repelled, resulting in 
occasional suicidal in vitro migration toward oxysterol crystals 
(157). 

Exposure to oxysterols enhanced LDL uptake by smooth-mus
cle cells (159). Macrophages exposed to oxidized LDL accumu
lated oxysterols in the form of oxysterol esters (41), and sterol 
efflux from such oxysterol-enriched macrophage foam cells was 
impaired (160). A similar inhibition of sterol efflux was noted in 
oxysterol-enriched L cells (161). 

Therefore, oxysterols, either delivered into the intima in the 
core of "native" LDL (162) or generated in situ during the process 
of LDL oxidation in the intima, likely influence atherosclerotic 
plaque formation (152). Following engulfment by macrophages 
or smooth-muscle cells, oxysterols reduce sterol efflux, thereby 
enhancing foam cell formation. Upon accumulation of oxysterols 
as intracellular oxysterol esters, foam cells succumb to their cyto
toxic effects, ultimately disgorging their lipid contents into the 
intima (135). These oxidized lipids, including oxysterols, become 
available to endothelial cells, resulting in disruption of endothelial 
barrier function and subsequent dysfunction and death of the endo
thelial monolayer. These endothelial effects, in tum, increase pene
tration of LDL into the intima, accelerating the cycle and promot
ing atheroma formation. 

INFLAMMATORY EVENTS AND ENDOTHELIAL CELL 
INJURY Injury to or dysfunction of the endothelium is believed 
to be one of the first events in the development of atherosclerosis, 
and inflammatory mechanisms are an integral part of this process 
(121,163). Leukocyte recruitment followed by monocyte migra
tion across the endothelium are among the earliest steps in athero
genesis (163). These processes are mediated by adhesion 
molecules located both on endothelial cells and leukocytes. Adhe
sion molecules which are members of the selectin family, such 
as P-selectin and E-selectin (endothelial-leukocyte adhesion 
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molecule-l (ELAM -1), or members of the immunoglobulin super
family, such as ICAM-I (intracellular adhesion molecule-I), 
ICAM-2, VCAM-I (vascular cell adhesion molecule-I) and 
PECAM -1 (platelet-endothelial cell adhesion molecule-I) are 
present in endothelial cells in a resting state or can be expressed 
after TNF activation (164). In fact, there is strong evidence that 
increased cytokine production, namely TNF, stimulates inflamma
tory mechanisms within the endothelium and contributes to the 
development of atherosclerosis. Activated macrophages and T lym
phocytes are considered to be main sources of inflammatory cytok
ines within the arterial wall (165). Supporting the role of TNF in 
atherogenesis, increased levels of TNF are detected in atheroscle
rotic vessels, mainly in intimal thickening (166,167). Moreover, 
production of TNF by circulating leukocytes is enhanced in athero
sclerotic patients (168). The latter observation may be especially 
important because hypoxia induces high-affinity receptors for TNF 
in human endothelial cells in a time- and dose-dependent manner 
(169). Released TNF can stimulate oxidation of LDL (170) and 
potentiate inflammatory reactions within the endothelium of the 
vessel wall. Endothelial cells which exhibit both TNF receptor types 
(described below) ( 171-173) are especially prone to TNF-mediated 
processes. TNF can stimulate both endothelial cell upregulation of 
adhesion molecules and endothelial cell production of other cyto
kines, such asinterleukins-l, -6, and-8 (IL-I, IL-6, IL-8) (174,175). 
TNF also exerts injurious effects on endothelial cells. For example, 
treatment with TNF induces endothelial cell oxidative stress (a com
promised balance between production of reactive oxygen species 
and antioxidant protection), decreases cellular glutathione (176) 
and ATP (177), increases intracellular calcium, disrupts endothelial 
barrier function (176), activates matrix proteinases (80,178), and 
induces endothelial cell apoptosis (179). 

Cellular effects of inflammatory cytokines, including TNF, are 
mediated by specific receptor(s). Two distinct TNF receptors have 
been isolated, cloned, and characterized. TNF-R55, also called 
p55, is a protein with a molecular mass of approximately 55 kDa, 
and TNF-R75, called p75 or p70, is a protein of approximately 75 
kDa (180). Both TNF-R55 and TNF-R75 consist of extracellular, 
transmembrane, and intracellular domains. Although the extracel
lular domains of both receptors are identical in 28%, no homology 
exists between intracellular regions of TNF-R55 and TNF-R75. 
Moreover, intracellular signals generated by both receptors are 
different (181). The role of particular receptors in TNF-mediated 
effects on endothelial cell metabolism is unclear. It appears that 
TNF activates endothelial cells preferentially through TNF-R55. 
This receptor pathway controls TNF-stimulated endothelial cell 
expression of adhesion molecules (ELAM-l, VCAM-l, ICAM-
1), class I major histocompatibility complex (I MHC) molecules 
(172), production of interleukins (IL-6, IL-8), synthesis of tissue 
factor (171), activation of sphingomyelinase with generation of 
ceramide (182,183), activation ofNF-KB (182,183), and induction 
of manganese superoxide dismutase (MnSOD) (184). In addition, 
TNF-mediated cytotoxic effects also appear to be connected to 
TNF-R55 signaling (185). The role of the TNF-R75 in TNF
mediated effects is unclear. It was proposed that the TNF-R75 
"presents" TNF to the TNF-R55 in nonlymphoid cells at low TNF 
doses (186). Thus, the TNF-R75 might promote cytotoxic effects 
of TNF-R55 (184). Evidence suggests that the TNF-R75 may 
potentiate the role of the TNF-R55 in neutrophil and endothelial 
cell activation (171,187,188). In contrast, it was proposed that the 
TNF-R75 may playa role in inactivation of TNF (189). Recent 

evidence suggests that TNF-R75 may induce signals which inhibit 
TNF-mediated apoptosis (190). However, the only confirmed 
direct effect of the TNF-R75-mediated signals on cellular metabo
lism is stimulation of TNF-induced proliferation of activated 
mononuclear cells (191). 

Recent evidence suggests a direct relationship between dietary 
fatty acids and production of inflammatory cytokines such as TNF. 
When plasma triglyceride-rich lipoproteins (e.g., chylomicrons 
and VLDL) are elevated, hydrolysis of triglycerides and, thus, 
release of free fatty acids by lipoprotein lipase occurs in proximity 
to the endothelial surface. It was shown that lipoprotein lipase, 
an enzyme which is associated with the luminal site of endothelial 
cells, can induce expression of the TNF gene and TNF production 
in macrophages (62,192). Although the detailed mechanism of 
these effects are not known, it appears that protein kinase C can 
be involved in lipoprotein lipase-induced TNF synthesis (192). 

Although TNF is mainly generated by activated macrophages, 
other cell types also can produce this cytokine. Few reports indi
cate that endothelial cells express the TNF gene and can release 
this cytokine (193-195). However, only sparse information is 
available concerning the regulation of endothelial cell TNF gene 
expression and the role of locally produced TNF on endothelial 
cell metabolism. It was demonstrated that endothelial cell TNF 
production is stimulated by lipopolysaccharide (LPS) (193) or 
exogenous TNF (194). Evidence suggests that TNF produced 
by an autocrine pathway in endothelial cells may significantly 
influence endothelial cell metabolism. For example, autocrine 
secretion of TNF can mediate LPS-stimulated synthesis of nitric 
oxide in cultured endothelial cells (193). 

OXIDATIVE STRESS AND ENDOTHELIAL CELL INJURY 
Free-radical reactions, including lipid peroxidation, are considered 
to be important factors in the pathogenesis of a variety of patholog
ical states, including injury to endothelial cells and the develop
ment of atherosclerosis. Free radicals, especially reactive oxygen 
species formed by univalent reduction of oxygen, are characterized 
by very high chemical activity. They can damage proteins, lipids, 
carbohydrates, and nucleic acids. Plasma membranes are critical 
targets of free-radical reactions. Reactive oxygen species can eas
ily produce injuries to cell membranes by initiation of polyunsatu
rated fatty acid peroxidation, inactivation of membrane enzymes 
and receptors, depolymerization of polysaccharides, as well as by 
protein crosslinking and fragmentation. These disturbances result 
in changes of the membrane structure, fluidity, transport, antigenic 
character, and others (196). In a variety of diseases, the endothe
lium is very susceptible to oxidative stress and free-radical-medi
ated reactions. It is generally assumed that injury to the endothe
lium may trigger atherogenesis (197). 

Reactive oxygen species can be generated as a result of 
inflammatory reactions which include activated neutrophils. These 
cells can generate large amounts of superoxide anion radicals 
(2 O2 via the reaction catalyzed by NADPH oxidase: 

2 O2 + NADPH ~ 2 O2- + NADP+ + H+. 

Superoxide anion radicals can further participate in the forma
tion of other active oxygen species. For example, dysmutation of 
superoxide anion radicals yields generation of hydrogen peroxide 
(H20 2) (198). 

Superoxide anion radical and hydrogen peroxide are able to 
reduce, oxidize, damage, degrade, and inactivate a variety of 
enzymes and biologically important compounds. Superoxide anion 
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radical is conjugated with its protonated form-perhydroxyl radi
cal (H02), a potent oxidant, sufficiently reactive to initiate peroxi
dation or polyunsaturated fatty acids. Moreover, hydrogen perox
ide in the presence of transition metal ions (e.g., iron and copper) 
may react with O2-' to give hydroxyl radical (OH), the most 
reactive free radical produced in biological systems. Hydroxyl 
radicals can react with all organic compounds and produce site
directed damage. They can also easily induce peroxidation of 
unsaturated fatty acids (198). Because hydrogen peroxide diffuses 
through cell membranes (199), and superoxide anion radical is 
transported through membrane anion channels (200), hydroxyl 
radicals can be formed both extracellularly and intracellularly. 

Cell injury mediated by activated leukocytes is not only limited 
to reactions induced by reactive oxygen species. For example, 
activated leukocytes can release hydrolytic enzymes from lyso
somes, thus causing injury to cell plasma membranes. Stimulated 
neutrophils also release myeloperoxidase into extracellular 
medium. Myeloperoxidase is an enzyme which catalyzes oxidation 
of a number of halides and pseudohalides. Chloride ion, a result 
of its high extracellular concentration, is preferentially oxidized 
to hypochlorous acid, a potent oxidizing agent about 100 times 
more reactive than hydrogen peroxide. Hypochlorous acid can 
exert harmful effects on sulfhydryl oxidation and hemoprotein 
inactivation as well as on protein and nucleic acid degradation 
(201). 

Polyunsaturated fatty acids can be oxidized not only in nonen
zymatic reactions of fatty acid peroxidation but also in enzyme
mediated reactions, such as in reactions catalyzed by different 
lipoxygenases. Both types of fatty acid oxidation are essential in 
the development of atherosclerosis. However, evidence indicates 
that enzymatic oxidation of fatty acids and lipoproteins might be 
more important in the early stages of atherosclerosis (202). Among 
different lipoxygenases, it appears that 15-lipoxygenase may be 
of critical significance in the development of atherosclerosis. Both 
15-lipoxygenase mRNA and protein were determined in athero
sclerotic lesions of humans and rabbits. Moreover, expression of 
15-lipoxygenase was colocalized with epitopes of oxidized LDL 
(201,203). Macrophages exert the high activity of 15-lipoxygen
ase, indicating the significance of immune reactions in enzymatic 
oxidation of fatty acids and lipoproteins. In reactions catalyzed 
by 15-lipoxygenase, linoleic acid is converted into hydroperoxy
octadecadienoic acid (13-HPODE) and arachidonic acid into 
hydroperoxyeicosatetraenoic acid (l5-HPETE). 13-HPODE and 
15-HPETE are biosynthetic precursors of more stable oxidized 
metabolites, such as 13-hydroxyoctadecadienoic acid (l3-HODE) 
and 15-monohydroxyeicosatetraenoic acid (I5-HETE), respec
tively. In support of the role of 15-lipoxygenase in atherogenesis, 
l3-HODE and 15-HETE were also detected in atherosclerotic 
lesions (202,204). In addition, l3-HPODE is the major fatty acid 
oxidation product found in oxidized LDL (205). 13-HPODE may 
contribute to oxidized LDL-mediated effects on endothelial cell 
metabolism. It was hypothesized that 13-HPODE might serve as a 
specific redox signal in cytokine-mediated expression of adhesion 
molecules in endothelial cells (119). 

Not only endothelial cells but also vascular smooth-muscle 
cells are sensitive to linoleic acid and 13-HPODE-induced meta
bolic disturbances. For example, both agents induce DNA synthe
sis, expression of c-fos, c-jun, and c-myc, as well as activation of 
mitogen-activated protein kinase (MAP kinase). A cotreatment 
with nordihydroguaiaretic acid, a potent inhibitor of the lipoxygen-

ase system, reduced these alterations of cellular growth and pro
oncogene expression (206). 

Despite their several mitogenic effects, fatty acids oxidized by 
15-lipoxygenase might also contribute to cell death. For example, 
15-HPETE and 13-HPODE can induce apoptosis, decrease cellular 
viability, increase intracellular calcium, and induce DNA fragmen
tation in different T-cell lines (207). Moreover, highly oxidized 
LDL, which contains significant amounts of 13-HPODE, can initi
ate apoptosis in arterial smooth-muscle cells, macrophages, and 
fibroblasts (208). 

GLUTATHIONE AND OXIDATIVE STRESS-MEDIATED 
ENDOTHELIAL CELL DYSFUNCTION Several antioxidant 
systems protect cells against injury induced by free-radical and 
lipid peroxidation processes. Among these antioxidative mecha
nisms, the glutathione redox cycle appears to be one of the most 
effective in endothelial cells. Total glutathione content and the 
equilibrium between its reduced (GSH) and oxidized (GSSG) 
forms are believed to play one of the most important roles in the 
maintenance of cellular redox status. The dominant form of cellular 
glutathione is GSH. It is the major nonprotein sulfhydryl com
pound within cells which controls the regeneration of protein 
sulfhydryl groups from disulfide bonds (209). Generally, it is 
accepted that modifications in the thiol contents are critical for 
the overall cellular redox status. This status may determine the 
cellular response to different stimuli. For example, cellular redox 
status influenced by glutathione depletion or an increase in GSSG 
was shown to stimulate activation of NF-KB. However, GSSG in 
high concentrations can inhibit NF-KB binding capacity (210). 
Thus, for optimal activation ofNF-KB, well-balanced GSSG levels 
are required. 

Glutathione exerts its antioxidant properties not only as a non
enzymatic free-radical scavenger but also as a substrate for antioxi
dant enzymes, glutathione peroxidase, phospholipid hydroperox
ide glutathione peroxidase, and glutathione-S-transferase. All these 
enzymes are involved in the detoxification oflipid hydroperoxides. 
However, glutathione peroxidase not only catalyzes the conversion 
of lipid hydroperoxides, released from membranes by phospholi
pase A2 (211), to corresponding fatty acids, but also reduced H20 2 

(212). The glutathione redox cycle is much more effective than 
catalase in H20 2 detoxification in endothelial cell cultures (213). 
Both enzymatic and nonenzymatic glutathione-mediated detoxifi
cation of reactive oxygen species and lipid hydroperoxides are 
connected with the oxidation of GSH to GSSG. The pool of GSH 
may be regenerated by glutathione reductase (209). 

Concurrent interaction between GSH and vitamin E is another 
important factor that determines the anti oxidative functions of 
glutathione and endothelial cell protection against oxidative stress. 
Vitamin E acts as an antioxidant by donating a hydrogen atom 
to a lipid peroxyl radical. A lipid hydroperoxide and oxidized 
vitamin E are products of this reaction. Because only reduced 
vitamin E can serve as an antioxidant, compounds such as GSH 
and vitamin C are required to maintain the active form of vitamin 
E by reducing the oxidized form. Vitamin E-dependent inhibition 
of liver microsomal lipid peroxidation is approximately five times 
more active in the presence of GSH than in its absence (214). 

Because GSH is a crucial antioxidant for normal cell metabo
lism, an increase in cellular glutathione levels could be a potent 
protector of cells against oxidative damage. Although glutathione 
uptake is not sufficiently active within the majority of different 
cell types, its intracellular pool may be modulated by a variety of 
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nutrients, including buthionine sulfoximine (BSO) and N-acetyl-L
cysteine (NAC). GSH is synthesized from glutamic acid, cysteine, 
and glycine in two ATP-dependent reactions. BSO selectively 
inhibits the first reaction in glutathione synthesis, catalyzed by y
glutamylcysteine synthetase. Therefore, cellular treatment with 
BSO can provide a decrease in glutathione levels. On the other 
hand, supplementation with NAC, a cysteine prodrug, may effec
tively increase cellular glutathione levels. It is well established 
that the limiting factor in glutathione synthesis is the availability 
of cysteine (215). There is evidence that the first step in NAC 
metabolism may involve extracellular deacylation to cysteine, 
followed by cysteine uptake (216). Therefore, it is possible that 
NAC contribution to glutathione synthesis is mediated partially 
by cysteine. However, in contrast to cysteine, NAC is metabolized 
preferentially to glutathione but not to taurine or sulfate (216,217). 
NAC exerts several beneficial effects on endothelial cells, includ
ing protection against chronic hyperoxia (218) and acute immuno
logical reactions (219), inhibition of antiproliferative effects of 
transforming growth factor-~l (TGF-~l) (220), and repression of 
interleukin-l~-mediated expression of VCAM-l (221). 

Oxidized glutathione (GSSH), which is formed in antioxidant 
reactions involving GSH, can accumulate within cells during 
increased oxidative processes. Therefore, the cellular level of 
GSSG and especially the ratio of GSSG/GSH are considered to 
be valuable markers of oxidative stress (222). However, excessive 
accumulation of GSSG can exert toxic effects to cells. Therefore, 
when GSSG approaches toxic levels, it may be transported out 
of cells or form mixed disulfides with intracellular proteins. These 
protective mechanisms against accumulation of GSSG can lead 
to depletion of total intracellular glutathione. 

We observed marked disturbances in glutathione metabolism 
in endothelial cells exposed to selected fatty acids as well as to 
inflammatory cytokines such as TNF. Treatment with oleic acid, 
linoleic acid, or linolenic acid caused an initial decrease in endo
thelial cell glutathione levels, reaching the minimum after a 6-h 
exposure. The lowest levels of glutathione, compared both to 
the control and treatments specimens, were observed in cultures 
exposed to linoleic acid (64). However, depletion of glutathione 
can cause a rapid increase in its synthesis in liver up to 2-3 Ilmol/ 
hlg of wet liver tissue (223). The short half-life (4-6 h) of utilizable 
glutathione in endothelial cells (224) also makes possible such 
quick regeneration of this antioxidant in this type of cells. Similar 
results (i.e., a decrease in intracellular glutathione also) were 
observed in endothelial cells exposed to TNF (176). 

Our results also demonstrate the significance of cysteine nutri
tion in fatty-acid- or TNF-mediated effects on endothelial cell 
glutathione metabolism and overall cellular integrity. For example, 
a coexposure of endothelial cells to TNF and NAC resulted in a 
less marked decrease in intracellular glutathione as compared to 
effects exerted only by TNF. In addition, such combined exposure 
attenuated a TNF-mediated increase in transendothelial albumin 
movement, indicating less enhanced disruption of endothelial bar
rier function (176). 

Although both selected dietary fatty acids such as linoleic acid 
and inflammatory cytokines such as TNF can induce cellular 
oxidative stress, evidence indicates that these agents can potentiate 
their injurious effects to endothelial cells. For example, combined 
exposure to TNF and linoleic acid cross-amplified endothelial 
cell oxidation measured as DCF fluorescence. Increased cellular 

oxidation results not only in enhanced levels of Reactive Oxygen 
Species (ROS) but also in depletion of antioxidants. In fact, deple
tion of cellular glutathione and decrease in cell and medium vita
min E contents were enhanced when endothelial cells were 
exposed to a combined treatment with linoleic acid and TNF 
(106). As the consequence of these increased oxidative processes, 
loss of endothelial integrity also was more advanced in cells treated 
with linoleic acid and TNF as compared to effects of linoleic acid 
or TNF alone. Pretreatment with vitamin E attenuated the linoleic 
acid and TNF-mediated disruption of endothelial barrier integrity 
(106). Increased intracellular calcium ([Ca2+]j) is another important 
indicator of cell injury, which may eventually lead to irreversible 
cell damage (225). Treatment of endothelial cells with either lino
leic acid or TNF caused an increase in [Ca2+]j compared to controls. 
However, a combined cellular exposure to linoleic acid and TNF 
amplified this effect. A pretreatment with vitamin E attenuated 
elevated levels of [Ca2+]j (106), indicating the role of oxidative 
stress in the observed metabolic disturbances. 

PROTECTION BY SELECTED NUTRIENTS (E.G., VITAMIN 
E AND ZINC) AGAINST L1PIDjCYTOKINE-MEDlATED 
ENDOTHELIAL CELL DYSFUNCTION The vascular endothe
lium is exposed directly to diet-derived oxidized lipids, hyperoxia, 
drugs, chemicals, and reactive oxygen metabolites released by 
blood-borne cells, as well as those generated within the endothelial 
cells. This provides an environment of increased oxidative stress 
that will be detrimental to the cell, especially if the overall cellular 
antioxidant system is inadequate. As mentioned earlier, there is 
increasing experimental and epidemiological evidence that oxida
tive modification of plasma lipoproteins (in particular, LDL) plays 
an important role in the development of atherosclerosis (82,226). 
There also is evidence that certain antioxidant nutrients and ade
quate antioxidant enzyme activities may protect against atheroscle
rosis by preventing metabolic and physiologic derangements of 
the vascular endothelium (71). This may be critical during lipid! 
cytokine-mediated expression of adhesion molecules and the over
all inflammatory process (227-230). 

Several vitamins and minerals may be involved in metabolic 
events that protect the vascular endothelium or maintain endothe
lial integrity. Of particular interest are vitamin E and zinc, because 
both can function as antioxidants and membrane stabilizers 
(71,231). Vitamin E is the only significant lipid-soluble, chain
breaking type of antioxidant present in human blood and all cellu
lar membranes (232-234). Primary functions of vitamin E are to 
terminate lipid peroxidation chain reactions generated by free 
radicals, particularly in membranes rich in polyunsaturated lipids 
(235), to regulate cell proliferation (236) and to stabilize cell 
membranes (237). These protective actions of vitamin E could 
have major implications in preventing vessel wall injury and ath
erosclerotic lesion formation. Data from humans suggest an 
inverse correlation between plasma, and especially LDL vitamin 
E levels, and mortality from ischemic heart disease (238,239). 
Part of the protective mechanism of vitamin E is its ability to 
protect LDL from lipid peroxidation (240-242). Recent studies 
also suggest that vitamin E has a potent inhibitory effect on 
LDL-induced production of adhesion molecules and adhesion of 
monocytes to endothelial cells via its antioxidant function and 
apparent direct regulatory effect on adhesion molecule expression 
(243). Furthermore, data from subjects with varying degrees of 
coronary atherosclerosis support the hypothesis that high serum 
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polyunsaturated fatty acid levels, when insufficiently protected 
by antioxidants (e.g., vitamin E), may indicate a higher risk of 
atherosclerosis (72,244,245). 

The accumulated data suggest that high-fat diets may be athero
genic and that high levels of polyunsaturated lipids subject vascu
lar endothelial cells to oxidative stress. As mentioned earlier, we 
have demonstrated that endothelial cells are injured by free fatty 
acids and, in particular, by their hydroperoxide derivatives, as 
evidenced by a decrease in endothelial barrier function (231). This 
impairment of the endothelial barrier function was greatly reduced 
by preenrichment of cells with vitamin E (246). In fact, endothelial 
cells can remain enriched with vitamin E as long as 5 d following 
a single vitamin E treatment, thus allowing vitamin E to be avail
able for its biological function as a protector against cell injury 
(247). Vitamin E can also protect by stimulating endothelial cell 
proliferation in an apparent attempt to maintain endothelial integ
rity ( 150). Another possible mechanism of action of vitamin E is 
to prevent fatty-acid-induced peroxisome proliferation and thus 
the formation of excess peroxisomal hydrogen peroxide (247). In 
vitro studies with endothelial cells showed that hydrogen peroxide 
significantly damages the plasma membrane, leading to alterations 
in fluidity and leaks in the membrane (248). This type of injury 
was prevented when cultures were pretreated with vitamin E (248). 

Vitamin E also may be anti atherogenic by modulating endothe
lial-cell-mediated prostacyclin (PGI2) metabolism (249). PGI2 syn
thesis by the vascular wall is decreased in vitamin E-deficient 
animals (250,251). In addition, vitamin E has been shown to 
restore reduced PGI2 synthesis in aortic endothelial cells cultured 
in glucose-enriched medium (252). Thus, vitamin E may be anti
atherogenic in hyperglycemic conditions such as those seen in 
patients with diabetes mellitus (252,253). Antiatherogenic activi
ties of vitamin E in nonendothelial cells also may retard the overall 
progression of atherosclerosis. For example, vitamin E might act 
as an antiatherogenic agent by suppressing oxidative modification 
of LDL (254,255) and thus decrease the cytotoxicity of LDL to 
endothelial cells (256) and the recruitment of monocytes into the 
arterial subendothelium by smooth-muscle cells (25). Vitamin 
E also can modify protein kinase C activity, decrease platelet 
aggregation and adhesion, and inhibit the interaction of the 
immune system with the vasculature by preventing the expression 
of adhesion molecules on the surface of vascular endothelial 
cells (229). 

Mechanisms of the protective function(s) of zinc in the patho
genesis of atherosclerosis, including vascular cell injury/dysfunc
tion and the inflammatory response, are not clear. Epidemiological 
studies suggest that in some population groups, lower serum levels 
of zinc are inversely associated with coronary artery disease (257). 
Furthermore, zinc concentrations were significantly lower in ath
erosclerotic plaques of abdominal aortas of deceased patients with 
ischemic heart disease and acute myocardial infarction (258). 
There is evidence suggesting that zinc can act as an endogenous 
protective factor against atherosclerosis by inhibiting the oxidation 
of LDL by cells or transition metals (259). In fact, compared with 
zinc-adequate rats, zinc-deficient rats fed a highly unsaturated fat 
diet (linseed oil) had increased plasma levels of total lipids and 
cholesterol and an increased susceptibility of LDL to copper
induced lipid peroxidation (260). In another study, supplementary 
antioxidants decreased the osmotic fragility and oxidative damage 
of erythrocytes in zinc-deficient rats (261). More recently, we now 

have evidence that zinc can attenuate oxidative stress-sensitive 
transcription factors and IL-8 expression in activated endothelial 
cells (262). Because of its antioxidant and membrane-stabilizing 
properties, zinc appears to be crucial for protection against cell
destabilizing agents such as inflammatory cytokines and polyun
saturated lipids (263). 

Zinc is an essential component of biomembranes. It is known 
to modify cell membranes and is required for maintenance of 
membrane structure and function and the activity of numerous 
enzymes (264,265). It has been speculated that zinc may form 
mercaptides with thiol groups of proteins, possibly linking to the 
phosphate moiety of phospholipids or interacting with carboxyl 
groups of sialic acids or proteins on plasma membranes, resulting 
in change of fluidity and stabilization of membranes (266). Zinc 
also participates extensively in protein, nucleic acid, carbohydrate, 
and lipid metabolism, as well as in the control of gene transcription 
and other fundamental biological processes (267). For example, 
isolated lysosome membranes were protected from oxidative 
injury in the presence of zinc (268,269), whereas zinc deficiency 
resulted in oxidative damage to proteins, lipids, and DNA in rat 
testes (270). Therefore, in addition to its function as a membrane 
stabilizer, zinc may have a physiological role as an antioxidant 
by protecting sulfhydryl groups against oxidation and inhibiting 
the production of reactive oxygen by transition metals (270,271). 
Dietary zinc deficiency was also reported to decrease plasma 
concentrations of vitamin E (272), suggesting that dietary zinc 
deficiency may increase the nutritional requirement for vitamin 
E necessary to maintain adequate plasma concentrations. 

Little is known about the requirements and functions of zinc 
in maintaining the integrity of the vasculature and, particularly, 
the vascular endothelium. Because zinc is required for normal 
cellular repair processes and because atherosclerosis is believed 
to begin with vessel wall injury or dysfunction, a low zinc concen
tration may be involved in either initiation of cell injury or inade
quate tissue repair, which may have important implications in the 
pathogenesis of atherosclerosis (71). We have shown that zinc is 
vital to endothelial integrity and that zinc deficiency causes a 
severe impairment of endothelial barrier function (273,274). 
Media supplemented with physiological concentrations of zinc 
completely restored the cell integrity. Supplementation with cal
cium or magnesium, however, did not restore this function, sug
gesting a unique role of zinc in maintaining normal endothelial 
integrity. There is evidence that a critical sign of zinc "deficiency" 
may be a compromised control of activation of transcription fac
tors, cytokine activity, and endothelial cell inflammatory response 
(262). Our data support the concept that zinc can have distinct 
protective properties during the inflammatory response in athero
sclerosis (227,263). 

Pathological conditions related to increased activity of TNF, 
such as inflammation or infection, may significantly influence zinc 
metabolism. It is known that during inflammation or infection, 
there is an internal redistribution of zinc, with zinc being lost 
from some tissues such as plasma, and zinc accumulating in other 
tissues such as liver. The endothelium may be one tissue from 
which zinc is lost during the acute-phase response. It is probable 
that similar depletion of endothelial zinc may occur in atheroscle
rosis. We have shown previously that there is a depletion of 
cellular zinc in association with TNF-mediated endothelial cell 
injury, which may lead to disruption of normal membrane integrity 
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(275). It has been reported that intravenous injection of acetylated 
low-density lipoprotein or lipopolysaccharide into mice induced 
a decrease in serum zinc levels, probably as a result of the release 
of IL-l (276). Interestingly, oral administration of probucol (a 
hypocholesterolemic agent with antioxidant properties) inhibited 
the LPS-induced fall in serum zinc levels (276). In addition to 
the role of zinc as an antioxidant or membrane stabilizer, cytotoxic 
compounds may interfere with cellular uptake or release of zinc. 
Cadmium has been shown to competitively inhibit zinc transport 
into endothelial cells, whereas equimolar concentrations of copper 
and magnesium were ineffective (277). Furthermore, zinc supple
mentation was capable of inducing a tolerance to cadmium cyto
toxicity in cultured vascular endothelial cells (278). Interestingly, 
cadmium and TNF exhibit similar cytotoxicity (279), suggesting 
that TNF-mediated signaling pathways also may be shared by 
cadmium and prevented by zinc. 

The nutritional status of the endothelium is likely to influence 
its response to TNF (227,280), as a marginal status of protective 
nutrients (e.g., zinc) may increase the susceptibility of the endothe
lial cell toward TNF-induced injury. Cellular enrichment with zinc 
has been shown to attenuate or prevent TNF-induced endothelial 
cell injury (275). The protective mechanism(s) of zinc against 
cytokine-induced injury still requires further clarification, but 
exciting new evidence suggests that TNF-mediated activation of 
transcription factors, such as NF-KB and AP-l, can be attenuated 
by zinc (262). It is not clear if zinc can attenuate transcription 
factors directly or possibly indirectly through activation of zinc
finger proteins such as A20 (Fig. 1). Interestingly, A20 has been 
shown to block TNF-induced signal transduction pathways and 
specifically to inhibit activation ofNF-KB and AP-I in carcinoma 
cells (281). Also, in bovine aortic endothelial cells, expression of 
A20 downregulated the expression of genes associated with TNF, 
LPS, or hydrogen peroxide-induced endothelial cell activation 
(282). All these studies support the hypothesis that adequate zinc 
nutrition may protect against inflammatory diseases such as athero
sclerosis by inhibiting the activation of oxidative stress-responsive 
transcription factors, as well as expression of inflammatory cyto
kines (263). 

OXIDATIVE STRESS-SENSITIVE TRANSCRIPTION 
FACTORS: A PROPOSED LINK AMONG LIPIDS, 
INFLAMMATORY CYTOKINES, ENDOTHELIAL 
DYSFUNCTION, AND ATHEROSCLEROSIS 
Recent evidence indicates that oxidative stress may affect cellular 
metabolism not only by direct cell injury but also by activation 
of transcription factors and induction of the expression of genes 
regulated by these transcription factors. Evidence indicates that 
among transcription factors induced by oxidative stress, NF-KB 
may play a crucial role by its involvement in the regulation of 
expression of genes encoding for adhesion molecules and inflam
matory cytokines. NF-KB consists of different subunits: p50 (NK
KBl), p52 (NK-KB2), p65 (ReIA), and an inhibitory subunit, IKB. 
In the normal state, NF-KB is composed of a p50/p65 complex 
bound to IKB. The binding to IKB determines that this complex 
is inactive and remains in cytoplasm. Phosphorylation of IKB, 
followed by its dissociation and degradation by proteases, activates 
the p50/p65 complex and induces translocation of this dimer into 
the nucleus. Subsequently, activated NF-KB can bind to cis-acting 
KB sites in the promoters and enhancers of NF-KB-responsive 
genes (175). 

Phosphorylation of IKB appears to be critical in the process 
of NF-KB activation. It appears that different signal transduction 
pathways and several different kinases are responsible for that 
process, depending on the type of stimuli and types of cells. For 
example, double-stranded RNA activates NF-KB by phosphoryla
tion of IKB by specific double-stranded RNA-dependent protein 
kinase (283). Moreover, protein tyrosine kinases of the src family 
were identified as responsible kinases for hydrogen-peroxide
induced activation of NF-KB (210). Protein kinase C appears to 
be involved in lipoprotein lipase-mediated activation of NF-KB 
(192), and cAMP and cAMP-dependent protein kinase may play 
a regulatory role in activation of NF-KB by minimally modified 
LDL (284). Strong evidence indicates that the ceramide pathway 
is critical in TNF-induced NF-KB activation (182). However, the 
detailed signal transduction mechanisms involved in lipid-medi
ated activation of NF-KB have yet to be identified. 

The significance of NF-KB activation on endothelial cell 
inflammatory response is related to the stimulation of the produc
tion of inflammatory cytokines and adhesion molecules (121). NF
KB binding sites were identified in the promotor regions of genes 
encoding ELAM-l, VCAM-l, and ICAM-I. Although other tran
scription factors, such as activating transcription factor-2 (ATF-
2) or high-mobility-group protein I (Y) are required for expression 
of ELAM-l and possibly for other adhesion molecules, NF-KB 
constitutes an important component of transcriptional regulation 
of these genes (175). Moreover, NF-KB regulates transcription of 
genes encoding for cytokines (such as IL-l, IL-6, IL-8, TNF) and 
growth factors. Expression of inflammatory cytokines is dependent 
on activated NF-KB. However, in tum, these cytokines stimulate 
activation of this transcription factor. Thus, inflammatory cyto
kines use NF-KB to amplify their own signals (123). However, 
to date, no evidence suggests that NF-KB activation may directly 
participate in fatty acid or cytokine-induced cytotoxicity (181). 
On the other hand, NF-KB stimulates expression of manganese 
superoxide dismutase (MnSOD), a potent antioxidant enzyme of 
mitochondrial matrix (285). It is possible that NF-KB-dependent 
stimulation of MnSOD protects against oxidative stress induced 
by fatty acids, cytokines, or other inducers of this transcription 
factor. This notion is supported by the observation that injury to 
mitochondria and production of superoxides are an integral part 
of TNF cytotoxicity in endothelial cells (285). Thus, activated 
NF-KB can lead to both harmful and protective events in endothe
lial cell metabolism. It appears that NF-KB is a pleiotropic regu
latory activator, capable of induction of two different cellular 
functions, inflammatory response, and antioxidant protection. 
However, the regulatory mechanisms that determine the induction 
of the specific NF-KB related signal(s) are unknown. One may 
speculate that they may be dependent on the cellular microenviron
ment, which can be modulated by the presence of specific nutrients. 

We determined effects oflinoleic acid and/or TNF on activation 
of NF-KB in cultured endothelial cells. A short-term exposure to 
both linoleic acid and TNF resulted in a marked activation of NF
KB. In addition, pretreatment of endothelial cells with N-acetyl
L-cysteine or with vitamin E inhibited linoleic acid-mediated acti
vation of NF-KB (126). Although both treatments with TNF or 
linoleic-acid-activated NF-KB, a combined exposure to these fac
tors did not potentiate activation of NF-KB as compared to the 
cultures exposed to linoleic acid or TNF alone (106). 

To establish if linoleic acid- and/or TNF-mediated activation 
of NF-KB may induce gene expression in endothelial cells, we 
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transfected endothelial cells with a plasmid (pKBrrKS-CAT) 
encoding bacterial protein chloramphenicol acetyltransferase 
(CAT). This construct contained a CAT coding sequence driven 
by a thymidine kinase promoter containing six copies of the KB 
enhancer from the human TNF promoter. CAT activity was ele
vated and, thus, indicated active NF-KB-related transcription in 
cells exposed to linoleic acid and/or TNF. A pretreatment with 
vitamin E normalized CAT activity in linoleic acid and/or TNF 
treated cells (106). 

In addition to CAT assay, our data indicate that physiological 
concentrations of linoleic acid can stimulate production of 
inflammatory interleukins, such as IL-8, as well as expression of 
adhesion molecules, such as ICAM -1, at the surface of endothelial 
cells (127). Both IL-8 and ICAM-l are important mediators of the 
inflammatory process. For example, neutrophil migration across 
endothelial cell mono layers was shown to be partly blocked by 
a monoclonal antibody against IL-8 (286), and both adherence 
and migration was inhibited by anti-ICAM-I antibody (287,288). 
In addition, IL-8 might exert a direct injurious effect toward 
endothelial cells. It was demonstrated that IL-8 increased endothe
lial permeability (289). Thus, it is possible that selected dietary 
fatty acids such as linoleic acid and the induced production of IL-
8 may cause massive damage to the endothelium by participating in 
the inflammatory process and atherogenesis. Although both IL-8 
and ICAM are involved in leukocyte recruitment and their produc
tion is regulated by NF-KB, a direct relationship between these 
two inflammatory mediators is unclear. For example, it has been 
reported that IL-8 expression is not dependent on the early 
response cytokines (IL-I, TNF) or expression of ICAM-l (290). 
However, in patients with sepsis, it was reported that soluble 
ICAM-l, released from the membrane into circulation, signifi
cantly correlated with levels of endotoxin, TNF and IL-8 (291). 
Thus, it appears that both IL-8 and ICAM-l are upregulated and 
coexpressed under proinflammatory conditions. However, their 
expression might be regulated by separate mechanisms, partially 
related to the induction of oxidative stress and NF-KB activation. 

Evidence indicates that increased cellular oxidation may also 
activate oxidative stress-response genes of the Immediate Early 
Gene (lEG) family, such as c-jun and c-fos. The Fos and Jun 
proteins, products of the c-jun and c-fos genes, create another 
potent transcription factor, AP-l. The role of c-fos, c-jun, and 
AP-I in endothelial cell metabolism is not fully understood. How
ever, they may be involved in induction of adhesion molecule 
expression (292). Thus, AP-I-dependent transcription together 
with NF-KB-related gene regulation may contribute to the 
inflammatory response in atherogenesis. 

SUMMARY 
There is compelling evidence that the lipid environment of the 
vascular endothelium may profoundly influence the inflammatory 
response mediated by cytokines during atherosclerosis. With the 
discoveries of potential relationships of oxidative stress, activation 
of oxidative stress-sensitive transcription factors and the etiology 
of acute and chronic diseases, the issues of types of dietary fat 
(e.g., saturationlunsaturation) and the pathogenesis of atheroscle
rosis need to be revisited. Recent data suggest that certain diet
derived unsaturated fatty acids (e.g., linoleic acid) may be proin
flammatory and, thus, atherogenic by disrupting endothelial cell 
integrity and that nutrients/chemicals with antioxidant properties 
can protect endothelial cells against lipid-mediated cell injury 

(Fig. 1). This may be critical during lipid/cytokine-mediated 
expression of adhesion molecules and the overall inflammatory 
process. Recent findings that certain lipids can influence signifi
cantly the cytokine-mediated inflammatory response in atheroscle
rosis may open new fields in dietary intervention of atherosclerosis. 
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INTRODUCTION 
Foods are often responsible for allergies. In fact, it is one of 
the most common complaints of patients. However, many of the 
incidents of intolerance to foods are not allergic in nature. Often the 
complaints are vague and inconsistent. Symptoms these patients 
describe run the gamut and include headaches, fatigue, insomnia, 
hives, wheezing, diarrhea, runny nose, congestion, and so on. 
Patients often feel that a food or food supplement is responsible 
for these symptoms. However, the concept that foods or food 
supplements may be beneficial in the treatment of allergies, asthma 
or other atopic disorders is widely accepted. In fact, our efforts 
to manipulate the immune system through dietary intervention 
have been in existence since the 1920s. With the increased empha
sis on healthier living that has occurred in recent years, we find 
that this concept has certainly been more present in the public's 
consciousness. A large proportion of the population is taking high 
doses of vitamins and minerals and cutting down on salt and 
animal fat. The incidence of smoking has decreased. The diseases 
that we try to combat by diet include heart disease, cancer, diabe
tes, and atopic disease, among others. 

In this chapter, we will evaluate foods and food supplements 
as they relate to the prevention or treatment of asthma, eczema, 
allergies, or other forms of atopy. Asthma is now known to be 
primarily an inflammatory condition. Failure to adequately control 
inflammation in the airways leads to long-term sequelae which 
decrease longevity and compromise quality of life (Table 1). Our 
increasing knowledge of the pathogenesis of allergies and asthma 
has allowed us to conduct studies on foods that we think may 
theoretically modulate the inflammatory response, such as antioxi
dants, fatty acids, and certain minerals. We will discuss the evolu
tion of food through the ages and how changes in what we consume 
may have an effect on our illness patterns. 

BREAST FEEDING AND THE 
DEVELOPMENT OF ATOPY 
It is well known that the development of allergies begins from 
the time a child is bom. In those individuals who are considered 
high risk for atopy, it is especially true that early exposure to 
ingested and inhalant allergens has a profound effect on the subse-
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quent development of allergies. Typically, allergies present in 
the early months with either diarrhea, bloody stools, or other 
gastrointestinal complaints or with determatologic manifestations 
(eczema). Lately, there has been a re-emphasis on the advantage 
of breast-feeding in American society. However, although breast
feeding may have many other advantages, the subject of breast
feeding and the development of atopy, both in high-risk and "nor
mal" individuals, is still controversial. The identification of indi
viduals who are at high risk for developing atopy is important, 
and it may be true that dietary manipulation is only needed in 
this subset of patients. Risk factors for atopy include a significant 
family history of atopy, high cord blood IgE, and high serum IgE 
early in life. Amniotic fluid IgE and maternal serum IgE do not 
appear to be predictive for atopy (1). Other risk factors include 
eosinophilia in blood or nasal secretions, decreased cord blood 
platelets, decreased CDS T cells, and the lambdaMS.51 marker on 
chromosome 11q. Increased monocyte phosphodiesterase activity 
has also been found to be a risk factor (2). 

The idea that breast-feeding prevents allergic disease has led 
to the synthesis of a great number of hypoallergeneic formulas 
by pharmaceutical companies. How do the drug companies come 
up with what exactly goes into a hypoallergeneic formula if we 
still do not completely understand why, if, and how breast-feeding 
actually does prevent allergies? In fact, most formulas have simply 
been manufactured to mimic breast milk as closely as possible. 
Hypoallergeneic formulas are constructed to minimize the native 
protein component of artificial formulas. The theory behind the 
construction of a hypoallergeneic formula is to break up the pro
teins into smaller particles to render them less allergenic. There 
are two types ofhypoallergeneic formulas, namely casein hydroly
sates and whey hydrolysates. Only casein hydrolysates have been 
shown to contain peptide units that are short enough so as to lack 
immunogenicity. These peptide units are generally shorter than 
1500 D, and these formulas have been shown to be hypoallergeneic 
in milk-sensitive infants. In a study by Mallet and Henocq (3), 
protein hydrolysate formulas were studied with respect to preven
tion of allergic disease. These formulas were found to have benefi
cial effect in preventing eczema, but not asthma. In the 177 high
atopic-risk infants studied, there was no difference in cord blood 
IgE or allergy family history among the various groups studied. 
It was found that at 1 yr of age, there was no difference in incidence 
of allergic episodes. At 2 yr of age, there were 18 allergic episodes 
in the hydrolysate group and 31 in the cow's milk group. By 4 
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Table 1 
long-Term Sequelae of Uncontrolled Asthma 

Thickening of the subepithelial layer and subepithelial fibrosis 
Submucosal gland hypertropy 
Epithelial damage and shedding 
Inflammatory cell infiltration (eosinophils, lymphocytes) 
Smooth-muscle hypertropy 
Mucus gland and goblet cell hypertropy 
Deposition of collagen 
Inflammation of pulmonary vasculature 

yr of age, there was still a difference (11 vs 17, respectively). 
Marini et al. (4) studied 279 infants with high risk of atopy 
who underwent dietary and environmental manipulation, and they 
compared these with 80 high-risk infants with no intervention. 
Dietary manipulation consisted of maintaining exclusive and pro
longed breast-feeding, followed by weaning to a hypoantigenic 
diet. The nonintervention group was essentially allowed to carry 
on with their own regimen without advice. There was a much 
lower incidence of atopic dermatitis, allergic conjunctivitis and 
rhinitis, urticaria, and gastrointestinal disorders at I and 2 yr of 
life in the intervention group. 

A whey hydrolysate formula was compared to a cow's milk
based formula for weaning at 6 mo. Ninety-one high-atopy-risk 
infants were studied prospectively. Thirty-two subjects were given 
Profylac™ (ALK Laboratories, A/S Hersholm, Denmark) and 39 
were weaned to cow's milk formula. Another 20 remained breast
fed. Frequency of allergic disease was the same in all three groups. 
However, skin allergy symptoms occurred only in the patients fed 
cow's milk. Unfortunately, the sample size was too small to draw 
conclusive evidence ofthe benefits of whey-based protein hydroly
sates (5). 

Other studies have found that breast milk has a beneficial effect 
on the prevention of atopic disease. In one such study, there were 
no significant differences in the observed development of atopic 
symptoms between groups of infants fed cow's milk for 3 mo, 
supplemented with cow's milk for the first 5 d, and groups on 
breast milk alone (6). 

The use of a soy-based formula to decrease the manifestation 
of allergy symptoms in high-risk infants has also been studied. 
In one study, 48 high-risk infants were fed either soy or cow's 
milk from weaning to 9 mo of age. There did not appear in this 
study to be any benefit to the use of soy formulas over cow's milk 
formula, both in terms of immunoglobulin levels and incidence of 
symptoms (7). 

Potential preventative effects of breast milk can be divided 
into the direct effects of breast milk on the intestinal tract and 
indirect effects related to the lifestyles of those who breast feed 
predominately. The direct effects include inhibition of intestinal 
absorption of food antigens by sIgA and maintenance of the natural 
protective barrier of intestinal mucosa to foreign substances 
(foods). 

Breast milk contains high concentrations of nucleotides, which 
have a potential beneficial effect on the immune function of the 
infant. The observed effects include a heightened response to 
immunization-induced antibody production (8). Whether or not 
nucleotides have an effect on allergic symptoms or atopy has not 
been studied. Indirect effects are related to the lifestyles of those 
who practice breast-feeding. These differences include a lesser 

Table 2 
Strategy for Decreasing Atopy in Infancy 

Prolonged exclusive breast-feeding 
Maternal avoidance of milk, egg, peanut, and fish during lactation 
Delayed introduction of solid foods for the first 6 mo of life 

incidence of maternal smoking in those who breast-fed. In addi
tion, breast-feeding may lead to decreased or delayed exposure 
to other foods. Breast-fed infants are usually cared for at home 
and are, thus, less frequently exposed to problems related to day
care settings, such as viral respiratory infections. 

Future directions of infant formula development may take 
advantage of biotechnological methods to produce formulas that 
can genetically exclude allergenic epitopes with tolerogenic pep
tides (9). As we understand more and more about the role of 
nutritional manipulation in the prevention or control of allergies, 
biotechnological tools become crucial in the formulation of new 
recombinant products for use in formulas or baby foods. Such 
methods may be used in the mimicking of breast milk in order 
to create a more "hypoallergeneic formula" (10). 

The effect of the arachidonic pathway and ingestion of fatty 
acids will be discussed later. However, it is also interesting to 
note the relationship between linolenic acid in cord blood and the 
development of allergy. Intake of formula has also been found to 
have an effect on serum polyunsaturated fatty acid levels in 
infancy. In one serum study, levels of arachidonic acid and di
homo-gamma-linolenic acid at 1 and 3 mo were found to decrease 
from cord blood levels. The decrease was more emphasized in 
infants who subsequently developed atopic disease. In addition, 
the lower levels of arachidonic acid and di-homo-gamma-linolenic 
acid at 1 and 3 mo compared with cord blood were more marked 
in formula-fed infants than breast-fed infants (11). These results 
seem to contradict other studies that suggest that increasing the 
levels of substrates of the arachidonic acid pathway, such as 
linoleic acid, increase the incidence of atopic disease. Indeed, a 
study of phospholipid fatty acids in cord blood showed higher 
levels of arachidonic acid pathway substrates, including C20 : 3, 
arachidonic acid, C22:4n-6, eicosapentaenoic acid (EPA), and 
docosahexaenoic (DCHA) acid in infants of allergic mothers, 
compared with infants of nonallergic mothers. They also found a 
difference in the proportion of n-3 versus n-6 fatty acids in infants 
who developed atopy in the first 6 yr of life (12). There was no 
relationship noted between the atopy and the deficient conversion 
of omega-6 fatty acids to prostaglandin El (13). 

Whether or not delayed introduction of solid foods prevents 
asthma in high-risk individuals is, at present, a matter of contro
versy (14). In one study of250 infants from atopic families, serum 
IgE levels or the incidence of atopy in breast-fed infants were not 
different from those of formula-fed infants (15). One reviewer 
states that there is sufficient evidence to at least suggest that there 
are benefits in keeping infants on breast milk alone and delaying 
the introduction of solid foods for this time period (16). Given 
the discrepancy among studies, it is clear that more studies are 
needed to substantiate this claim. 

However, in spite of the fact that our understanding is still 
incomplete, we can recommend some general guidelines for find
ing infants with a high risk for atopy. These recommendations 
are shown in Tables 2 and 3. 
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Table 3 
Foods to Avoid in High-Risk 

Atopic Children 

Milk 
Egg 
Soy 
Peanut 

Fish 
Wheat 
Chicken 

MINERALS, VITAMINS, ANTIOXIDANTS, 
AND ASTHMA 
The function of minerals in the immune system and atopy has 
been studied from many different angles (Table 4). Some are 
major minerals, such as magnesium. Some are considered trace 
elements, such as zinc, selenium, and manganese. Serum levels 
of minerals have been analyzed to see if there is an association 
with atopy, and in most cases no such association was found. 
One of the recently studied mechanisms for the development of 
allergies and asthma concerns the role of oxygen free radicals. 
Some minerals and trace elements are components of antioxidants. 
Naturally occurring endogenous antioxidants include glutathione, 
catalase, superoxide dismutase, beta-carotene, coenzyme QlO, 
selenium, and zinc. Antioxidants have been known to prevent 
cellular damage and enhance repair. The role of antioxidants in 
allergy has been studied extensively (17-19). It has been postu
lated that in inflammatory diseases such as asthma, one of the 
pathologic mechanisms includes the generation of free radicals 
by a variety of inflammatory cells, and the oxygen free radicals 
then cause oxidative damage to tissue. Whether or not antioxidant 
dietary supplements add to the protective effect of the endogenous 
material is not clear. 

Antigen challenge, which results in chemotaxis and activation 
of inflammatory cells, ultimately results in the releaser of reactive 
oxygen species such as superoxide (On and hydrogen peroxide 
(H20 2). These compounds are further metabolized to hypochlorous 
acid (HOCl) and the hydroxyl radical (OH-) by neutrophil myelop
eroxidase and ferrous ion reduction, respectively. Hydroxyl radi
cal, in particular, is an extremely damaging entity to lung tissue. 
The hydroxyl radical is directly related to the increased ozone
induced airway hyperresponsiveness found in asthmatic subjects. 
The damage resulting from oxygen free radicals includes broncho
constriction, increased mucus secretion, and microvascular leak
age (20). Superoxide dismutase is another enzyme that helps to 
protect against oxygen free-radical damage. Each molecule of 
superoxide dismutase contains either zinc and copper (cytosolic) 
or manganese (mitochondria). Superoxide dismutase catalyzes the 
conversion of superoxide O2- to hydrogen peroxide, which can 
be converted to water, through the action of catalase. Bronchial 
epithelial cells of asthmatics have a decreased activity of some 
enzymes that protect against oxygen free-radical-mediated airway 
hyperresponsiveness, including superoxide dismutase, but not glu
tathione peroxidase and catalase. Administration of inhaled corti
costeroid appeared to reverse this decrease (21). Whether or not 
the lower levels of antioxidant in the respiratory epithelium have 
a direct effect on the pathogenesis of asthma cannot be determined 
from this study, although the association is intriguing. 

NUTRITIONAL SUPPLEMENTS AND ATOPY A recent 
review notes that studies that link nutrients to causes of asthma 
show that IgE-mediated reactions to food are a minor cause of 

respiratory symptoms, especially in children. Also, the authors 
state that the data linking supplements of specific nutrients to 
asthma are not valid (22). However, the popularity among the 
general public for vitamin and mineral supplements is growing 
with time, and already we see that many companies are manufac
turing commercially available over-the-counter preparations. 

ZINC The role of zinc in atopic dermatitis has been extensively 
studied. Zinc is included in creams and ointments designed for 
use in eczema and other irritant rashes. The role of oral zinc supple
ments in the treatment of viral illnesses and allergic disease is 
poorly defined at this time. There has been extensive research in this 
area and data to support a beneficial role of zinc in the treatment 
of allergies is not strong. Serum zinc levels were found to be low 
in children with atopic eczema, but the significance of this as it 
relates to the role of zinc supplements in eczema is not clear (23). 
A study of 50 children with atopic eczema found no improvement 
in a double-blind placebo-controlled trial involving oral zinc sup
plementation of 185.4 mg elemental zinc per day for 8 wk (24). 

MAGNESIUM Magnesium is a key element in asthma. The 
effects of magnesium ions include a bronchodilator effect, an 
inhibition of mast cell degranulation, and neurohumoral mediator 
release. Magnesium may also affect capillary endothelial cell 
integrity (25). Magnesium has been used in the treatment of status 
asthmaticus. It has been utilized in intravenous perfusions or inha
lation aerosols. Inhaled magnesium has been found to counteract 
histamine and methacholine-induced bronchoconstriction (26,27). 
In animal models, magnesium is a preventative medication for 
anaphylactic shock (28). Dietary magnesium has also been studied 
as a nutritional supplement in the prevention of asthma. A study 
of 17 asthmatic subjects who were subjected to a diet low in 
magnesium for two 3-wk periods, with a l-wk period during which 
they took either placebo or magnesium 400-mg/d supplements 
was conducted. It was found that asthma symptom scores were 
lower in the magnesium-treated group. However, there was no 
difference in forced expiratory volume in one second (FEVI) 
between the two groups (29). A large-scale study of 2633 adults 
was conducted in the United Kingdom, in which magnesium intake 
was measured and compared to airway reactivity. An increase of 
magnesium intake of 100 mg/d led to a 27.7-mL increase in FEVl, 
after adjusting for other variables, including age, sex, and height, 
and a decrease in symptoms as reported by the patient (30). 

Magnesium has also been studied in the treatment of seasonal 
allergic rhinitis. One and a half grams of magnesium in the form 
of magnesium picolinate was administered orally three times a 
day for 1 mo to subjects with hayfever. The study was a random
ized, double-blind trial, with half of the 38 subjects receiving 
placebo. Parameters measured include number of Kleenex tissues 
used, intensity of rhinorrhea, number of sneezes, and incidence 
of watery eyes. The conclusion was that magnesium picolinate 
was beneficial in the maintenance or prevention of allergies. 
Although the differences were statistically significant, the small 
number studied necessitates further investigation (31). In 42 
patients with manifestations of acute urticaria, magnesium levels 
paralleled the serum levels of histamine and IgE during the evolu
tion of the symptoms (32). 

OTHER MINERALS Studies of other minerals are scarce. In 
a murine study, a diet low in copper enhanced histamine-induced 
paw edema 15 min after challenge. Delayed hypersensitivity 
responses to oxozalone and sheep erythrocytes were also measured 
(33) and found to be enhanced by copper deprivation. 
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The element selenium is also an antioxidant. Selenium is a 
part of the enzyme glutathione peroxidase that is present in all 
cells, including erythrocytes, and, in the lung, helps protect alveo
lar tissue against oxygen free radicals. There were much lower 
amounts of selenium in whole blood and plasma in 49 patients with 
asthma, as compared to controls, but their glutathione peroxidase 
activity was normal (34). This is in contrast to a study of 12 
asthmatic subjects with aspirin intolerance in which 10 of the 
subjects had significantly decreased glutathione peroxidase activ
ity (35) and findings in 56 asthmatic patients compared to 59 
nonasthmatic controls in which serum selenium and glutathione 
peroxidase levels were reduced (36). Both were unaffected by 
prednisone use. Platelet glutathione peroxidase activity was also 
found to be lower in a group of asthmatics with or without nonste
roidal anti-inflammatory drug intolerance (37). These observations 
have been demonstrated in several other studies (38-40). 

In a study of 24 patients with asthma randomized into two 
groups, the group receiving a 100 mg sodium selenite supplement 
daily for 14 wk demonstrated a decrease in in vitro irreversible 
platelet aggregation induced by 5 ~ ADP. In addition, clinical 
evaluation led to the conclusion that there was subjective improve
ment in the asthma condition of the group receiving selenium 
supplementation, when compared with the placebo group (41). 

Further research has shown that dietary supplementation with 
selenium-enriched yeast led to an increase in whole blood levels of 
selenium, as well as enhancement of selenium-dependent platelet 
glutathione peroxidase activity. However, there was no effect on 
the clinical severity of atopic dermatitis in 60 patients who were 
randomized to receive either the selenium-enriched yeast or a 
placebo (42). Blood glutathione activity was also enhanced by 
daily selenium (0.2 mg) and vitamin E (10 mg) supplementation 
over a period of 8 wk. Clinical effects in 506 patients with a 
variety of skin disorders, including atopic dermatitis, eczema, and 
psoriasis, were also observed, although this study was neither 
placebo controlled nor blinded (43). 

The role of manganese in asthma is unclear. Manganese may 
playa role in eosinophil recruitment, which is known to be under 
the control of interleukin-5 (IL-5). Manganese may facilitate the 
adhesion of eosinophils to vascular cell adhesion molecule via 
beta-1 integrin, an observation that is inhibited by IL-5 in allergic 
subjects but not in controls (44). 

VITAMIN C AND VITAMIN E Vitamin C (ascorbic acid) 
and vitamin E (alpha-tocopherol) are also antioxidants and are 
essential components of our diet. On the premise that free radicals 
are potentially significant in the pathogenesis of allergy, one 
study looked at the effect of vitamin C on nickel- and cobalt
induced contact allergy. There was no detectable inhibition of 
lymphocyte proliferation and the generation of interferon-gamma 
in peripheral blood mononuclear cells induced by nickel and 
cobalt (45). 

A small study of 20 patients with exercise-induced asthma 
revealed a potential protective effect of ascorbic acid in nine 
patients. The study was too small to draw any firm conclusions. 
Further studies would be needed to confirm these observations 
(46). However, in a study of 12 patients with exercise-induced 
asthma, ingesting 500 mg of ascorbic acid per day led to a slight 
improvement in forced vital capacity (FVC) and FEV1 when 
compared to placebo, suggesting that further studies may be help
ful in delineating a potential role for vitamin C in induced asthma 
(47). A much larger study conducted on 77,866 women aged 

34-68 took place over a lO-yr period and involved questionnaires 
regarding the incidence of asthma and intake of vitamin E. An 
association between dietary intake of vitamin E and a protective 
effect on asthma was observed with a relative risk of 0.53 for the 
group with higher vitamin E intake versus the lower-intake group 
(48). Another study showed that there was a higher observed 
FEV1 and PVC associated with increased intake of vitamin C 
and vitamin E (49). 

By contrast, an earlier study showed no effect of vitamin C 
on either skin and nasal hypersensitivity to histamine and allergen 
(50). In a separate study, there was also no significant effect of 
vitamin C on mast cell degranulation and histamine release in a 
guinea pig model of anaphylaxis (51). 

The data supporting the beneficial effects of vitamin C and E on 
allergy has not been promising. Unfortunately, many practitioners 
have been drawn into the widespread practice of recommending 
dietary supplements like vitamins for the treatment of a wide 
range of disorders, including allergy and asthma. The recommen
dations are, as of this time, not based on any objective placebo
controlled double-blinded studies. An even more dangerous prac
tice is that of recommending megadoses of multiple vitamins and 
minerals. Other commonly recommended supplements include L

tryptophan and some of the fat -soluble vitamins, which accumulate 
in the body and, thus, can be harmful in large doses. 

OTHER ANTIOXIDANTS Although other antioxidants 
besides vitamins C and E have been studied and have not been 
found to be of significant benefit in asthma or allergies, oxidative 
injury may playa role in the allergic lung disease. A study of the 
effect of oxygen free radicals on the levels of antioxidant in 
bronchoalveolar lung (BAL) fluid of guinea pigs after allergen 
lung challenge revealed decreased levels of antioxidants after 
allergic insult (52). Lipid peroxidation products were also 
increased in challenged animals and the levels of vitamin E were 
decreased. Eosinophil number in BAL fluid was increased and 
TNF-alpha was detected after allergen challenge as well. 

FISH OIL AND ASTHMA 
Dietary intake of linoleic acid leads to its enzymatic conversion 
to arachidonic acid. Molecular structures of the polyunsaturated 
fatty acids of the arachidonic pathway are shown in Fig. 1. Arachi
donic acid is particularly important in allergies and asthma because 
of its metabolism to a collection of compounds known as the 
leukotrienes. The reaction is catalyzed by 5-lipoxygenase (5-Lo) 
and produces an intermediate known as hydroperoxyeicosatetra
enoic acid (HPETE), which is then enzymatically converted to 
hydroxyeicosatetraenoic acid (HETE) (Fig. 2). Leukotrienes are 
mediators that stimulate cells to produce histologic signs of an 
allergic reaction, including increased vascular permeability, bron
chial constriction, chemotaxis, and activation of inflammatory 
cells and mucus plugging. A parallel limb that produces other 
compounds that also have an effect on the immune system is 
known as the cycloxygenase pathway. Compounds generated via 
the cycloxygenase pathway include the prostaglandins, resulting 
in a cascade of cellular responses, also leading to inflammatory 
changes. Depending on the particular prostaglandin, these 
inflammatory changes include pulmonary vasodilation (PGI2), or 
constriction (PGF2a), bronchoconstriction (PGD2, PGF2a), or bron
chodilation (PGE2), mucus production, decreased (PGD21I2) or 
increased (TxA2) platelet adherence and aggregation. 

The importance of the leukotrienes is the result of their pro-
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V\IV\PVVVV COOH 

A Oleic acid, C18H3402,C18:1(ro9), cis-9-octadecenoic acid 

/VV COOH 

B Linoleic acid, C18H3202, C 18:2(r06), cis, cis 9,12-octadecatrienoic acid 

COOH 

vv COOH 

C fJ.- and y- Linolenic acid, C18H3002, C18:3, (9,12,15-octadecatrienoic acid and 
6,9,12-octadecatrienoic acid) 

o Arachidonic acid, C20H3202, C20:4 (r06), 5,8,1l,14-eicosatetraenoic acid 

COOH 

E EPA, C20:5, (5,8,1l,14,17-eicosapetanoic acid) 

° \\ 

OH H 

F Prostaglandin E2 

H 

H 

~/\COOH 

, , 
H OH 

Fig. 1. Structure of the polyunsaturated fatty acids. Essential fatty 
acids linoleic and linolenic acid are present in vegetable oils. Human 
milk generally contains higher concentrations of linoleic acid than 
artificial formulas. 

found effects on bronchial tissues. Leukotrienes L TC4, L TD4, 
LTE4, previously collectively known as SRS-A (or slow reacting 
substance of anaphylaxis), can be released through the action of 
5-LO on mast cells, mononuclear cells, phagocytes, and neutro
phils. Cellular effects and target organs of these compounds are 
shown in Table 5. Another compound that is synthesized in vivo 
from arachidonic acid is platelet activating factor (P AF). P AF is 
an important molecule in the delayed reactions in asthma and 
anaphylaxis. It stimulated a variety of cells, including neutrophils, 
macrophages, platelets, and eosinophils, and may play a role in 
priming these cells for response to other stimuli. 

The reason leukotrienes are so important in this discussion has 
to do with 20th-century American's dietary intake of fatty acids. 
This dietary pattern has changed significantly over the years, from 
past consumption of large amounts of saturated fatty acids to a 

health-conscious society that feeds on vegetable oils high in lino
leic acid, a precursor of arachidonic acid. High intake of linoleic 
acid may be beneficial for heart disease, but the effects may not 
be so helpful in patients with asthma or allergies. A diet with a 
high concentration of polyunsaturated fatty acids such as linolenic 
acid may induce increased quantities of arachidonic acid, which 
may lead to increased production of the leukotrienes in certain 
cell types. Having shown the significance of the leukotrienes in the 
asthmatic condition, it would make sense to develop a therapeutic 
modality of asthma that would target either the production of 
leukotrienes or the activity of leukotrienes. In fact, the concept 
of using dietary modification as a way to control asthma has led 
to studies on fish oil and asthma. Fish oil, high in eicosapentaenoic 
acid, displaces arachidonic acid molecules in the oxidative metab
olism of this class of polyunsaturated fatty acids. This leads to 
the production of by-products with a much lower potency as 
mediators of inflammation. Thus, the consumption of fish is 
thought to be helpful in the management of asthma. 

The benefits of fish oil stem from its high concentration of 
eicosapentaenoic acid and docosahexaenoic acid (53). Eicosapen
taenoic acid, once absorbed and incorporated into the cell, com
petes with arachidonic acid for 5-LO and, consequently, the pro
duction of leukotrienes C4, D4, and E4 as well as platelet activating 
factor (PAF) is reduced. The resulting metabolites theoretically 
are less potent than the leukotrienes in terms of their inflammatory 
activity, although one study demonstrated that docosahexaenoic 
acid and eicosapentaenoic acid inhibit cyclooxygenase pathway 
metabolism of arachidonic acid but do not affect the 5-LO pathway 
(54). Clinical studies of fish oil in asthma point to some benefit 
in increased consumption. A recent epidemiological study has 
shown that consumption of fresh, oily fish resulted in a signifi
cantly decreased risk of asthma symptoms. This study was based 
on food diaries and symptom questionnaires in 574 children for 
6 mo. The study found no consistent trend related to the consump
tion of any other food (55). Broughton et al. studied the effects 
of n-3 polyunsaturated fat consumption on methacholine challenge 
testing and found that a proportionate increase in n-3 polyunsatu
rated fatty acid (PUFAs) consumption over 1 mo resulted in a 
decrease in methacholine-induced respiratory distress. The effects 
of changes in n-3 PUFA dietary intake could be monitored using 
urinary 5-series leukotriene excretion (56). A National Health and 
Nutrition survey of 2526 adults who completed a medical history 
questionnaire and diet record and performed spirometry showed 
a protective effect of increased dietary fish intake on FEV1, an 
effect that was more pronounced in nonsmokers (57). 

A direct pharmacological application of the fish oil theory has 
been the development of medications, which more specifically 
target either leukotriene synthesis or receptor inhibition. An extract 
of fish oil lipids was found to inhibit the allergen-induced late 
asthmatic response in 12 of 17 subjects, but had no effect on 
airway conductance, total serum IgE, or histamine-induced change 
in airway conductance (58). Eicosapentaenoic acid supplements 
have failed to improve clinical status of asthma or pulmonary 
function in a small study of 12 patients (59). In contrast, when 
taken a step further, pharmacologic manipulation of the arachi
donic pathway has resulted in two classes of drugs: the leukotriene 
pathway inhibitors and the leukotriene pathway antagonists. These 
drugs have clearly been shown to be beneficial in controlling 
asthma. 

It has also been suggested that fish oil diets may have some 
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Phospholipid/Triglyceride 

j A 

Arachidonic acid 
Eicosapentanoic acid 

~genose 

4 possible targets of inhibition 

1) substrate competition 
2) inhibition of synthesis 
3) inhibition of enzymatic conversion 
4) target receptor blockage 

Fig. 2. Arachidonic acid metabolism and potential areas to target by "anti-inflammatory" medications and foods. Arachidonic acid is the 
central point in the metabolism of n-3 and n-6 polyunsaturated fatty acids. Active metabolites in asthma and atopy include the leukotrienes 
B4, C4, and D4 as well as the prostaglandins. Leukotrienes are produced via the 5-lipooxygenase pathway. The prostaglandins are produced 
by the action of cyclooxygenase on arachidonic acid. Other enzymes of the lipooxygenase pathway include 12-lipooxygenase and 15-lipooxygen
ase, which produced metabolites with far less activity. The effect of eicosapentaenoic acid is to compete as substrate for 5-lipooxygenase 
activity, leading to competitive inhibition of arachidonic acid conversion to active metabolites (A). Other areas of potential inhibition is to 
inhibit the synthesis of leukotrienes (B), specific enzyme inhibition (C), and inhibition at the receptor level (D). 

benefit in the treatment of other forms of atopy as well. A diet 
high in eicosapentaenoic acid (EPA) resulted in a reduction in 
nasal blood flow as measured by the laser Doppler probe technique. 
The number of eosinophils in nasal secretion appearing after nasal 
challenge with ryegrass pollen was decreased in patients who 
ingested EPA for 8 wk at 3.5 g/d. There was no clinical correlation 
to these observations (60). In another study, EPA supplementation 
led to incorporation of EPA into membrane phospholipids. 
Another effect seen was an inhibition of neutrophil chemotaxis 
and adherence to epithelial cells (61). Whether or not any of 
these theoretical and biochemical changes result in any clinical 
improvements is currently still a matter of debate. Indeed, a British 
study of 25 pollen-sensitive subjects did not demonstrate any 

clinical benefit of ingestion of 3.2 g EPA/d, in terms of wheezing, 
nocturnal cough, nasal symptoms, and use of medications. 

FISH OIL AND ATOPIC DERMATITIS 

The effect of fish oil intake on atopic dermatitis is very controversial. 
A study of dietary supplementation of n-3 fatty acids as compared 
to com oil in 145 patients with moderate to severe atopic dermatitis 
showed no significant difference in clinical score of eczema as 
evaluated by physicians (62). A separate study showed benefit in 
scale, erythema, and itch in a l2-wk double-blind period in which 
patients were randomly distributed to receive either 10 g fish oil 
(about 1.8 g EPA) or a placebo containing olive oil (63). Late
phase cutaneous reactivity in 16 atopic individuals was studied 
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Allergen/viral or 
irritant stimulation 

Cell Types 

mast cells 
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lymphocytes 
alveolar macrophages 
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Mucus secretion 
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Fig. 3. Humoral and cellular mediators of inflammation in the lung. Effects of these mediators on lung tissue are also depicted. 

after ingestion offish oil or placebo (olive oil) for 10 wk. Histologi
cally, there was no difference in total inflammatory cell infiltration 
to the reaction site (64). Contrary to the situation with respect to 
asthma, promising data on the beneficial effects of fish oil in 
atopic dermatitis have not appeared (65). 

TWENTIETH-CENTURY DIET AND ASTHMA 

As we head into the 21st century, we have undergone a change 
in our diet that is based on knowledge of the biochemical and 
physiologic effects of certain food substances. Over the years, the 
health-conscious segment of our population has decreased their 
intake of animal fat, leading to increased consumption of marga
rine and vegetable oils. Although vegetable fats may be beneficial 
against heart disease, they contain high concentrations of omega-
6 polyunsaturated fats, such as linoleic acid (66). As discussed 
earlier, linoleic acid is a precursor of arachidonic acid and of 
prostaglandin E2. The immune effects of prostaglandin E2 include 

shifting balance of the control of IgE synthesis, by affecting T
cell generation of interferon-ganuna. Thus, the shift in our diet 
may play a role in the increased prevalence of asthma in recent 
decades (67). 

OBESITY AND ASTHMA: BETTER NUTRITION 
(OR WEIGHT CONTROL): DOES IT MEAN 
LESS ASTHMA (OR MORE?) 

The connection between obesity and chronic disease is not a novel 
concept. Obesity has been linked to asthma. A correlation between 
triceps skinfold thickness and exercise-induced bronchospasm was 
observed in 13 obese and 14 control children between 6 and 10 
yr of age. A cause-and-effect relationship was not characterized 
(68). A large study of 100,000 female nurses found a significant 
relationship between body mass index and asthma risk (reported 
at the American Lung Association/ATC 1998 International Con
ference.) Surveys in developed countries suggest that low income 
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is associated with obesity. This observation parallels the occur
rence of asthma in developed countries, again more common in 
the low-income populations. 

SUMMARY AND CONCLUSIONS 
As our knowledge of the immune system grows, there is the 
potential for the development of new modalities of therapy for 
allergies (Fig 3). Some of these take the form of nutritional 
intervention. We already have information on the effects of breast
feeding on the development of atopy. Further characterization of 
the components of breast milk and their effects on the immune 
system will help to improve the formulation of infant formulas. 
Identification of food substances that prevent allergies, asthma, 
or atopic dermatitis will help in the development of effective 
pharmacological agents. Such modulation has already been indi
rectly achieved by the development of leukotriene pathway mod
ifiers in asthma. Clarification of the role of minerals, vitamins, 
and other antioxidants is essential. It is likely that the regulation 
of nonpharmacological products will continue to be lax or inade
quate. Recommendations from the medical field regarding the 
use or avoidance of these materials in allergies and asthma can 
only come after adequate double-blind placebo-controlled studies. 
As with all food supplements or medications, adverse effects 
must always be clearly defined and the public well informed, 
as we must always follow the adage "first do no harm." Given 
the current knowledge of the effects of foods on the immune 
system, it is reasonable to assume that dietary modification and 
manipulation will have an effect on the incidence of asthma and 
allergies in the 21st century (69). 

REFERENCES 
1. Strimas JH, Chi DS. Significance of IgE level in amniotic fluid and 

cord blood for the prediction of allergy. Ann Allergy 1988; 61:133-6. 
2. Zieger RS. Development and prevention of allergic disease in child

hood. In: Middleton E, et aI., eds, Allergy Principles and Practices, 
4th ed., vol. 11, pp. 1137-71. 1993. 

3. Mallet E, Henocq A. Long-term prevention of allergic disease by 
using protein hydrolysate formula in at-risk infants. J Pediatr 1992; 
l21:5(Pt 2):S95-SI00. 

4. Marini A, Agosti M, Motta G, Mosca F. Effects of a dietary and 
environmental prevention programme on the incidence of allergic 
symptoms in high atopic risk infants: three years' follow up. Acta 
Paediatr 1996; 414(suppl):1-21. 

5. Odelram H, Vanto T, Jacobsen L, Kjellman NI. Whey hydrolysate 
compared with cow's milk-based formula for weaning at about 6 
months of age in high allergy-risk infants: effects on atopic disease 
and sensitization. Allergy 1996; 51(3):192-5. 

6. Piacentini GL, Boner AL, Richelli CC, Gaburro D. Artificial feeding: 
progresses and problems. Ann 1st Super Sanita 1995; 31(4):411-8. 

7. Kjellman NI, Johansson SG. Soy versus cow's milk in infants with 
a biparental history of atopic disease: development of atopic disease 
and immunoglobulins from birth to 4 years of age. Clin Allergy 
1979; 9(4):347-58. 

8. Pickering LK, GranoffDM, EricksonJR, Masor ML, Cordle CT, Schal
ler JP, et al. Modulation of the immune system by human milk and 
infant formula containing nuc1eotides. Pediatrics 1988; 101: 242-9. 

9. Lo CW, Kleinman RE. Infant formula, past and future: opportunities 
for improvement. Am J Clin Nutr 1996; 63(4):646S-50S. 

10. Young AL, Lewis CG. Biotechnology and the potential nutritional 
implications for children. Pediatr Clin North Am 1995; 42(4):917 -30. 

11. Galli E, Picardo M, Chini L, Passi S, Moschese V, Terminali 0, et 
al. Analysis of polyunsaturated fatty acids in newborn sera: a screen
ing tool for atopic disease. Br J Dermatol 1994; 130(6):752-6. 

12. Yu G, Kjellman NI, Buorksten B. Phospholipid fatty acids in cord 

blood: family history and development of allergy. Acta Paediatr 
1996; 85:679-83. 

13. Melnik BC, Plewig G. Is the origin of atopy linked to the deficient 
conversion of omega-6-fatty acids to prostaglandin El. J Am Acad 
Dermatol 1989; 213(Pt 1):557-63. 

14. Weiss ST. Diet as a risk factor for asthma. Ciba Found Symp 
1997; 206:244-57. 

15. Gordon RR, Noble DA, Ward AM, Allen R. Immunoglobulin E and 
the eczema-asthma syndrome in early childhood. Lancet 1982; 
9:72-4. 

16. Zeiger RS, Heller S, Mellon M, O'Conner R, Hamburger RN. Effec
ti veness of dietary manipulation in the prevention of food allergy in 
infants. J Allergy Clin Immunol 1986; 78:224-8. 

17. Hatch GE. Asthma, inhaled oxidants, and dietary oxidants. Am J Clin 
Nutr 1995; 61:625S-30S. 

18. Powell CV, Nash AA, Powers HJ, Primhak RA. Antioxidant status 
in asthma. Pediatr Pulmonol 1994; 18:34-8. 

19. Sharma SC, Wilson CW. The cellular interaction of ascorbic acid with 
histamine, cyclic nucleotides and prostaglandins in the immediate 
hypersensitivity reaction. Int J Vitam Nutr Res 1980; 50:163-70. 

20. Doelman CJ, Bast A. Oxygen radical in lung pathology. Free Radical 
Bioi Med 1990; 9:381-400. 

21. De Raeve HR, Thunnissen FB, Kaneko FT, Guo FH, Lewis M, 
Kavuru MS, et al. Decreased Cu-Zn-SOD activity in asthmatic air
way epithelium: correction by inhaled corticosteroid in vivo. Am J 
Physiol 1997; 272:L148-54. 

22. Monteleone CA, Sherman AR. Nutrition and asthma. Arch Intern 
Med 1997; 157(1):23-4. 

23. David TJ, Gibbs AC, Sharpe TC, Wells FE. Low serum zinc in 
children with atopic eczema. Br J Dermatol 1984; 111:597-601. 

24. Ewing CI, David TJ, Ashcroft C, Gibbs AC. Failure of oral zinc 
supplementation in atopic eczema. Eur J Clin Nutr 1991; 45(10): 
507-10. 

25. Mathew R, Altura BM. Magnesium and the lungs. Magnesium 
1988; 7:173-87. 

26. Rolla G, Spinaci S, Arossa W, Bugiani M, Bucca C. Reduction of 
histamine-induced bronchoconstriction by magnesium in asthmatic 
subjects. Allergy 1987; 42:186-8. 

27. Rolla G, Bugiani M, Arossa W, Bucca C. Magnesium attenuates 
methacholine-induced bronchoconstriction in asthmatics. Magnesium 
1987; 6:201-4. 

28. Ashkenazy Y, Zor U, Sela BA, Kusniec F, Caspi A, Feigel D, et al. 
Magnesium-deficient diet aggravates anaphylactic shock and pro
motes cardiac myolysis in guinea pigs. Magnes Trace Element 
1990; 9:283-8. 

29. Hill J, Britton J, Lewis S, Mickelwright A. Investigation of the effect 
of short-term change in dietary magnesium intake in asthma. Eur 
Respir J 1997; 10:2225-9. 

30. Britton J, Weiss S, Tattersfield A, Lewis S, Knox A, Wisniewski 
A, et al. Dietary magnesium, lung function, wheezing, and airway 
hyperreactivity in a random adult population sample. Lancet 1994; 
344:357-62. 

31. Cipolla C, D' Antuono G, Lugo G, Orciara P, Occhionero T. Magne
sium pidolate in the treatment of seasonal allergic rhinitis. Preliminary 
data. Magnes Res 1990; 3:109-12. 

32. Muresan D, Flueras M, Benea V, Mosescu L, Alecu M, Nicolae I, 
et al. Investigations of magnesium, histamine and immunoglobulin 
dynamics in acute urticaria. Arch Roum Pathol Exp Microbiol 
1990; 49(1):31-5. 

33. Jones DG. Effects of dietary copper depletion on acute and delayed 
inflammatory responses in mice. Res Vet Sci 1984; 37:205-10. 

34. Stone J, Hinks LJ, Beasley R, Holgate ST, Clayton BA. Reduced 
selenium status of patients with asthma. Clin Sci 1989; 77:495-500. 

35. Malmgren R, Unge G, Zetterstrom 0, Theorell H, de Wahl K. Low
ered glutathione-peroxidase activity in asthmatic patients with food 
and aspirin intolerance. Allergy 1986; 41:43-5. 

36. Flatt A, Pearce N, Thomson CD, Sears MR, Robinson MF, Beasley 
R. Reduced selenium in asthmatic subjects in New Zealand. Thorax 
1990; 45:95-9. 



CHAPTER 18/ NUTRITION AND ALLERGY 231 

37. Hasselmark L, Malmgren R, Unge G, Zetterstrom. Lowered platelet 
glutathione peroxidase activity in patients with intrinsic asthma. 
Allergy 1990; 45:523-7. 

38. Pearson DJ, Suarez-Mendez VJ, Day JP, Miller PF. Selenium status in 
relation to reduced glutathione peroxidase activity in aspirin-sensitive 
asthma. Clin Exp Allergy 1991; 21:203-8. 

39. Misso NJ, Powers KA, Gillon RL, Stewart GA, Thompson PJ. 
Reduced platelet glutathione peroxidase activity and serum selenium 
concentration in atopic asthmatic patients. Clin Exp Allergy 1996; 
26:838-47. 

40. Kadrabova J, Mad'aric A, Kovacikova Z, Podivinsky F, Ginter E, 
Gazdik F. Selenium status is decreased in patients with intrinsic 
asthma. Bioi Trace Element Res 1996; 52:241-8. 

41. Hasselmark L, Malmgren R, Zetterstrom 0, Unge G. Selenium sup
plementation in intrinsic asthma. Allergy 1993; 48:30-6. 

42. Fairris GM, Perkins PJ, Lloyd B, Hinks L, Clayton BE. The effect 
on atopic dermatitis of supplementation with selenium and vitamin 
E. Acta Derm Venereol 1989; 69:359-62. 

43. Juhlin L, Edqvist LE, Ekman LG, Ljunghall K, Olsson M. Blood 
glutathione-peroxidase levels in skin disease: effect of selenium and 
vitamin E treatment. Acta Derm Venereol 1982; 62:211-4. 

44. Werfel SJ, Yednock TA, Matsumoto K, Sterbinsky SA, Schleimer 
RP, Bochner BS. Functional regulation of beta 1 integrins on human 
eosinophils by divalent cations and cytokines. Am J Respir Cell Mol 
Bioi 1996; 14:44-52. 

45. Van Den Broeke LT, Graslund A, Larsson PH, Nilsson JL, Wahlberg 
JE, Scheynius A, et al. Free radicals as potential mediators of metal 
allergy: effect of ascorbic acid on lymphocyte proliferation and IFN
gamma production in contact allergy to Ni2+ and C02+. Acta Derm 
Venereol 1998; 78:95-8. 

46. Cohen H, Neuman I, Nahum H. Blocking effect of vitamin C in 
exercise-induced asthma. Arch Pediatr Adoelsc Med 1997; 151: 
367-70. 

47. Schachter EN, Schlesinger A. The attenuation of exercise-induced 
bronchospasm by ascorbic acid. Ann Allergy 1982; 49:146-51. 

48. Troisi RJ, Willett W, Weiss ST, Trichopoulos D, Rosner B, Speizer 
FE. A prospective study of diet and adult-onset asthma. Am J Respir 
Crit Care Med 1995; 151:1401-8. 

49. Britton JR, Pavord ID, Richards KA, Knox AJ, Wisniewski AF, 
Lweis SA, et al. Dietary antioxidant vitamin intake and lung function 
in the general population. Am J Respir Crit Care Med 1995; 151: 
1383-7. 

50. Fortner BR Jr, Danziger RE, Rabinowitz PS, Nelson HS. The effect 
of ascorbic acid on cutaneous and nasal response to histamine and 
allergen. J Allergy Clin Immunol 1982; 69:484-8. 

51. Gonzales RG, Garcia M, Perez Saad H, De la Vega AR. Comparative 
study of ascorbic acid and disodium cromoglycate in some models 
of experimental anaphylaxis. Allergol Immunopathol 1979; 7:211-6. 

52. Shvedova AA, Kisin ER, Kagan VE, Karol MH. Increased lipid 
peroxidation and decreased antioxidants in lungs of guinea pigs fol-

lowing an allergic pulmonary response. Toxicol Appl Pharmacol 
1995; 132:72-81. 

53. Arm JP, Thien FC, Lee TH. Leukotrienes, fish-oil, and asthma. 
Allergy Proc 1994; 15:129-34. 

54. Austen KF. The role of arachidonic acid metabolites in local and 
systemic inflammatory processes. Drugs 1987; 33(suppl 1):10-7. 

55. Hodge L, Salome CM, Peat JK, Haby MM, Xuan W, Woolcock AJ. 
Consumption of oily fish and childhood asthma risk. Med J Aust 
1996; 164:137-40. 

56. Broughton KS, Johnson CS, Pace BK, Liebman M, Kleppinger KM. 
Reduced asthma symptoms with n-3 fatty acid ingestion are related 
to 5-series leukotriene production. Am J Clin Nutr 1997; 65:1011-7. 

57. Schwartz J, Weiss ST. The relationship of dietary fish intake to level 
of pulmonary function in the first National Health and Nutrition 
Survey (NHANES I) Eur Respir J 1994; 7:1821-4. 

58. Arm JP, Horton CE, Spur BW, Mencia-Huerta JM, Lee TH. The 
effects of dietary supplementation with fish oil lipids on the airway 
response to inhaled allergen in bronchial asthma. Am Rev Respir Dis 
1989; 139:1395-400. 

59. Kirsch CM, Payan DG, Wong MY, Dohlman JG, Blake VA, Petri 
MA, et al. Effect of eicosapentaenoic acid in asthma. Clin Allergy 
1988; 18:177-87. 

60. Rangi SP, Servonska MH, Lenathan GA, Pickett WC, Blake V A, 
Sample S, et al. Suppression by ingested eicosapentaenoic acid of 
the increases in nasal mucosal blood flow and eosinophilia of ryegrass
allergic reactions. J Allergy Clin Immunol 1990; 85:484-9. 

61. Lee TH, Arm JP, Horton CE, Crea AE, Mencia-Huerta JM, Spur 
BW. Effects of dietary fish oil lipids on allergic and inflammatory 
diseases. Allergy Proc 1991; 12:299-303. 

62. Soyland E, Funk J, Rajka G, Sandberg M, Thune P, Rustad L, et al. 
Dietary supplementation with very long-chain n-3 fatty acids in 
patients with atopic dermatitis. A double-blind, multicentre study. Br 
J Dermatol 1994; 130:757-64. 

63. Bjorneboe A, Soyland E, Bjorneboe GE, Rajka G, Drevon CA. Effect 
of dietary supplementation with eicosapentanoic acid in the treatment 
of atopic dermatitis. Br J Dermatol 1987; 117:463-9. 

64. Thien FC, Atkinson BA, Khan A, Mencia-Huerta JM, Lee TH. Effect 
of dietary fish oil supplementation on the antigen-induced late-phase 
response in the skin. J Allergy Clin Immunol 1992; 89:829-35. 

65. Berth-Jones L, Graham-Brown RA. Placebo-controlled trial of essen
tial fatty acid supplementation in atopic dermatitis. Lancet 1993; 
341:1557-60. 

66. Black PN, Sharpe S. Dietary fat and asthma: is there a connection? 
Eur Respir J 1997; 10:6-12. 

67. Chang CC, Phinney SD, Halpern GM, Gershwin MD. Asthma mortal
ity: another opinion~is it a matter of life and ... bread? J Asthma 
1993; 30:93-103. 

68. Kaplan TA, Montana E. Exercise-induced bronchospasm in nonasth
matic obese children. Clin Pediatr 1993; 32:220-5. 

69. Peat JK. Prevention of asthma. Eur Respir J 1996; 9:545-55. 



19 Adverse Reactions to Foods 

FRANCESCO GIUSEPPE FOSCHI, LORENZO MARSIGLI, 

FRANCESCO CHIAPPELLI, MICHELLE A. KUNG, MAURO BERNARDI, 

AND GIUSEPPE FRANCESCO STEFANINI 

INTRODUCTION 
Any symptom or sign following the intake of food is called an 
"adverse reaction to food" (ARF). In 1995, the European Academy 
of Allergy and Clinical Immunology (EAACI) published a Posi
tion Paper on ARF (1), which made a thorough review of this 
controversial topic. More recently, a newer Position Paper has 
been provided by the Codex Alimentarius (2). 

Adverse reactions to food are thought to be common because 
they are reported by many patients (about 20%). Nevertheless, 
two studies on the general European population showed by means 
of elimination diets and double-blind placebo-controlled food 
challenges that the actual prevalence of ARF is 1.4-2.4% (3,4). 
This means that only one out of 10 reported ARF is real! 

Adverse reactions to food are broadly divided into toxic, non
toxic, and psychological (Fig. 1). Whereas toxic reactions are 
the result of contaminants contained in foods (e.g., poisonous, 
mushrooms, botulism) and, therefore, can ensue in any subject 
exposed to culpable food(s), nontoxic ARFs depend on a patient's 
sensitivity to some foods and are divided into immune-mediated 
and non-immune-mediated groups. 

Immune-mediated ARFs (food allergy) can be further divided 
into IgE mediated (Type I reactions) and non-lgE mediated (invol
ving immunoglobulins other than IgE, immune complexes and 
cell-mediated reaction). 

Non-immune-mediated ARFs (food intolerance) can be enzy
matic (e.g., lactose intolerance), pharmacological (e.g., reactions 
to vasoactive amines contained in some foods) and the result 
of additives. 

Psychological reactions are usually related to former experi
ences; they are also referred to as food aversion and are largely psy
chosomatic. 

In this chapter, only nontoxic ARFs will be described, as toxic 
reactions are best described elsewhere. Nevertheless, when dealing 
with ARFs, the possibility of toxic reactions should always be 
kept in mind. 

From: Nutrition and Immunology: Principles and Practice (ME 
Gershwin et al. eds.), © Humana Press, Inc., Totowa, NJ 

IMMUNE MEDIATED ARF 

IMMUNOLOGIC BACKGROUND According to Gell and 
Coombs' classification, immunologic reactions can be divided into 
four types: 

1. Type I: IgE-mediated reaction. Food specific IgE anti
bodies bind to high-affinity FCERI receptors on mast cells, 
basophils, macrophages and dendritic cells as well as low
affinity FCERII receptors on macrophages, monocytes, 
lymphocytes, eosinophis, and platelets. When food aller
gens penetrate the gut barrier and reach IgE bound to mast 
cells or basophils, preformed mediators (i.e., histamine, 
serotonin, tumor necrosis factor alpha) are released and 
induce symptoms. After IgE-mediated activation, several 
mediators are synthesized and amplify the immune 
response through the so-called late-phase reaction. 

2. Type II: Antigen-antibody-dependent cytotoxic reac
tion. Antigen-antibody-dependent cytotoxic reactions are 
mediated by antibodies that recognize antigens on the cell 
surface. The complex antigen antibody can activate com
plement, natural-killer, or lymphocytes bearing a high
affinity immunoglobulin receptor (FcyIII, CDI6). Type II 
reactions have been implicated in a few reports of anti
body-dependent thrombocytopenia secondary to the inges
tion of cow's milk. 

233 

3. Type III: Immune complex disease (Arthus type). In 
this type of reaction, inflammation is provoked by immu
nocomplex deposition and subsequent local cell activation. 
This mechanism could have a role in some food allergic 
patients with elevated serum levels of food antigen
antibody complexes. These immunocomplexes can also 
be detected in normal subjects, but further studies are 
needed to better define their role. 

4. Type IV: Delayed-type hypersensitivity reaction. Lym
phocytes (principally Thl type) and macrophages are 
involved in hypersensitivity reactions, which occur several 
hours after the ingestion of food allergens. This mechanism 
represents a major immunological pathway in gut mucosal 
damage. In conditions such as celiac disease and cow's 
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Fig. 1. Scheme of adverse reactions to food(s) according to the 
EAACI. 

milk-induced enteropathy, delayed-type hypersensitivity 
reactions have been clearly demonstrated. 

Oell and Coombs' classification is simple, but the immunology 
of ARFs is far more complex. Like all immune reactions, immune
mediated ARFs depend on the maturation of T cells. The develop
ment and maintenance of immunological memory is a fundamental 
aspect of immune surveillance (5), which can be demonstrated 
across the phylogoenetic tree, in a rather primitive manner in 
invertebrates up to the more sophisticated manifestations we 
observe in higher vertebrates, including human beings (6). 
Increased understanding of the fundamental molecular mecha
nisms that regulate the generation, maintenance, and functional 
diversity of memory immune cells is needed for the development 
of new and improved modes of treatment intervention for a variety 
of human diseases, including ARF. Immunological memory com
prises a vast field of processes, which is principally, though not 
exclusively, concerned with that arm of the immune response, 
which is often referred to as antigen dependent or major histocom
patibility complex (MHC) restricted. Immunological memory is 
also principally, though not exclusively, concerned with the fate 
of cells oflymphoid origin, B cells and T cells (5,7). The cellular, 
biochemical, and molecular processes that control and regulate 
the maturation of B cells and T cells into memory cells are similar, 
although not identical, even in the case, as shown recently, of the 
regulation of B-cell tolerance (8). 

The events leading to the establishment of immune cell memory 
are to be deeply known. One difficulty lies in the still rather crude 
means at our disposal to distinguish between naIve and memory 
cells (9). This can be achieved either by phenotypic characteriza
tion of the cell population or by monitoring certain functional 
responses. Inherent in both approaches are several procedural 
problems, such as the purity of the cell population, which is still 
unresolved today. 

It is generally accepted that circulating T lymphocytes obtained 
from normal healthy donors are generally resting cells, meaning 

that the expression of membrane markers of activation (e.g., CD25, 
CD71, MHC-Dr) is <10% in the cell population. This is not the 
case when circulating T cells obtained from patients with some 
form of immune activation (e.g., food-induced immune reaction). 
The term "resting" signifies that the cells are positioned at the 
00101 interphase of the cell cycle; the cell popUlation is generally 
regarded to be fairly homogeneously resting at that stage. Upon 
stimulation, the cells in the population advance fairly synchro
nously through the initial protein synthesis phase of the cell cycle, 
OJ. through the DNA synthesis phase, S, through the second 
protein synthesis phase, O2, and through the mitotic phase, M. 
Typically, the cell cycle of T cells obtained from young normal 
adult donors and stimulated in vitro is 20-24 h (01: 5-6 h, S: 
9-10 h, O2: 5-6 h, M: 1-2 h). The cells remain relatively well 
synchronized for about four cell divisions, and when pulsed with 
radioactive thymidine eH-TdR) at 72 h for a few hours (6 h to 
16 h, depending upon the laboratory), a sharp peak of radioactive 
macromolecules is obtained, which indicates incorporation of the 
radiolabeled DNA precursor (note: the sharpness of the peak indi
cates synchronicity of the cell popUlation). Following this burst 
of cell division, which may last for 7-10 days, the cell popUlation 
returns to a resting state, unless further stimulation is provided. 
The observation that although several rounds of cell divisions 
occurred during that span of time, the absolute cell number of the 
population could remain unchanged, or actually decrease under 
certain experimental conditions, suggested that a significant 
amount of cell death may be concomitant with cell division. We 
now know that this is, indeed, the case because several of the 
molecular pathways that direct T-cell cycle traversal overlap with 
those that trigger the process of spontaneous cell death, apoptosis. 
Thus, an essential question has arisen, which seeks to determine 
the distinguishing mechanisms that favor T-cell maturation into 
a memory cell versus immune cell apoptosis (7). 

Naive T cells change their phenotypic and functional character
istics in a matter of hours following stimulation. Hence, the pre
ferred terminology at this point is naive effector T cells. As naive 
effector T cells proceed through the several rounds of cell division, 
they acquire phenotypic and functional characteristics, by which 
we now recognize them as mature memory T cells. These cells 
return to a resting stage, but can be stimulated again as effector 
memory T cells. Indeed, there are currently two models for the 
generation of memory T cells: the one states that memory T cells 
arise from activated memory effector T cells that have reverted to 
the resting state, and the other states memory T cells are generated 
directly from naive cells, through the naive effector T cell stage 
(10). Normal healthy young adult subjects generally have close 
to a 1:1 ratio of circulating naive memory T cells, as determined 
by phenotypic markers. Patient populations who are chronically 
or repeatedly exposed to a given antigen, such as a food allergen, 
tend to show pronounced alterations in that ratio, suggesting 
immune imbalance in naive and memory T cells (11-13). It is 
possible and even probable that several but not all of the molecular 
mechanisms that direct naive effector T-cell proliferation should 
be similar to those that direct a memory effector T-cell proliferative 
response. It is also clear that alcohol, putatively because of its 
immediate and direct impact on the oral and intestinal mucosae, 
has polyvalent effects on these molecular events. 

Phenotypically, circulating T cells of normal healthy individu
als express the CD3 moiety, and either CD4 or CD8. Double 
positive cells, CD4 and CD8, characterize serious immunopathol-
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ogy in most cases. Like lymphocytes, they also express the com
mon leukocyte antigen, CD45, but not the monocyte/macrophage 
marker, CDI4. Thus, flow cytometric characterization of the 
CD4S+CD14- cell population provides a gate for lymphocyte, 
within which CD3+CD4+ (CD4 cells) or CD3+CD8+ (CD8 cells) 
cells can be found. Naive CD4 cells and naive CD8 cells only 
express the A restriction fragment of CD45 (CD45RA), which 
they lose within a few hours of stimulation. Thus, naive CD4 
and naive CD8 effector cells are CD45RAdim and eventually 
CD45RA-. As they mature, the cells acquire the 0 restriction 
fragment of CD45. Thus, mature memory CD4 cells and mature 
memory CD8 cells are defined phenotypically as CD45RA
CD45Ro+. Other phenotypic markers are lost by naive effector T 
cells (e.g., CD62L) and are gained by the cells as they attain the 
stage of maturity (e.g., LFAs, VLAs). Whether the conversion 
between the CD45RA and CD45RO phenotype is bi-directional 
is unclear, meaning that CD45RO cells may revert to a CD45RA 
state (14). 

Functionally, as stated earlier, naive T cells are regarded as 
resting, although they are mobile in vivo as they migrate to periph
erallymph nodes by means in part of the homing receptor, CD62L, 
with which they are endowed (15). When stimulated in vitro, 
naive CD4 and CD8 cells become effector cells because they 
begin to produce cytokines, which have autocrine as well as para
crine effects. The first among these is interleukin-2 (IL-2), which 
can be detected as early as 24-48 h following stimulation. Inter
feron (IFN)-y, IL-4, IL-5, IL-lO, and other cytokines are also 
produced by both naive CD4 and CD8 effector cells (9,11,15-18). 
These cells have been referred to as THO cells. 

Further stimulation of memory CD4 cells under well-character
ized conditions generates populations capable of distinct patterns 
of cytokine expression (i.e., Thl: predominantly IL-2 and IFN; 
Th2: predominantly IL-4 and IL-5). These patterns have clearly 
distinct functional effects upon further maturation of CD8 cells 
and other cytotoxic cells (i.e., Th1), or the proliferation and matu
ration of B cells (i.e., Th2) and eosinophils (IL-6). Serum and 
other body fluids obtained from normal healthy individuals show 
typically low levels of Th 1 or Th2 cytokines, and if any, at a rather 
balanced ratio. Patients with some form of immune activation have 
been reported to show either high Th 1 cytokines or high Th2 
cytokines, depending on which arm of the immune response is 
activated (cytotoxicity vs immunoglobulin production). Th2 
cytokine (particularly IL-4) pattern has been related to IgE-medi
ated allergic reactions, with increased IgE synthesis and IgE
mediated responses (19). 

These observations strongly suggest that Th1 and Th2-like 
responses in vivo play a pivotal role in determining immune 
effector mechanisms and clinical outcome (20-22). Moreover, 
additional patterns of cytokines (e.g., Th3) have been reported, 
which further increase the system's level of complexity. 

Another pivotal role in ARF development is played by the 
mucosal immune system of the gastrointestinal tract, which is the 
main immunological organ of the human body and protects against 
pathogens from outside environments such as viruses, bacteria 
and parasites. Throughout life, an enormous quantity of potentially 
allergenic foods is ingested, nevertheless, only few people develop 
ARF. The mucosal immune system can suppress immune response 
to food by oral tolerance (OT), which is a specific immune-reduced 
responsiveness to an antigen after prior mucosal exposure. Cellular 
mechanism(s) producing OT are not well known, but clonal dele-

tion of T cells, clonal energy or active suppression have been 
proposed (23). These mechanisms can lead to a decrease in IgE 
synthesis and cell-mediated response, with reduction of possible 
secondary mucosal damage. T lymphocytes (24) and antigen
presenting cells within the gut seem to playa key role. Moreover, 
OT seems to be related to many factors, such as antigen type 
and dose, frequency of exposure, age of subjects at first antigen 
presentation, atopy, gut permeability, and gut flora. In particular, 
gut flora seems to have some influence on mucosal immune 
response such as IgE synthesis and Th2 regulation (25,26). 

Failure of OT mechanisms are believed to lead to a variety of 
enteropathies including food allergy (27). In children, OT alter
ation is the most likely pathogenic mechanism for food sensitiza
tion. The high prevalence of food allergy in infancy could be 
related to immature OT with spontaneous resolution during devel
opment. In adults, responsible foods are usually vegetables, 
whereas in children, animal allergens are more frequently reported 
(milk, fish, egg). Adult vegetable hypersensitivity is due to cross
reactivity with homologous antigens shared by pollens. It is likely 
that sensitization starts in the airways and subsequent exposure 
to crossreactive food allergen induces symptoms (see the subsec
tion Oral Allergy Syndrome for details). 

FOOD AllERGENS Although food allergens are many, only 
some of them have been identified using the sodium dodecylsul
fate-polyacrylamide gel electrophoresis (SDS-PAGE) method. 
According to present allergen definitions, the following are the 
most important. 

Cow's milk: It is the first food eaten by infants and it is the 
main food responsible for allergy in infancy. It contains approx. 
20 proteins able to induce specific IgE synthesis, mainly caseins 
(80% of milk proteins) and serum proteins. Known major 
allergens are alpha-lactoglobulin or Bos d 4 (molecular weight, 
(MW) = 14.2 kDa), beta-lactoglobulin or Bos d 5 (MW = 18.3 
kDa), serum albumin or Bos d 6 (MW = 67 kDa), immunoglob
ulin or Bos d 7 (MW = 1 60 kd) and caseins or Bos d 8 (MW 
ranging from 20 to 30 kd). 

Egg: Major allergens of chicken's eggs are ovomucoid (Gal 
d 1, 28 kDa), ovalbumin (Gal d 2), and conalbumin (Gal d 3). 
Because of high heat stability, Gal d 1 is frequently responsible 
for allergic reactions resulting from cooked egg or egg deriva
tives added to prepared foods. 

Fish: The best known fish allergen is a muscular parvalbumin 
from codfish, named Gad c 1 (12.3 kd). Gad c 1 is very resistant 
to heat and enzymatic digestion and is responsible for most 
allergic reactions to codfish. 

Soy: Four main allergens can be extracted from soy: serum, 
alpha-glycine, glycinine, and aggregated glycinine. 

Peanut: Two major allergens have been identified: Ara h I 
(63.5 kDa) and Ara h 2 (17 kDa). These allergens can induce 
a sustained IgE allergic response that usually is maintained 
from childhood to adult life. 

Apple: In recent years, much attention has been paid to crossre
activies between vegetables and fruits. Immunoblotting studies 
have shown that major apple allergen Mal d 1 shows great 
homology with major birch allergen Bet v 1, thus explaining 
the so-called birch-apple syndrome (see also the subsection, 
Oral Allergy Syndrome). 
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Conditions 

Disaccharidases 
deficiency 

Galactosemia 

Phenylketonuria 
Alcohol intolerance 
Favism 

Table 1 
Enzymatic Deficiencies 

Deficiencies 

Lactase, sucrase-isomaltase, 
glucose-galactose 

Galactose I phosphate uridyl transferase; 
uridine diphosphate-4-epidermase 

Phenylalanine hydroxylase 
Aldehyde dehydrogenase 
Glucose 6-phosphate dehydrogenase 

Celery: Several allergenic proteins have been identified; the 
most important are the major allergen Api g 1, homologous 
to Bet v 1, and a 15 kDa protein belonging to the family 
of profilins. 

Crustaceans: Shrimp is the most widely studied. Its major aller
gen, a tropomyosin called Pen a 1 (36 kDa) can also be found in 
other crustaceans. Pen a 1 can be responsible for crossreactions 
seldom observed between shrimps and dust mites. 

NON-IMMUNE-MEDIATED ARF 
ENZYMATIC These ARFs are the result of the lack of an 

enzyme with a subsequent increase in its metabolic substrate(s) 
that can induce symptoms in a dose-dependent fashion. The most 
common enzymatic ARF is lactose intolerance, resulting from 
lactase deficiency. Other types are uncommon. Enzymatic ARFs 
are listed in Table 1. 

PHARMACOLOGICAL Some foods (see Table 2) contain 
substances able to provoke direct mast cell and basophil release 
or vasoactive amines (or their precursors) and neurotransmitters, 
thus mimicking allergy inflammation. Some authors indicate these 
reactions as "pseudo-allergies." Moreover, these mediators might 
enhance gut permeability and increase the passage of food through 
the gut barrier with possible sensitization to food allergens. 

ADDITIVE Adverse reactions to food additives (listed in 
Table 3) are very complex and show a wide clinical spectrum 
(28). Their prevalence in the general population is actually 
unknown, but it can be assumed to be less than 1 %, as reviewed 
by Wuthrich (29). These reactions in part overlap with pharmaco
logical and enzymatic intolerance and many forms of pathogenesis 
can be hypothesized with both non-immune and immune-mediated 
reactions. Some additives can act as haptens, combining themselves 

Table 2 
Amines and Releaser Substances in Foods 

Amine 

Histamine 

Tyramine 

Glutamate 
Phenylethylamine 
Octopamine 
Nitrite 

Food 

Wine, fermented cheese, sardines, anchovies, 
spinach, canned foods, frozen fish and 
crustaceans, sauerkraut, tomato, sausages 

Wine, beer, pickled herring, cheese, milk, 
chocolate, egg whites 

Soy sauce, Chinese foods 
Chocolate, cheese, wine 
Citrus fruits 
Sausage 

Colorants 

Preservatives 

Emulsifiers/stabilizers 

Fillers 
Flavors/sweeteners 

Contaminants 
(inadvertent additives) 

Modified from Weber (28). 

Table 3 
Food Additives 

Azo dyes 
• Tartrazine (FD & C yellow #5) 
• Sunset yellow (FD & C yellow #6) 
• Ponceau (FD & C red #4) 
• Carmosine (FD & C red #2) 
Non-azo dyes 
• Erytrosine (FD & C red #3) 
• Indigotine (FD & C blue #2) 
• Brilliant Blue (FD & C blue #1) 
Chorophyll 
Antimicrobials 
• Sodium benzoatelhydroxybenzoic 

acid 
• Parabens 
• Sorbates 
Antioxidant 
• Bisulfites/metabisulfites 
• Butylated hydroxyanisole and 

butylated hydroxy toluene (BHN 
BHT) 

• Tocopherols 
• Gallates 
Ethylene diamine tetraacetic acid 

(EDTA); gum arabic (acacia) 
Tragacanth; propyleneglycol alginate 
Vanillin; saccharin; aspartame; 

sorbitol, mannitol; xylitol; 
monosodium glutamate 

Toxin, biogenic arnines, 
pharmaceutical 

with autologous proteins and provoking immune-mediated reac
tions, as in the case of tartrazine yellow. Sulfites may induce the 
formation of sulfur dioxide, which can, in turn, provoke broncho
constriction. A sulfite IgE-mediated reaction has been observed. 
Moreover, it has been proposed that in some individuals, the defi
ciency of sulfite oxidase may play a role if a large quantity of sulfite is 
ingested. Capsules containing a single additive have been developed 
(Lofarma, Milan, Italy) and are available for diagnosis purposes. 

CLINICAL MANIFESTATIONS OF ADVERSE 
REACTIONS TO FOODS 

Symptoms of allergic ARF may be localized in many organs and 
systems (respiratory tract, skin, cardiovascular system, gut, central 
nervous system) or generalized. In the following subsections, the 
pictures arising from different systems will be discussed. 

SYSTEMIC ANAPHYLAXIS Systemic anaphylaxis (SA) is 
the most severe from of IgE-mediated reaction and is the result 
of sudden IgE-mediated release of mediators (histamine, serotonin, 
prostaglandins, leukotriens), stored in or newly synthesized by 
mastcells, basophils, and eosinophils.1t is very difficult to evaluate 
the true SA prevalence and mortality because about half of the 
patients admitted to the hospital with anaphylaxis do not have a 
previous diagnosis of food allergy and a study showed that 40% 
of patients were given a wrong International Classification of 
Disease code at the time of discharge (30); moreover ingestion 



CHAPTER 19/ ADVERSE REACTIONS TO FOODS 237 

of hidden allergens is involved (31). In the United States, up to 
2500 SA and 125 deaths per year are reported (32). Death from 
anaphylaxis because of food allergy is more frequent than hyme
noptera sting anaphylaxis (33). Death is usually related to acciden
tal ingestion of allergic food. All foods can induce a fatal reaction, 
but peanuts, tree nuts, fish and shellfish (shrimp, lobster, crab, 
scallops, oyster), some fruit (kiwi), and seeds (cottonseed, sesame 
seed, psyllium) are more frequently involved. Most patients with 
anaphylaxis have a previous diagnosis of asthma. In highly sensi
tive patients, food anaphylaxis may develop not only after eating 
but also after contact or inhalation of responsible food. Many 
dramatic cases are reported in medical literature. 

Latex-allergic patients may show anaphylaxis after ingestion 
or contact with latex crossreacting foods (chestnut, banana, and 
avocado (34,35). Anaphylaxis usually ensues within a few minutes 
from contact to culpable foods. Patients first complain of lips, 
tongue and mouth itching, then skin itching, laryngeal and upper 
and lower airways edema, bronchospasm, and vasodilation occur. 
Bronchospasm tends to be severe and largely refractory to beta
agonists. Secondary hypoxia and hypotension and cardiac failure 
lead to unrecoverable shock. Diagnosis of anaphylaxis is made on 
a clinical basis. Therapy relies on steroids, adrenaline, circulatory 
support and cardiopulmonary resuscitation. Food-exercise
induced anaphylaxis (FElA) is an uncommon type of food anaphy
laxis that arises only during physical exertion preceded by con
sumption of food and does not produce any symptoms at rest. 
Patients with FEIA show specific IgE against culpable food. Sever
ity of anaphylaxis may vary greatly from a full-blown clinical 
anaphylactic picture to simple urticaria or asthma attack. Diagnosis 
of FEIA is best achieved following a recently published diagnostic 
protocol (36). 

SKI N Skin is one of the most common target organs in ARF, 
both immune and non-immune mediated. Gut provides a good 
barrier against the entry of several substances or microorganisms 
from the lumen; nevertheless, food antigens may cross the gut 
and reach the bloodstream, thus evoking reactions. 

Atopic Dermatitis Atopic dermatitis (AD) is a chronic 
eczematous pruritic cutaneous disease usually beginning in early 
infancy and very common in children (about 10%), although it 
can also be found in adults. It is frequently associated with seasonal 
rhinitis and asthma. 

Atopic dermatitis itchy erythema generally begins at 3 mo of 
life and evolves into eczematous and crusty lesions, often with 
fissures. Initially, involved sites are scalp, cheeks, and ears, then 
lesions spread to the flexor aspect of the wrist and elbow, hands, 
feet, and periorbital regions. The histological appearance of AD 
is similar to that of classic contact dermatitis, with epidermal 
vesicles and dermal histiocytic and lymphoid infiltrate, thus impli
cating a cell-mediated hypersensitivity pathogenesis. In the skin 
of AD patients, CD4+ Th2lymphocytes, IgE-bearing Langheran's 
cells, and eosinophil products, such as eosinophilic cationic protein 
(ECP) and major basic protein (MBP), can be found. Langheran's 
cells can act as antigen-presenting cells (37) and activate Th2 
lymphocytes which can produce several cytokines (lL-4, L-5, IL-
6, IL-I0) with proinflammatory and chemotactic effects. The role 
of food(s) and IgE in AD is very controversial. About 25% of 
patients with AD show food-specific IgE. In a recent double-blind 
placebo-controlled food challenge (DBPCFC) study on children, 
Burks and coworkers (38) found that in about 38% of patients, 

AD was provoked by food and milk, egg, peanut, soy, wheat, cod 
fish and catfish, and cashew. 

The exact pathogenesis of AD as an ARF is not known, but 
it is likely that food allergens absorbed in the gut reach the skin 
through blood vessels and provoke mast cell activation with imme
diate-phase mediator release and production. Thereafter (several 
hours later), a late-phase reaction with infiltration develops, invol
ving Langheran's cells, CD4+ Th2lymphocytes, and eosinophils. 

This sequence can also be seen in clinical AD: A few minutes 
after ingestion of culpable food(s) some patients complain offace 
and mouth angioedema, contact urticaria, and itching. Some hours 
later, eczematous skin lesion appear and/or flare up. 

Intolerance mechanisms may also be important in AD, because 
alcoholic beverages, preservatives and dyes may worsen its course. 
In fact, about 20% of patients with AD have normal IgE serum 
levels and negative skin prick tests to common allergens. Finally, 
inhalants (in particular, dust mites) can playa role in inducing 
and/or maintaining AD lesions. 

Dermatitis Herpetiformis Dermatitis herpetiformis (DR) is 
a chronic and very itchy skin rash, characterized by symmetric 
involvement of the extensor aspects of limbs and buttocks by 
papulae and blisters. It could mimic AD, with a risk of misdiagno
sis. DR is strongly linked to celiac disease: More than 85% of 
patients with DR (39) have gluten sensitive enteropathy, usually 
with milder intestinal lesions. Moreover patients with DR have 
IgG and IgA anti gliadin antibodies (40). Immunohistochemical 
studies of skin in patients with DR have shown the presence of 
granular and less frequently linear deposition of dimeric IgA, 
neutrophils and C3 in the dermo-epidermal junction. Response to 
a gluten-free diet is not always complete. 

Urticaria and Angioedema Urticaria and angioedema (UA) 
are very common skin disorders, affecting about 15-25% of gen
eral population. Erythematous itching plaques involving the derma 
with subcutaneous edema characterize urticaria; angioedema 
occurs if deeper subcutaneous tissues are also involved. UA has 
a worse prognosis than urticaria alone. About one-half of patients 
complain of self-limiting episodes of acute UA, with fewer than 
6 wk duration. In the other half, UA can have a chronic course 
of more than 6 mo duration. UA is related to many diseases, 
ranging from malignancy to infections, and therefore should not 
be considered a mere "allergic" disease. Differential diagnosis for 
UA is very complex and should never be underestimated (41). 
Foods can induce acute urticaria episodes, but it is not always 
clear whether they are responsible for chronic UA. Some authors 
have found food to be responsible for symptoms in 12-17% of 
urticaria children and adults (42,43). There are also many anec
dotal reports claiming a role for preservatives in UA. 

It is likely that foods and preservatives are also responsible 
for chronic UA, but the complexity of this disease suggests a 
thorough clinical evaluation of the patient before starting any 
allergic diagnostic procedure. 

Contact Dermatitis Contact dermatitis is a Type IV hyper
sensitivity reaction, mediated by sensitized T lymphocytes, charac
terized by inflammation and edema of those parts of the skin that 
have been in contact with provoking agents. Foods can also induce 
contact dermatitis but this is seen mainly as an occupational dis
ease. Food patch testing can be useful in the diagnosis, together 
with a dietary approach. Nickel is a well-known provoking agent 
for contact dermatitis and is also contained in several foods (in 
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Table 4 
Cross reactivity Between Inhalants and Vegetables 

Ragweed 
Birch 

Mugwort 
Grass 

Hazel tree 

Melon, banana, watermelon, gourd family 
Apple, hazelnut, peach, carrot, potato, cherry, fennel, 

celery, kiwi 
Celery 
Tomato, melon, watermelon, fennel, celery, kiwi, 

peanut, wheat 
Hazelnut 

particular, fresh or canned vegetables). Avoidance of nickel-con
taining foods should be recommended to patients with contact 
dermatitis caused by nickel. 

GASTROINTESTINAL TRACT 
Oral Allergy Syndrome The Oral Allergy Syndrome (OAS) 

is one of the most common ARF in adults. Responsible foods are 
generally raw fruits and/or vegetables and spices, but milk and 
derivatives, eggs, and fish may be involved. Symptoms of OAS 
are mainly itching and angioedema of lips, mouth, cheeks, and 
pharynx, ensuing some minutes (5-30) after chewing or swallow
ing foods (44). Papulovesicular eruption of oral mucosa and wors
ening laryngeal involvement may occur. Swallowing of responsi
ble foods may provoke gastrointestinal (abdominal pain, nausea, 
vomiting, diarrhea) and systemic pictures. Life-threatening reac
tions are not uncommon among patients with OAS: in about 13% 
of cases, history discloses one episode of laryngeal edema and 
anaphylaxis in 2.1 % (45). 

As is common in patients allergic to pollens: about 40% of 
patients with hay fever complain of oral symptoms when eating 
fresh fruit and vegetables (46). In particular, allergy to birch 
seems related to the development of ~AS. Patients usually report 
symptoms not to one single food but to clusters of botanically 
related fruits and vegetables, such as nuts-apple-pear, potato
carrot, watermelon-melon-tomato and others. OAS is an IgE
mediated reaction and sensitization to vegetables relies on cross
reactivity between pollens and vegetables (Table 4). Crossreactiv
ity is due to common allergenic epitopes shared both by vegetables 
and pollens (47). These epitopes have been greatly conserved 
during vegetal evolution because they have very important bio
logic functions. One of the most studied is Bet v 1, the major 
allergen of birch pollen, which shows a very strong homology 
with the apple allergen Mal d 1 (48). This finding can explain the 
well-known relationship between birch allergy and OAS to apple. 
Crossreactions involving wider clusters of fruits and vegetables 
may be related to the presence of profilins (49), which are present 
in almost all eukaryotic cells because they regulate actin polymer
ization. Also carbohydrates and glycoproteins seem to be involved 
in pollen-vegetables crossreactions. 

In atopic subjects, IgE synthesized as a response to pollens 
and carried by the mast cells can also bind to epitopes on vegeta
bles, thus evoking mast cell degranulation on the site of contact 
(i.e., oropharyngeal mucosa). 

Crossreacting epitopes are very weak and can be disrupted by 
cooking or other food processing procedures, thus explaining the 
common observation that usually only raw foods elicit symptoms. 

Diagnosis is based on the patient's history and finding of 
specific IgE, by means of serum assay and skin testing. Skin 
testing in OAS is best performed with fresh food, since food 
extracts are less reliable (50). Food challenge is rarely useful in 

OAS diagnosis, as the history is usually suggestive. If needed, a 
challenge could be performed using milkshake-like beverages, 
also in a double-blind fashion. Lyophilized extracts in capsules 
are not useful (see the section on Diagnosis). 

lactose Intolerance Breast milk is the first eaten and usually 
tolerated food but lactose digestion is conserved by a minority of 
adults, mostly from northern countries. Lactose intolerance (LI) 
is therefore very common: its prevalence varies from 5% in north 
Europe to 90% in Africa and Asia. Moreover it can be found in 
diseases involving the small intestine, such as celiac spruce. Lac
tose is digested by lactase, a disaccharidase present in the small
gut brush border. If a lactase deficit exists, undigested lactose 
remaining in the gut lumen exerts an osmotic effect, provoking 
water retention. Moreover, intestinal bacteria can ferment lactose, 
producing organic acid and hydrogen. Lumen distension by gas 
provokes borborigmi and pain, and water retention results in diar
rhea. These are the main clinical aspects of LI. 

Diagnosis is best done by a H2 breath test, which serially 
evaluates, in the presence of LI, the rise in hydrogen concentration 
in breath after lactose intake. Another way, less sensitive and 
specific, is to monitor blood glucose levels (also capillary) after 
lactose intake: A rise in blood glucose levels should rule out LI. 

Because milk and lactose are widely used in food preparation, 
avoidance of dietary lactose, the best therapy, is very difficult 
to achieve. Hydrolyzed milks (containing galactose and glucose 
instead of lactose) and beta-galactosidase tablets are commonly 
available in Western countries. Patients should also be advised 
that the intake of up to 240 mL, of milk per day in refracted doses 
is usually associated with negligible symptoms (51). 

Food-Sensitive Enteropathy Food-sensitive enteropathy is 
characterized by diarrhea, vomiting and malabsorption syndrome 
occurring in atopic infants. Cell-mediated hypersensitivity against 
cow's milk, chicken, egg, fish, and soy protein seems to be 
involved. The histologic appearance of the duodenum is aspecific, 
but there is often a good response to exclusion diet, and tolerance 
can be regained at the age of 1-2 yr. 

Food-Sensitive Colitis Food-sensitive colitis is an acute coli
tis with bloody diarrhea occurring in infants of less than 1 yr of 
age. Histologic appearance of food-sensitive colitis is different 
from ulcerative colitis because of the presence of eosinophilic 
infiltration within the lamina propria. As in food-sensitive enterop
athy, tolerance is restored before the age of 2 yr. 

Eosinophilic Gastroenteritis Eosinophilic gastroenteritis is 
an uncommon disease characterized by peripheral eosinophilia 
and eosinophilic infiltration of gut layers, occurring anywhere in 
the gastrointestinal tract, although stomach and small intestine are 
more frequently involved. Symptoms are related to the extent of 
infiltration. If only the mucosa is involved, patients complain of 
abdominal pain, nausea, vomiting and diarrhea (seldom bloody); 
malabsorption symptoms may be present. The involvement of the 
gut muscle layer leads to symptoms of intestinal obstruction, 
whereas eosinophilic ascites is found in serosal layer infiltration. 
The cause is unknown, but in some patients, AFR can have some 
relevance, particularly those with mucosal disease, who may 
respond to elimination of a specific food. Muscle and serosal 
disease usually do not respond to dietary treatment and seldom 
require corticosteroids or surgery. 

Celiac Disease Celiac disease is a malabsorption syndrome 
resulting from an abnormal immune-mediated reaction against 
gliadin and characterized by atrophy of small-intestine villi, hyper-
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plasia of Lieberkuhn's cryptae, and lymphoid infiltration of the 
lamina propria. Gliadin is a fraction of the cereal protein gluten. 
Malabsorption is the result of small gut damage and depends of 
their extent. Thus, the clinical spectrum and malabsorption can 
vary widely from a severe picture with growth disturbance in 
children to simple lactose intolerance or iron-deficiency anemia 
or even an apparently unrelated clinical picture (52). In CD genetic 
factors play an important role and patients with CD show the 
presence of HLA-DQ2, DQ8, and DR3 (53). Moreover, associa
tion with other immunologic diseases can be found. 

Intestinal lesions are likely to be provoked by T-CD4+ lympho
cytes that recognize gliadin expressed by enterocytes together with 
HLA-II antigens. Cytokine release seems to increase expression 
ofHLA-II by enterocytes and adhesion molecules and cell prolifer
ation within the cryptae, thus amplifying the immune response 
and cell damage through both cytotoxic effect and toxic mediators. 
Cytokines may also increase gut permeability and induce B-lym
phocyte proliferation and differentiation into plasma cells with 
the increase in antibodies against gliadin. 

Celiac disease can be strongly suspected if a patient has IgG 
and/or IgA antigliadin (AGA) and antiendomysium antibodies, 
but this must be confirmed by histological findings since positivity 
to AGA alone is not strictly specific (54). Histologic specimens 
are obtained by endoscopic duodenal biopsy before and 6-12 mo 
after a gluten-free diet. Gluten is contained in wheat, barley, oats, 
and rye, but not in rice and maize. Concomitant lactose intolerance 
can be diagnosed by H2 breath. 

Strict avoidance of gluten is the best treatment for CD. This 
can be a difficult task to achieve, as gluten is widely present in 
many foods. Patients must, therefore, be carefully instructed on 
their diet and on availability of trade gluten-free foods. Lactose 
should also be avoided if lactose intolerance is present. CD symp
toms usually disappear in a few weeks. If not, diet adherence 
must be confirmed. If symptoms do not disappear on confirmed 
guten-free diet, another diagnosis must be considered. 

Careful follow-up of patients with CD is mandatory because 
malignant complications (mainly lymphomas of gastrointestinal 
tract) may ensue in about 10% of cases. 

RESPIRATORY SYSTEM AND ARF 
Rhinitis Rhinitis due to food allergy is uncommon. It can 

occur several hours after the ingestion of food as a late-phase 
reaction or suddenly in anaphylactic reactions. Food-allergy rhini
tis can also have an occupational occurrence as in rhinitis, resulting 
from inhalation of milk protein (55). Rhinitis caused by food 
additives is even more uncommon. 

Asthma Although food is an uncommon cause of bronchial 
asthma, both immune- and non-immune-mediated reactions may 
ensue in the respiratory system (56), more frequently in children 
than adults (57) and usually correlated to milk, egg, peanuts, and 
wheat hypersensitivity (58). 

As discussed for the oral allergy syndrome, it is well known 
that patients with pollen allergy also have IgE against fruits and 
vegetables, thus characterizing some association of pollens and 
clusters of vegetable foods. In countries with low concentrations 
of birch and mugworth, ARF are responsible only for a small 
percentage of perennial asthma [i.e., 4-6% in children (59) and 
1-4% in adults (60)]; if concentrations are higher, about half of 
pollinotic patients are found to be allergic to vegetable foods (46). 

Respiratory symptoms as a result of ARF can be divided into 
acute and chronic. Acute respiratory symptoms appear in anaphy-

laxis as sudden bronchial constriction: They are generally IgE 
mediated and lead to severe and sometimes lethal clinical pictures 
(61,62). In other less well-defined clinical pictures, asthma can 
have a chronic clinical course and be associated to other symptoms 
such as atopic dermatitis and rhinitis. 

In patients with food allergy, ingestion of culpable food may 
provoke release of mast cell mediators, both stored and newly 
synthesized, which can trigger bronchoconstriction directly and 
through late-phase chemotactic reactions. Leukotriens playa piv
otal role. In food intolerance, some additives, such as sulfites (63) 
may directly provoke asthma or directly induce mast cell release. 

The relationship between food and asthma can also rely on a 
mere nutritional plan. In asthmatic patients, some authors have 
found a protective role for tocopherols (64) and ascorbic acid 
(65), others have supposed that overintake of polyunsaturated fatty 
acid could favor the onset of asthma (66). 

A particular type of food-allergy asthma is food-dependent, 
exercise-induced asthma, in which asthma ensues during exertion 
only if the patient previously ate the culpable food. In some cases, 
food-dependent, exercise-induced asthma may be associated with 
anaphylaxis (see the subsection, Systemic Anaphylaxis). 

Finally, it must be taken into account that exposure to food aller
gens can be also the result of inhalation of food powder. This happens 
mainly in food processing workers. The pathogenesis is likely to be 
IgE mediated: workers exposed to the inhalation of food powders 
compared to nonexposed ones show food-specific IgE and complain 
more frequently of chronic respiratory symptoms (67,68). Atopy 
seems to be a predisposing factor (69). Of course, food powder can 
also provoke asthma by direct airway irritation (70). 

Diagnosis of respiratory ARF is best achieved by means of an 
elimination diet followed by a food challenge (as described in Diag
nosis). The appearance of respiratory symptoms during food chal
lenge can be obtained by repeated ventilatory tests after the inges
tion of the food to be challenged; ventilatory tests must be performed 
up to 8 hours after the ingestion of the challenged food because 
of the presence of late respiratory reactions (71). Challenge is 
positive if a 20% fall in FEV j occurs, with FEV j variability less 
than 20% after ingestion of placebo (72). Also modification in 
aspecific airways responsiveness during challenge can be useful 
for diagnosis (73). Although this method is less feasible, it could 
improve diagnosis, because challenge may only increase bronchial 
responsiveness without inducing constriction (74). 

Heiner's Syndrome Heiner's syndrome (75) is a lung hemo
siderosis occurring in infants and characterized by eosinophilia, 
frequent episodes of pneumonia, asthma, rhinitis, and gastrointesti
nal complaints. Patients usually show IJG antibodies against cow's 
milk, thus suggesting a role for the ARF mechanism. The patho
genesis is unclear. 

CONTROVERSIAL CLINICAL PICTURES 

INTRODUCTION As described earlier, about one-fifth of the 
general population report ARF; moreover, some doctors overesti
mate foods as a cause for many symptoms. This has led to the 
conviction that foods could play a role in the pathogenesis of 
several common and uncommon diseases of uncertain etiology and 
to the development of many diagnostic tools of unproven value. 

In this section, we briefly report the findings on the possible 
relationships between foods and various diseases of uncertain 
etiology. Most reports deal with anecdotal observations rather 
than scientific confirmation by means of DBPCFC. 
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IRRITABLE BOWEL SYNDROME Many relationships exist 
between irritable bowel syndrome (IBS) and foods. Nanda et al. 
found that 48.2% of patients with IBS improved their symptoms 
after a diet which excluded several foods (76). Many studies, 
reviewed in (77), mainly performed in animal, have shown that 
allergen challenge on gastrointestinal mucosa of a sensitized ani
mal alters gut function through mast cell mediators release. In 
particular, mast cell mediators provoke an increase in gut active 
secretion of Cl- and H20 and a decrease in absorption of Na+, Cl
and H20, alter the gastrointestinal motility pattern, and increase 
permeability. It is noteworthy that in animal experiments in vivo, 
these pathophysiologic effects provoke diarrhea. According to 
these observations, a trial of cromolyn sodium, which inhibits 
mast cell release, proved useful in 60% of 101 adult patients with 
diet-dependent diarrheic IBS (78). The response was significantly 
higher in patients showing IgE toward foods responsible for their 
symptoms. These results have been confirmed by further studies 
on larger series (79). Many investigations found that colonic motil
ity in patients with IBS differs from that in normal subjects; in 
particular, an enhanced preprandial motility can be observed (80). 
These observations imply a strong relationship between IgE-medi
ated ARF and diarrheic habits. IBS is a very common (15-20% 
of the general population) gut disorder characterized by various 
bowel habits (from constipation to diarrhea), bloating, abdominal 
pain and altered bowel feelings. Diagnosis is usually made by the 
exclusion of other organic causes. A role for ARF in IBS has 
been widely investigated. In five studies (81-83) double-blind 
challenge were performed to establish the role of ARF in IBS, 
but a causal relationship could be found only in a few patients. 
However, foods may be the cause in the diarrheic IBS subset 
through an IgE mediated mechanism and sugar malabsorption 
(see above). 

CHRONIC FATIGUE SYNDROME AND NEUROPSYCHO
LOGICAL COMPLAINTS The Chronic Fatigue Syndrome 
(CFS) is a clinical entity characterized by persisting or remitting, 
debilitating fatigue in the absence of other defined diseases. CFS 
etiology is unknown, but links have been found with some condi
tions such as chronic viral infections, immune system alterations 
and oligo-elements deficiency. CFS diagnosis is mainly performed 
on a clinical basis (finding of fatigue associated with some minor 
symptoms and signs) and no specific laboratory tests are available. 
Extended laboratory examinations are of little, if any, value. CFS 
patients frequently complain of symptoms that could suggest aller
gies to drugs, food and inhalants and show specific IgE against 
inhalants or foods by serum evaluation and skin testing (84). At 
present, foods are not thought to have a causative role in CFS. 

Medical literature reports two cases of neuropsychological 
complaints, confirmed by DBPCFC, provoked by food (crying 
and hysteria resulting from milk and EEG changes induced by 
beef). Neuropsychic disorder may be secondary to well-known 
somatic effects of ARF. There are, however, no convincing data 
that neuropsychological symptoms are related to ARF. 

HYPERKINETIC SYNDROME Behavior problems in chil
dren are often attributed to food by parents. In the mid seventies 
Feingold observed an improvement in 30-50% of hyperactive 
children put on an artificial colors- and flavors free diet (85). 
These findings gained wide popUlarity but were not confirmed by 
further studies. 

Headache The role of ARF in migraine and/or common 
headache is very controversial (86). Foods are able to induce 

vascular headache. Food amines and/or neurotransmitters (hista
mine, tyramine, phenylethylamine, etc.) can act directly both on 
blood vessels and on mast cells, leading to secondary release of 
their mediators (87), which can also be provoked by food allergens. 

On the one hand, some authors found that hypoallergenic diets 
were effective in patients with headache, but elimination of skin 
prick test (SPT)-positive foods was not (88), whereas others 
showed an IgE-mediated relationship through DBPCFC (89). On 
the other hand, Atkins failed to demonstrate by DBPCFC any 
correlation between foods and migraine (90). 

Although few papers studying migraine and headache by DBP
CFC are available, it is likely that ARFs can provoke headache. 

OTITIS SEROSA Otitis media serosa (OMS) is a chronic 
inflammation on the middle ear, usually involving the Eustachian 
tube and mastoid cells, often leading to hearing loss. Patients 
(particularly children) frequently report OMS with respiratory 
allergy. In a few cases, OMS could be caused by food allergy, 
usually to dairy products, and is responsive to dietary restric
tion (91). 

RECURRENT APHTOUS STOMATITIS This disorder is 
characterized by recurrent, single or multiple mouth ulcerations 
that can also be severe enough to hamper chewing. They could 
be associated with virus infection and food-related conditions, 
such as oral-allergy syndrome, inflammatory bowel disease, and 
celiac sprue. The pathogenic mechanism is currently unknown, 
but ARF should be considered and eventually confirmed by accu
rate investigation. 

HISTAMINE INTOLERANCE Physicians in the treatment of 
urticaria and other not well-defined allergy-like symptoms have 
frequently prescribed histamine-free diets. 

An example of histamine intoxication is given by scombroid 
poisoning. High histidine contents of spoiled fish is converted 
into histamine whose increase may provoke headache, vomiting, 
diarrhea, tachycardia, and flushes. Histamine increase is also 
enhanced by a secondary decarboxylase defect caused by other 
spoiled fish amines (such as putrescine and cadaverine). Primary 
decarboxylase defect is actually uncommon, and in cases other 
than scombroid intoxication, a histamine-free diet is not advised. 

RED EYE The prevalence of eye symptoms in food allergy 
has not been clearly defined: About 5% of patients with red eye 
show food-specific 19B. Food allergy seems to have little if any 
importance in the eye. Eye symptoms are mainly conjuctivitis 
resulting from accidental contact with food (92). 

PEPTIC DISEASE De Lazzari and co-workers (93) studied 
232 patients with peptic ulcer disease and found that 21 % showed 
total IgE serum levels above 200 kUIL. Although the clinical 
response to H2 antagonists in these subjects was not related to 
IgE level, ulcer relapse after 6 mo was significantly lower in 
patients with normal circulating IgE than in patients with high 
circulating IgE (11.9% vs 39.5%, p<O.OOI) (93). In patients with 
ulcers and hypersensitivity to inhalant allergens, some interesting 
studies showed an immediate reaction of the gastric mucosa after 
intragastric allergen provocation under endoscopic challenge; the 
intensity of the reaction was positively correlated to an increased 
number of mast cells in the gastric mucosa (94,95). 

This may be indirect evidence of a possible role for foods in 
peptic disease, but further studies are needed. 

INFLAMMATORY BOWEL DISEASE (CROHN'S DISEASE 
AND ULCERATIVE COLITIS) The etiopathogenesis of Crohn' s 
disease (CrD) and ulcerative colitis (UC) is currently unknown. 
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CrD and DC result from an interaction among genetic predisposing 
factors, immunological system alterations, and environmental 
influences (such as gut flora). The initial triggering factor of the 
inflammatory reaction remains unknown. Food allergy was sug
gested early as a possible trigger for the inflammatory response; 
however, no firm evidence has been gathered over the years to 
substantiate this possibility. 

Relationships between nutrition and inflammatory bowel dis
ease (IBD) have been found, thus implicating ARF in their patho
genesis. Interestingly, previous studies on mast cell number in 
CrD have showed contradictory results, but an increased intestinal 
histamine secretion in active CrD has been well demonstrated (96). 

In active CrD, elemental diets have been proposed as an alterna
tive to steroids. Although diets are less effective than steroids 
(97), their response rate is higher than placebo; moreover, food 
intolerance/sensitivities have been found in CrD patients, particu
larly to dairy products and some studies showed that patients 
eliminating culpable foods maintain remission of symptoms for 
a longer period than those on an unrestricted diet (98,99). These 
results could indicate a pathogenic role for foods in CrD, although 
definitive conclusions are needed. The response to elemental diet 
in DC is lower and ARFs do not seem to be a risk factor in this 
disease (100). 

COLlAGENOPATHIES AND VASCULAR DISEASE Medi
cal literature reports that foods and additives may provoke and 
worsen vasculitis symptoms (101), but no DBPCFC confirmations 
were done. Allergic patients often complain of several joint symp
toms. This link seems to be the result of the presence of certain 
polyunsaturated fatty acids that can influence the synthesis of 
proinflammatory and anti-inflammatory mediators (102). A role 
for food has also been suspected in rheumatoid arthritis (103). 

In conclusion, it must also considered that joint symptoms and 
vasculitis are characteristic of defined autoimmune disease (e.g., 
rheumatoid arthritis) as well as conditions of uncertain etiology, 
but with the presence of an autoimmune background, such as 
IBD. ARFs may be linked with these supposed or defined autoim
mune diseases. 

DIAGNOSIS 
Careful history-taking in patients with suspect ARF can lead to 
a correct diagnosis and identification of culpable food. This is 
generally true for those who complain of obvious allergic clinical 
pictures (e.g., anaphylactic shock, urticaria angioedema, severe 
asthma, oral-allergy syndrome) ensuing after the intake of the 
same food(s). 

In patients complaining of less well-defined clinical pictures 
or if their history does not disclose the food responsible for symp
toms, a correct diagnosis of ARF can be achieved by dietary 
manipulation. Of course, physical examination should be per
formed in all patients suspected to have ARF, also in order to 
rule out other diseases (104). There are four main types of diet: 
simple exclusion, empirical, few foods, and hypoallergenic for
mula. A thorough review of dietary manipUlations has been pro
duced by Carter (105). In this authors' experience, diet diagnosis 
of ARF is best reached by an elimination diet (ED) (Table 5). 
ED is a simple diet made up of all those foodstuffs that are poorly 
reported as responsible for ARF and should be used for 2-6 wk. 
The duration depends mainly on type of symptoms, as gastrointes
tinal complaints may disappear within few days, whereas skin 
symptoms usually need 1 or 2 wk to resolve. If symptoms signifi-

Table 5 
Elimination Diet 

Rice 
Lamb and turkey meat 
Peeled pears or pineapple 
Water 
Salt 

Cooked potatoes and carrots 
Lettuce 
Olive oil 
Sugar 
Tea 

candy decrease or even disappear, the diagnosis of ARF is very 
likely. However, if reported symptoms are occasional, ED is no 
longer useful, as no reduction and/or disappearance of symptoms 
can be demonstrated. After ED, diagnosis is better defined by 
food challenges with all eliminated foodstuffs and particularly 
with those believed culpable. Food challenges should not be per
formed if ED has not modified patient's symptoms. During chal
lenges, patients must be told to keep a diary with challenge dates, 
evoked symptoms (if any), and the time between food intake and 
the appearance of symptoms. A list of all foods to be challenged 
must be given to the patient: each food must be eaten for 3 
consecutive days; the suggested quantity is the normal serving 
dose for that food. If no symptoms arise, the food is considered 
safe and can, therefore, be eaten by the patient without any further 
restriction. If any symptoms arise, the food is considered culpable; 
in this case, the challenge is stopped and the patient must eat ED 
and safe foods (i.e., all challenged food unable to evoke symptoms) 
until all symptoms disappear. When the patient is again asymptom
atic, challenges with other foods can be started. Also, some food 
and food additives can be challenged using special diagnostic 
jelly capsules containing lyophilized extracts. We recommend 
following the manufacturer's instructions carefully. Open chal
lenges must be confirmed by DBPCFC. DBPCFC has been consid
ered the "gold standard" in ARF diagnosis, but it can be performed 
only for one or few foods, it is not free from severe and even 
life-threatening reactions, its psychological bias is very high, and 
interpretation of results may be difficult (106). DBPCFC can be 
performed using milkshake-like beverages containing foods to be 
tested strongly flavored to mask the taste of the food or better the 
above-mentioned capsules. The choice of foods to be tested is 
based on the patient's history, RAST result or both. 

Figure 2 shows the diagnostic flowchart of ARF. When the 
responsible foods have been identified, pathogenesis of ARF can 
be found by means of other diagnostic procedures. SPT and serum
specific IgE evaluation is useful for the diagnosis of allergic ARF. 
SPT have a high negative predictive value and sensitivity, but 
low specificity. SPT can be performed using either commercial 
food extracts or raw foodstuffs. This latter technique, called "prick 
by prick," should be avoided in patients with a previous history 
of severe allergic reactions due to the risk of anaphylactic shock 
following the prick test. 

Skin-prick tests give semiquantitative results. Skin reactions 
evoked by foods are considered positive when the reaction size 
(hive diameter) is similar to that provoked by a 1 : 1000 histamine 
solution. Serum-specific IgE evaluation is very specific and can 
be achieved by different laboratory methods. Serum-specific IgE 
evaluation may be performed instead of SPT when the patient 
has skin diseases (such as eczema, urticaria, wide scars) or dermo
graphism, is on antihistamines, or if food-induced anaphylaxis 
is suspected. If food additives are responsible for the patient's 
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ADVERSE RECTIONS TO FOODS: 
DIAGNOSTIC FLOWCHART 

Possible reported 
adverse reaction to food(s} 

History 

Th ree-weeks 
elimination diet 

YES 

Adwrse reaction to food unlikely. 
Look for other causes, keeping in mind 

that the possibility of a rare adverse reactions 
to elimination diet foods exists. 

FOOD 
INTOLERANCE 

symptoms, the evaluation for specific IgE is of no value because 
additives generally provoke only non-immune-mediated ARF. 

Recently, Sampson and Ho (107) reviewed about 200 patients 
who underwent DBPCFC correlating challenge outcomes to sev
eral food-specific IgE concentrations. For egg, milk, peanut, and 
fish, the authors found the specific IgE concentration above which 
patients were very likely (more than 95%) to have a positive 
challenge. The importance of this finding is striking, because it 
could eliminate the need of DBPCFC in the diagnosis of IgE
mediated allergy. 

Several new diagnostic tools have been proposed in ARF, such 
as measurement of inflammatory mediators (eosinophil cationic 
protein [ECP), eosinophil protein X [ECX), methylhistamine, trip
tase) in serum or in feces, basophil histamine release (BHR) 

NO 

Elimination diet 

Try a new foodstuff 
for 3 days I 

Put foodstuff off 
from patient's diet 

FOOD 
ALLERGY 

Put foodstuff 
in patient's diet 

test, cellular allergen stimulation test (CAST), intestinal mast cell 
histamine release (IMCHR) test, measurement of histamine in 
gastric lavage fluid, intragastric provocation under endoscopic 
control (lPEC), and colonscopic allergen provocation (COLAP). 
At present, little clinical experience is available for these tests 
and their use is limited to research field. COLAP, in which the 
intestinal mucosa is challenged endoscopically with antigen 
extract (107), seems to be very promising. Moreover, this test 
reduces the risk of an anaphylactic reaction that could be present 
in DBPCFC, but only a few foods can be tested and it is uncom
fortable. 

Many controversial techniques such as the cytotoxicity test, 
sublingual and subcutaneous provocation-and-neutralization test, 
change in muscular strength after sublingual food challenge (the 
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Table 6 
Main Aspects of Dietary Treatment in ARF 

Define exactly culprit foods 
Always keep in mind the composition of trade foods 
Evaluate the nutritional, psychological, and social impact of dietary 

exclusions 
Consider crossreactivity among different foods 

so-called DRIA test), evaluation of immune complexes, electro
acupuncture, and applied kinesiology (manual muscle strength 
measurement while patient holds a bottle containing the food to 
be tested) have been used in ARF diagnosis. The efficacy and 
reliability of all these techniques are unproved to date and their 
use must be discouraged. 

TREATMENT 
DIET Treatment of ARF can be dietary or pharmacological. The 
best treatment for any allergy and/or intolerance is exclusion or 
the agent responsible. This is not always possible when dealing 
with ARF. The main aspects of dietary treatment in ARF are listed 
in Table 6. Only those foods that provoke symptoms should be 
avoided and the best way to identify them is an elimination diet 
followed by challenge, as described earlier. Many nutritional and 
compliance problems may arise from dietary exclusion. The best 
example for nutritional problems is provided by infant cow's milk 
allergy, in which the use of milk substitutes is mandatory. These 
are soy milk (complete though partially antigenic) and milk hydrol
ysates. The latter have a composition very similar to that of human 
milk and are far less allergenic than cow's milk but more expensive 
than soy milk. Since crossreactivity between hydrolysates and 
cow's milk can arise, an SPT with hydrolysate is suggested before 
prescribing the product (109). 

In dietary exclusions, the problem of hidden allergens must 
always be kept in mind (110). Several allergens (e.g., soy and 
milk protein, peanuts) are widely used in the preparation of trade 
foods so that complete exclusion can be very difficult. Patients 
allergic to codfish should be advised that some poultry are fed 
codfish-containing feed and, therefore, their meat could contain 
codfish allergens. If an adverse reaction to food additives is sus
pected, patients must be advised to read the trade food composition 
label carefully. Finally, the impact of dietary exclusions on the 
patient's psychology and social life should not be underestimated. 
In some cases, psychological support is warranted. 

DRUG THERAPY Drug therapy in ARF is less effective than 
dietary exclusion. Drugs are used when the patient's compliance 
to diet is poor or when significant and potentially harmful dietary 
imbalance exists. Prescribed drugs include antihistamines, 
steroids, and sodium cromoglycate. 

Antihistamines Newer HI-antihistamine blockers (111) such 
as cetirizine, loratadine, ketotiphen, oxatomide, and astemizole 
are quite effective for skin symptoms (urticaria angioedema and 
itching) but are of limited efficacy for gastrointestinal complaints. 
In our experience, good results in a diarrheic subset of IBS can 
be achieved with oxatomide. 

Side effects are usually dyspepsia and a very mild and often 
negligible sedation. The main contraindications are hepatic failure 
or concomitant use of drugs interfering with cytochrome P450. 
These conditions can reduce antihistamine clearance and provoke 

Table 7 
Report Usual Doses of Antihistamines 

Antihistamine 

Loratadine 
Astemizole 
Cetirizine 
Ketotiphen 

Oxatomide 

Preparation 

lO-mg tablets; suspension 0.1 % 
lO-mg tablets 
lO-mg tablets; drops 10 mg/mL 
2-mg slow-release tablets; 

syrup 2.5% 
30-mg tablets; suspension 2.5% 

Dose 

10-20 mg daily 
10-20 mg daily 
10 mg daily 
1-2 mg daily 

30 mg daily 

accumulation, with the exception of cetirizine, which is excreted 
unaltered in the urine. At present, no data on the new antihista
mines mizolastine and phexofenadine in the treatment of ARF 
are available. Table 7 reports the usual doses of antihistamines. 

Steroids In ARF, steroids are mainly used, like antihista
mines, in the treatment of skin symptoms. They can be applied 
topically in atopic dermatitis or given systemically (orally or 
intramuscularly) in patients complaining of urticaria angioedema 
poorly sensitive to antihistamines and only partially controlled 
by diet. 

Sodium Cromoglycate Sodium cromoglycate (SC) is one 
of the most studied drugs in both children and adults allergic 
ARF. Some double-blind studies on the use of SC in children with 
atopic dermatitis have shown efficacy; other failed to demonstrate 
differences between SC and placebo. 

Sodium cromoglycate has proven useful in ARF diarrhea both 
in children and adults. It is not possible to attribute SC efficacy 
to inhibition of mast cell mediators release or to reduction of 
intestinal permeability, which can be increased both in allergy 
and intolerance. Suggested doses are 750 and 2000 mg respectively 
for children and adults, divided in three doses per day 15-60 min 
before meals. In our experience, SC should be maintained for 2 
mo, then repeated twice a year at the same dose and course. In 
ARF with main gastrointestinal symptoms, symptoms are mainly 
gastroenteric, SC can allow the patient to assume also culpable 
food(s) with great nutritional and compliance advantages. 

Sodium cromoglycate has virtually no side effects; some 
patients complain of dyspepsia and abdominal pain. If skin symp
toms coexist, antihistamines can be associated. 

SUMMARY 
Adverse reactions to food are those signs or symptoms occurring 
after ingestion of food and are classified as toxic and nontoxic 
(including immunomediated and nonimmunomediated reactions 
or food intolerance. ARF can affect several organs (skin, gut, 
airways, heart and blood vessels, central nervous system, and 
joints). Moreover, many controversy symptoms and pictures exist. 
Diagnosis of ARF is based on history-taking, followed by an 
elimination diet. If complained-about symptoms significantly 
decrease or disappear, the diagnosis of AFR is very likely. Diagno
sis is then better defined by open food challenges with all elimi
nated foodstuffs and particularly with those believed culpable. 
Open challenges must be confirmed by double-blind, placebo
controlled food challenges because psychological bias is very high. 
When the responsible foods have been identified, pathogenesis of 
AFRs can be found by means of other diagnostic procedures, such 
as skin-prick tests and serum-specific IgE evaluation for allergic 
AFR, endoscopic biopsy for celiac disease, and H2 breath test for 
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lactose intolerance. Best treatment is exclusion of responsible 
food. If this is not possible, drug treatment with antihistamines 
and sodium cromoglycate can be tried. 
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20 Perioperative Feeding 
Nutrition and Immunity 

RONALD R. BARBOSA AND BRUCE M. WOLFE 

MET AROLIe RESPONSE TO INJURY 

Modem surgical practice, by its name, frequently involves the 
care of patients who experience dramatic changes in their normal 
physiologic function. Such changes are most pronounced after 
major accidental injury, but they are also seen in a wide variety 
of acute and chronic surgical diseases. In addition, the diagnostic 
and therapeutic surgical procedures these patients must often 
undergo are, themselves, stressful to the human body. For con
venience, a variety of physiologic perturbations such as accidental 
injury, major surgical procedures, or systemic manifestations of 
malignancy, inflammation, or infection will be referred to as 
"stress." 

The basic element in the response to stress is a reordering of 
the priorities for protein synthesis to facilitate repair and recovery. 
Wound healing, resistance to infection, and maintenance of body 
structure and function all depend on responses involving new 
protein synthesis. Despite this, a negative nitrogen balance is 
universally seen in stressed patients. A starving individual experi
ences more whole-body protein degradation than synthesis. In the 
stressed state, this difference is exacerbated, creating a "protein 
catabolic state" in which the nitrogen balance is more negative 
than in the starved but unstressed state. 

Virtually all patients have sufficient energy as stored fat to meet 
short-term energy requirements. However, an adequate supply of 
glucose must be continuously available to nourish tissues that are 
dependent on it, such as the central nervous system. The healing 
wound also preferentially uses glucose as an energy source. This 
glucose is derived largely from amino acids via gluconeogenesis, 
a process which contributes substantially to the nitrogen loss seen 
in stressed patients. Protein degradation must also occur to supply 
the free amino acids required by the wound and also by the liver 
for synthesis of the components of the acute-phase response. 

The shifting of biological priorities to favor protein synthesis 
in the wound allows healing to progress at an unimpaired rate 
despite the overall protein catabolic state. Most otherwise healthy 
persons who are injured or who undergo major operative proce-
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dures will replace the total-body protein lost in this process as 
they become "anabolic," an interval characterized by resumption 
of the ability to eat, acceleration of whole-body protein synthesis, 
and replacement of the net protein lost in the postinjury interval. 
This interval typically begins 2-3 wk after the stressful event and 
may last several weeks. 

Prior to the development of nutrition support techniques, it 
was well established that if resumption of adequate nutrient intake 
by mouth could not be accomplished in a timely fashion after 
major injury, the progression of wound healing and resistance to 
infection would be lost. Because of a variety of factors, such as 
the severity of illness or injury, loss of gastrointestinal function, 
or other reasons for failure to achieve adequate nutrient intake, a 
point is reached at which the lack of appropriate nutritional sub
strate becomes a limiting factor in the capacity to recover from 
stress. 

Most of the physiologic changes seen in stressed patients occur 
as a result of alterations in the secretion of hormones, cytokines, 
and other mediators. In general, the observed hormonal response 
is proportional to the degree of stress up to a point, at which a 
maximal response is seen (l). Changes in the secretion of other 
mediators have been less well characterized. 

Plasma catecholamine levels rise soon after surgical incision 
(2) and are markedly elevated for 24 h, but normalize within 5 d 
even after major surgery, unless complications arise. Catechola
mines help maintain hemodynamic stability by increasing heart 
rate and contractility (via ~l receptors), and total peripheral resis
tance (via 0,1 receptors). Epinephrine stimulates liver gluconeo
genesis and ketogenesis, lipolysis in adipose tissue, and glycoge
nolysis in the liver and skeletal muscle. Cortisol levels may remain 
normal in patients undergoing minor surgery ( 1). but serum levels 
may rise sixfold after major procedures (3). As with epinephrine, 
serum levels are considerably elevated for 24 h but normalize 
within 5 d, provided recovery is uncomplicated. Cortisol enhances 
gluconeogenesis in the liver and proteolysis in peripheral tissues. 
Glucose utilization is also decreased in peripheral tissues, inducing 
a state of relative insulin resistance. 

In the initial 2-4 d after stress, the synergistic action of epineph
rine, cortisol, and glucagon causes hyperglycemia. In hypovolemic 
patients, a blunted insulin response to hyperglycemia is seen. This 
may be secondary to inhibition of insulin secretion by norepineph-
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rine, which predominates by hypovolemic shock. Following vol
ume replacement, norepinephrine secretion is diminished and insu
lin levels become appropriate to the level of hyperglycemia. 
However, a state of insulin resistance remains, possibly the result 
of inhibition of the pyruvate dehydrogenase complex (4). This 
may last for 2-3 wk or as long as stress persists. Hyperglycemia 
may, therefore, persist well into the course of the patient's 
recovery. 

The mobilization of fatty acids is accelerated in response to 
stress, largely in response to catecholamines. These fatty acids 
are available for cellular uptake as fuel. However, the extent to 
which fatty acid oxidation increases in stress is limited, so that 
the majority of these mobilized fatty acids require hepatic re
esterification. Feeding additional fat to acutely stressed patients, 
therefore, has very limited value. 

Many of the physiologic responses seen in stressed patients 
are secondary to cytokines elaborated following injury. Tumor 
necrosis factor (TNF) is secreted from a variety of cells and is 
thought to be a major determinant of cytokine-induced shock. 
TNF is proximal in the inflammatory cascade, in that it induces 
the release of other cytokines. It also causes vasodilation by stimu
lating nitric oxide synthesis. Interleukin-l (lL-l) is also proximal 
in the inflammatory cascade and has effects similar to TNF. It 
also helps trigger the acute-phase response and has a variety of 
immunologic effects. IL-6 is more distal in the inflammatory 
cascade, but it is the main inducer of the acute-phase response 
and may also mediate some of the effects of TNF (5). Interferon-y 
(INFy) plays a role in the development of antigen-specific immune 
responses and is also important in the host response to shock and 
sepsis (5), although overproduction may lead to cachexia. These 
phenomena have been reviewed in detail (5). The interrelationships 
between these and other mediators are complex, so that clarifica
tion of the roles of individual cytokines and therapeutic modulation 
of their effects will remain exceedingly difficult. 

EFFECTS OF STRESS ON IMMUNE FUNCTION 
Surgeons have long known that major injuries induce an immuno
suppressed state in patients. In recent years, a variety of immune 
deficits have been demonstrated in traumatized animals and 
humans. Here, they will be described briefly because a comprehen
sive discussion is beyond the scope of this chapter. The interested 
reader may refer to two thorough reviews (6,7). 

Traumatic injuries usually involve the disruption of one or 
both of the main mechanical barriers of the body, namely the skin 
and the mucus membranes. This disruption invariably allows the 
entry of foreign microorganisms. In addition, the normal flora 
may gain access to areas of the body not designed to contain 
them, such as when anaerobic bacteria enter the peritoneal cavity 
through a perforated colon wall. Gut barrier function may be also 
compromised by other mechanisms in injured patients, such as 
decreased mesenteric blood flow or direct mucosal injury by endo
toxin (8). The drains, catheters, and other invasive devices fre
quently used in critically ill patients also provide a portal of entry 
for pathogens. 

The phagocytic system is the body's second line of defense. 
Various defects in this process have been shown to occur in 
stressed patients. These include impairments in polymorphonu
clear (PMN) chemotaxis (7) as well as macrophage cytokine pro
duction (8) and superoxide generation (9). Decreased antigen pre
sentation results (8). It is thought that these defects contribute to 

the increased infection rates seen after trauma, although this has 
not been shown definitively. 

Other immune functions are also altered by major injury; Th 
cells are decreased in number (10,11) and express fewer IL-2 
receptors on their surface (11 ). T-Cell function, as measured by 
delayed-type hypersensitivity (DTH) testing, is impaired (12). 
Defects in B-cell maturation and immunoglobulin synthesis also 
occur (13). Some of these effects may be related to increased 
levels of prostaglandin E2 (PGE2) (10), which is thought to be 
immunosuppressive. 

PERIOPERATIVE TRANSFUSIONS, 
HYPOTHERMIA, AND ANESTHETICS 
It has been well established that allogenic blood transfusions can 
produce a clinically significant immunosuppression. This was first 
demonstrated by Halasz et al. (14) in experiments that showed 
that pretransplant transfusions decrease allograft rejection in dogs. 
More than 70 studies in subsequent years have yielded similar 
results. Transfusions may also increase the risk of tumor recurrence 
by suppressing immune function in the recipient, although this is 
controversial (15). 

All but one of the 24 studies reviewed by Blumberg and Heal 
(15) on perioperative allogeneic blood transfusion showed that it 
is an independent risk factor for postoperative infection. Various 
authors report a fourfold to fivefold increase in infection risk. 
This increased risk is significantly attenuated when autologous 
blood (15) or leukocyte-depleted allogeneic blood (16) is used. 
The immunologic mechanisms for the above phenomena have 
not been determined and are likely to be multiple and complex. 
Blumberg and Heal (15) have postulated that anergy secondary 
to the presentation of large amounts of intravenous antigen is the 
dominant mechanism. 

Mild perioperative hypothermia increases the risk of postopera
tive wound infection. In a prospective randomized clinical trial 
in colorectal surgery patients (17), an intraoperative decrease in 
core body temperature from 36.6 ± O.soC to 34.7 ± O.soC increased 
the wound infection rate from 6% to 19% (p = 0.009) and increased 
the length of stay by 2.6 d (p = 0.01). The authors proposed that 
hypothermia may cause vasoconstriction in wounded tissues, thus 
decreasing local oxygen tension, which, in turn, impairs oxidative 
killing by neutrophils and weakens the wound by inhibiting colla
gen deposition. Intraoperative hypothermia is very common 
because patients are usually not actively warmed during surgery. 
It is recommended that patients be maintained at a core body 
temperature of at least 36°C to optimize the immune function of 
wounded tissues. 

Despite the many millions of anesthetics that have been admin
istered in the last few decades, data on the effects of anesthetic 
agents on immune function are equivocal at best (18). A mild 
inhibition of cell-mediated immunity may occur with certain 
agents, but the significance is unknown and results have not had 
good reproducibility (18). Data on the effect of anesthesia on B
cell function are sparse. 

THE IMPACT OF MALNUTRITION 
ON SURGICAL OUTCOME 
In 1936, Studley published his landmark study (19) on the outcome 
of 50 consecutive patients operated on for chronic peptic ulcer. 
In this series, patients who had lost more than 20% of their body 
weight preoperatively had a much higher postoperative mortality 
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rate (33.3%) than those who did not lose as much weight (3.5%). 
In 1944, Cannon and others (20) demonstrated that hypoproteine
mia can lead to impaired antibody production and increased infec
tion rates. In 1955, Rhoads and Alexander showed that hypopro
teinemic patients had increased incidences of urinary tract, 
respiratory, wound, and miscellaneous infections (21). Seltzer et 
al. (22) found a sixfold increase in mortality in patients with serum 
albumin < 3.5 g/dL. Similar results have been found by others 
(23,24). In 1974, Bistrian and colleagues (24) used anthropometric 
and biochemical measurement to draw attention to the high rate 
of malnutrition in general surgical patients (50%), which was 
underappreciated prior to that time. 

The negative impact of malnutrition on clinical outcome has 
been confirmed by further work in recent years. A large study 
conducted in the Veterans Affairs (VA) population (25) showed 
that both infectious and noninfectious complications were 
increased in patients with severe malnutrition. Hickman and asso
ciates (26) found that abnormal preoperative weight was predictive 
of postoperative mortality. In malnourished survivors, the length 
of stay may be increased (27). A number of other studies showing 
similar effects have been described in a review by Dempsey et 
al. (28). 

PREDICTING POSTOPERATIVE OUTCOME 

In the last two decades, there have been a number of attempts to 
quantify the relationship among nutrition, immune function, and 
postoperative mortality and morbidity. Delayed-type hypersensi
tivity (DTH) testing has been useful in this regard. DTH testing 
involves the recognition of intracutaneously injected bacterial anti
gens by sensitized T cells. Individuals with intact cell-mediated 
immunity will have erythema and induration at the injection sites. 
The test is easy to perform, inexpensive, and does not require 
specially trained personnel. 

Perioperative DTH testing has been studied extensively by 
Christou and colleagues (12,29,30). In a study of 2202 acutely ill 
and elective surgical patients, 33% of patients who were anergic 
to five ubiquitous antigens at hospital admission developed serious 
infections and 31 % died. In contrast, only 8% of patients normoer
gic to the five antigens developed serious infections and only 4% 
died. An analysis of the database accumulated by Christou and 
co-workers over 20 yr showed a similar relationship (12). Anergy 
to the five antigens was associated with increased mortality in 
both elective surgical and critically ill patients when the entire 
cohort was examined. However, when the subgroup of elective 
surgical patients enrolled since 1990 was analyzed, anergy lost 
its predictive value entirely. Christou and colleagues attribute this 
to recent improvements in patient care, which decrease the total 
perioperative infectious challenge. However, anergy has retained 
its predictive value in the critically ill, who tend to have greater 
infectious and metabolic stressors than elective surgical patients. 
The absence of a DTH response in anergic patients is thought to 
be the result of a general immune dysfunction as well as defects 
in host defense in the skin and possibly the gut (12). Whether or 
not DTH testing will have a direct clinical utility in the future 
is unknown. It is not currently used to guide individual patient 
management. Further work in critically ill patients is indicated. 

The Prognostic Nutritional Index (PNI) was described in 1980 
by Buzby et al. (31). In this study, a variety of nutritional parame
ters were analyzed retrospectively in 161 gastrointestinal surgical 
patients. Statistical analysis was used to determine which factors 

were most predictive of postoperative complications. A linear 
prediction model was derived: 

PNI(%) = 158 - 16.6(ALB) 
- 0.78(TSF) - 0.20(TFN) - 5.8(DTH) 

where PNI is the risk of a septic complication occurring in an 
individual patient, ALB is the serum albumin level (g/dL), TSF 
is triceps skinfold (mm), TFN is serum transferrin (mg/dL), and 
DTH is delayed-type hypersensitivity reactivity to three standard 
antigens, graded as 0 (nonreactive), 1 (<5 mm induration), and 2 
(>5 mm induration). The PNI was then determined prospectively 
in 100 different gastrointestinal surgery patients. Those with a 
PNI > 50% had a significantly higher mortality and incidence 
of sepsis. 

The original PNI study has been criticized for being retrospec
tive and nonconsecutive and for enrolling primarily malnourished 
patients. Katelaris et al. (32) determined the PNI and other nutri
tional parameters in a consecutive prospective fashion in 57 
patients undergoing elective abdominal or thoracic surgery, many 
of whom were at low risk for postoperative complications. Patients 
with PNI > 30% were defined as being at increased risk for 
postoperative complications. In this context, PNI had a sensitivity 
of 83% and a specificity of 73%. In a study containing only septic, 
malnourished patients (33), PNI values were significantly lower 
in survivors (52.26 ± 23.72) compared to those who died (72.24 
± 15.43). A lO-d course of total parenteral nutrition (TPN) has 
been shown to improve PNI values (34), but the study was too 
small to determine if postoperative outcome was also improved. 

Albumin may be the single laboratory parameter that best 
predicts surgical outcome. Careful inspection of the equations 
derived by Buzby et al. (31) and Christou et al. (12,29,30) reveals 
that the serum albumin level plays a dominant role in the respective 
regression models. However, a decrease in serum albumin is not 
specific for malnutrition, as it may have other etiologies such as 
hepatic disease and increased capillary permeability. 

The oldest method for evaluating nutritional status is clinical 
assessment by careful history-taking and physical examination. 
This method was first analyzed critically in a 1982 study by Baker 
and colleagues (35). Fifty-nine patients electively admitted to a 
general surgical ward were classified as being of normal nutritional 
status, mildly malnourished, or severely malnourished by history 
and physical examination by two experienced clinicians. The two 
examiners agreed on the classification of 81 % of patients. The 
study also demonstrated that clinical assessment was correlated 
with a number of objective laboratory and anthropometric mea
surements. The incidence of postoperative infection was increased 
in the malnourished groups. Baker's method of classification of 
patients has since been termed Subjective Global Assessment 
(SGA). 

The largest study to date evaluating SGA in surgical patients 
was the VA Cooperative TPN trial (25). This large randomized 
multicenter trial evaluated the efficacy of a preoperative course 
of TPN at decreasing postoperative morbidity and mortality. In 
this study (discussed in more detail later), TPN was found to be 
beneficial only in those patients classified as severely malnour
ished by SGA. In contrast, other workers have found clinical 
assessment to be a poor predictor of postoperative complications 
(32). SGA may also not be reproducible among hospitals (36). 
However, clinical assessment of nutritional status is likely to 
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remain the most widely used method until a more objective model 
is found to be superior. 

TPN IN STRESSED PATIENTS 
Total parenteral nutrition was developed in 1968 by Dudrick and 
colleagues (37) as a means to feed those patients without ade
quately functioning gastrointestinal tracts. TPN was quickly 
adapted for use in premature newborns and in patients with long
term intestinal dysfunction, who would otherwise starve to death. 
In later years, TPN was increasingly used perioperatively in mal
nourished surgical patients. Supportive evidence came largely 
from nonrandomized studies. By the mid-1980s, it became clear 
that definitive evidence of the effectiveness of perioperative TPN 
would be needed to justify its use in light of its associated risks 
and cost. 

In 1986, Detsky and co-workers published a meta-analysis (36) 
of the 18 controlled perioperative TPN trials conducted until that 
time. They noted that most of the trials were poorly designed and 
that only one (38) showed significant decreases in mortality and 
complication rate. Pooled estimated surgical complications and 
mortality rates were not significantly different between the control 
patients and the patients given TPN. The authors concluded that 
routine peri operative TPN use in unselected patients was not 
justified, but suggested that TPN might be useful in severely 
malnourished patients. 

The Veterans Affairs TPN Cooperative Study (25) was a multi
center prospective randomized controlled clinical trial evaluating 
the effectiveness of perioperative TPN in surgical patients strati
fied by nutritional status. It was specifically designed to avoid 
the weaknesses of previous studies. Three hundred ninety-five 
malnourished patients undergoing elective abdominal or noncar
diac thoracic surgery were randomized to receive TPN for 7-15 
d before surgery and 3 d afterward (the TPN group) or no perioper
ative TPN (the control group). Patients were subdivided into three 
groups by nutritional state (borderline, mildly, or severely mal
nourished) by Subjective Global Assessment or Nutrition Risk 
Index. The 30-d postoperative mortality rates in the TPN and 
control groups were 7.3% (14/192) and 4.9% (10/203), respec
tively, which were not significantly different. Complication
related and overall mortality rates at 90 d were also similar between 
groups. Major complications occurred in 28% of patients in 
both groups. 

A more detailed analysis showed that infectious complications 
were more common in the TPN group (14.1 %) than the control 
group (6.4%;p = 0.01). This increase in infection rate was limited 
to patients classified as borderline or mildly malnourished by SGA 
and was compensated for by a slightly decreased incidence of 
noninfectious complications. In severely malnourished patients, 
the noninfectious complication rate was significantly lower in 
patients given TPN (5.3%) than in the control group (42.9%, p = 
0.03). The overall complication rate in severely malnourished 
patients given TPN was also lower, but statistical significance 
was not reached because of the small size of this subgroup. The 
authors concluded that perioperative TPN was not beneficial in 
borderline or mildly malnourished patients and that it may actually 
be harmful because of the increased incidence of infections. It 
was suggested that these patients would be best served by prompt 
surgery. A clinical benefit of TPN in severely malnourished 
patients was implied but awaited confirmation. 

The V A Cooperative Study may no longer have direct clinical 

application because of the advances made in TPN solutions and 
administration techniques since the trial was conducted. There 
have been concerns that the patients in the trial may have been 
overfed, causing an immunosuppressive effect secondary to hyper
glycemia (38a). Ninety-seven patients in which TPN was consid
ered to be essential were also excluded, as it would not be ethical 
to randomize such patients to an unfed control group. Thus, many 
severely malnourished patients who would be expected to benefit 
most from TPN were eliminated from the trial. The amino acid 
mix also did not contain glutamine, which may improve outcome 
in patients given TPN (39). These factors may have masked any 
benefits TPN may have had. Nevertheless, this landmark study 
has guided research and clinical practice more than any other TPN 
study conducted in surgical patients to date. 

Subsequent trials have tended to substantiate the findings of 
the V A Cooperative Study. Brennan et al. (40) randomized 259 
patients undergoing resection for pancreatic malignancy to receive 
TPN (starting on postoperative day 1) or dextrose-containing salt 
solutions. No benefit was seen in the TPN group and this group 
had a significantly higher infectious complication rate. Fan and 
colleagues (41) randomized 150 patients with hepatocellular carci
noma to receive TPN for 7 d before and 7 d after surgery in 
addition to their regular diet or to receive no additional therapy. 
Patients in the TPN groups had a lower postoperative morbidity 
rate, but the benefits were seen only in those with the most severe 
disease. Sandstrom and co-workers (42) estimated that periopera
tive TPN was a lifesaving treatment in 20% of the patients in 
their series, but that it tended to increase mortality in another 
20%. These patients could not be identified by preoperative factors. 

ENTERAL NUTRITION IN STRESSED PATIENTS 
In surgical patients, total enteral nutrition (TEN) has been shown to 
be superior to dextrose-containing intravenous fluids at improving 
nutritional and laboratory parameters, such as nitrogen balance 
(43) and amino acid flux across peripheral tissues (44). However, 
few studies have shown an improvement in clinical outcome. 
Moore and Jones (45) randomized 75 patients with severe injuries 
to receive TEN beginning 12 h postoperatively and continuing 
until oral intake was established or D5W until postoperative day 
5. Patients in the enteral nutrition group had significantly fewer 
postoperative infections (29%) than those in the control group 
(9%; p < 0.025). However, this did not translate to a shorter length 
of hospital stay. In a small series of patients with severe head 
injuries (46), enteral nutrition decreased the incidence of bacterial 
infections and shortened the length of stay in the Intensive Care 
Unit (ICU). 

Other studies have shown no benefit of postoperative enteral 
feeding compared to standard intravenous fluids. In a small (n = 
28) randomized controlled trial, Carr et al. (47) found no difference 
between the TEN and control groups in length of stay or number 
of days to oral intake. Heslin and associates (48) published the 
largest study to date (n = 195) comparing perioperative enteral 
nutrition to standard intravenous fluids. Patients undergoing sur
gery for upper gastrointestinal (GI) malignancy were randomized 
to receive intravenous fluids or enteral nutrition with an immune
enhancing formula containing arginine, RNA, and omega-3 fatty 
acids beginning within 24 h of operation. There were no differ
ences in the number of minor, major, or infectious complications 
between groups. The length of stay and mortality rates were virtu
ally identical. The patients in this study were relatively well nour-
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ished. The authors concluded that the routine postoperative use 
of TEN in patients undergoing major upper GI surgery is not 
indicated, a recommendation which can reasonably be extended 
to other types of elective surgery. 

TEN VERSUS TPN 

There have been many studies comparing the effects of TPN and 
TEN on nutritional, morphologic, and immunologic parameters 
in animals and humans. However, there are few randomized clini
cal trials showing that these two methods of nutritional support 
differentially affect clinical outcome. Such reports are found 
mostly in the trauma literature. In 1989, Moore and colleagues (49) 
published their series of 59 trauma patients requiring laparotomy 
randomized to receive either TPN or TEN beginning within 12 h 
of operation. Infection developed in only 17% of the TEN group 
compared to 37% of the TPN group. Major septic complications 
developed in 3% in the TEN group (one abdominal abscess) and 
17% of the TPN group (two abdominal abscesses and six cases 
of pneumonia). This study excluded the most gravely injured 
patients (those with Abdominal Trauma Index [ATI] > 40). A 
later study by Kudsk and associates (50) included 20 such patients 
in a series of 98 injured patients requiring laparotomy randomized 
to receive TPN or TEN within 24 h of injury. Patients fed enterally 
developed significantly fewer pneumonias (11.8% vs TPN 31 %), 
abdominal abscesses (1.9% vs TPN 13.3%), and overall infections. 
The differences in infection rates were confined to the more 
severely injured patients (A TI > 24). 

A number of prospective randomized trials comparing postop
erative TPN and TEN in high-risk surgical patients were conducted 
in the 1980s. Because of the considerable financial and logistical 
difficulties inherent to these studies, none had a large enough 
sample size to show a difference in clinical outcome. Moore and 
others combined data from eight of these into a meta-analysis 
(51) with numbers large enough (n = 230) to address the issue. 
When analyzed by intent-to-treat, patients receiving TEN devel
oped fewer septic complications (16% vs TPN 35%; p = 0.01). 
This difference was significant even when patients with catheter 
sepsis were excluded. 

EFFECTS OF TPN ON IMMUNE FUNCTION 

Because the increased infection rate associated with the use of 
TPN (25,40,49-51) cannot be explained by catheter sepsis alone, 
it has been widely speculated that TPN has an immunosuppressive 
effect. This has been studied extensively in animals, and a number 
ofTPN-inducedalterations in immunity and intestinal morphology 
and function have been demonstrated. 

Parenteral nutrition and/or the lack of enteral feeding has been 
shown to cause intestinal mucosal atrophy (52,53) and decreased 
microvillus height (54). Decreases in brush-border hydrolase (55) 
and nutrient transporter activity (56) have also been described. 
TPN is thought to increase intestinal permeability (54,57), 
although not all evidence supports this (58). Increased bacterial 
translocation from the lumen to mesenteric lymph nodes occurs 
(59,60), probably via the lymphatics (59). The bacterial over
growth in the intestine observed after TPN administration (61,62) 
may contribute to this. Bacterial translocation may be important 
to the development of multiple-organ failure (61) and may cause 
regional immune defects (60), although this is controversial. Cur
rently, there is no evidence that TPN-induced bacterial transloca-

tion is pathologic in humans. Research in this area is likely to 
remain active in the future. 

Total parenteral nutrition may adversely affect several aspects 
of white blood cell function. Mitogenic responses are impaired 
in peripheral (63) and splenic (60) lymphocytes. Decreased CD4+ 
and CD8+ cell counts are seen in the intestine (64). Recovery of 
neutrophil locomotion in trauma patients is delayed by TPN (65). 
Pulmonary (59) and peritoneal (60) macrophage phagocytosis of 
C. albicans is impaired and superoxide production is decreased 
in rats given TPN. Parenteral nutrition may also affect cytokine 
release by inflammatory cells. In rats given intraperitoneal E. coli, 
peritoneal TNF and II -1 ex levels are decreased, whereas in the 
systemic circulation TNF is increased and IFNy is decreased (66). 

Considerable attention has focused on the gut-associated 
lymphoid tissue (GALT), the primary source of mucosal immunity 
in humans. The GALT cell mass depends on lymphoid tissue in 
the Peyer patches (PP) of the small intestine (67). Precursor cells 
are sensitized to antigens in the PP and proliferate in the mesenteric 
lymph nodes. They then flow via lymphatics into the vasculature 
and home to the lamina propria (LP) beneath mucosal surfaces. 
They differentiate into plasma cells that secrete IgA into the lumen 
via a multistep process. IgA binds to microorganisms or toxins, 
preventing their attachment to epithelial cells. The GALT appears 
to be influenced by route of nutrition. T- and B-cell counts are 
decreased in the PP and LP of rats after 2 d of parenteral feeding 
(67). The CD4+/CD8+ ratio in the LP is decreased after 4 d of 
TPN. IgA levels in the small intestine (67) and biliary tree (64) 
are decreased. IgA levels in the respiratory tract are also decreased 
(67), which may be responsible for the impaired immune response 
to intranasal viral challenge seen in other studies (68,69). Many 
of these changes may be prevented by adding glutamine (64) 
or bombesin (70) to the TPN solution or reversed by enteral 
refeeding (68). 

It must be emphasized that the vast majority of TPN-induced 
adverse effects on immunity have been demonstrated only in 
animal studies. The specific mechanisms responsible for the 
increased infection rates seen in human clinical trials remain 
unclear. Interest in this area will remain high as physicians try to 
clarify the role of perioperative TPN in clinical practice. 

HYPERGLYCEMIA IN SURGICAL PATIENTS 
The metabolic derangements that occur in the postoperative period 
make many surgical patients prone to hyperglycemia. As described 
earlier, a general catabolic state exists and levels of cortisol, 
glucagon, and epinephrine are increased. This promotes gluconeo
genesis and glycogenolysis. A state of insulin resistance is also 
seen postoperatively (71,72), which may persist for up to 5 d. 

Patients who are prescribed glucose-based TPN solutions are 
even more susceptible to hyperglycemia because of the exogenous 
glucose load, especially if glucose is infused at greater than 4-5 
mg/kg/min (73). Hyperglycemia is the most common metabolic 
complication of TPN administration (74). It is a much lesser 
problem in enteral nutrition because of "first-pass" metabolism 
of glucose by the liver and because the gut is intolerant of high 
glucose loads because of their osmolarity. 

It is well established that immune function is deranged in 
diabetics and that numerous mechanisms are involved. However, 
diabetes is, by nature, a complex and chronic disease, so that it 
may not be appropriate to use diabetic models to study the immune 
effects of hyperglycemia in nondiabetic surgical patients. Several 
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studies demonstrate that acute hyperglycemia has immunosup
pressive effects. Black et al. (75) reported that human IgG could 
be nonenzymatically glycosylated by incubation in 250 mg/dL 
glucose at body temperature for 8 h. The glycosylated IgG was 
then given to asplenic rats following Streptococcus pneumoniae 
challenge. Mean survival time was significantly less than that of 
control animals, indicating that glycosylation of IgG decreases its 
immunologic activity. Later works by the same group (76) showed 
that complement fixation by IgG is impaired when its incubation 
time in glucose is extended to 48 h. Glycosylation of C3 in 
hyperglycemic models impairs its ability to attach to the microbial 
surface (77). Phagocytic killing is also affected by hyperglycemia. 
Glucose suppresses superoxide generation in normal neutrophils 
in concentrations as low as 270 mg/dL, possibly the result of an 
inhibition of phospholipase D activity (38a). The respiratory burst 
of alveolar macrophages is depressed in rats infused with glucose 
to give plasma concentrations of 300 mg/dL for 3 h (38a). Finally, 
some pathogens have unique mechanisms for flourishing in a 
hyperglycemic environment, such as Candida albicans, which 
expresses a glucose-inducible protein homologous to a comple
ment receptor on phagocytes (77). This protein promotes adher
ence of the yeast and helps it to evade phagocytosis. 

GLUTAMINE 
Glutamine is the most abundant amino acid in human blood, 
skeletal muscle, and the body as a whole (78). For decades its 
importance was unrecognized, especially in the field of nutrition 
support, because the predominant biochemistry and nutrition text
books classified it as a "nonessential" amino acid because the 
body can synthesize it de novo. Over the years, a substantial body 
of knowledge accumulated regarding the critical role of glutamine 
in a variety of tissues and the potential for glutamine depletion 
in the stressed state, which has led to its reclassification as "condi
tionally essential." 

Glutamine serves as a carrier for nitrogen transfer among skele
tal muscle, intestine, liver, and other tissues. As such, its serum 
concentration is higher than for any other amino acid (7.5 mg/ 
dL); in skeletal muscle, it is 30 times more concentrated. It is the 
most important substrate for renal ammoniagenesis. Glutamine is 
a key fuel source for lymphocytes (79). It is a nitrogen donor for 
purine and pyrimidine biosynthesis and is, therefore, necessary 
for cell replication. It may also be needed for liver glutathione 
synthesis (80). Glutamine also promotes liver regeneration after 
70% hepatectomy in rats coinfused with glucagon and insulin (81). 

Marked changes in glutamine flux are seen in stressed patients. 
Skeletal muscle and lung (82) release of glutamine is increased, 
but serum levels are decreased because of increased uptake by a 
variety of tissues. Intestinal uptake of glutamine is almost doubled 
by a standard laparotomy, despite decreased arterial concentration 
and intestinal blood flow (83). This is at least partially mediated 
by glucocorticoids, which increase glutamine uptake by the gut 
(84), probably by increasing the activity of enterocyte mitochon
drial glutaminase (85). A glucocorticoid-mediated increase in renal 
glutaminase activity (84) occurs, which improves the body's abil
ity to compensate for acidosis. Lymphocytes exhibit an increased 
need for glutamine as they proliferate in response to an immune 
challenge. In the stressed state, the increased uptake by these 
tissues typically overcomes the ability of the skeletal muscle and 
lung to supply glutamine, and total-body stores are depleted unless 
an exogenous source is provided. 

The effects of glutamine on the gastrointestinal tract have been 
widely studied. It is the primary fuel for enterocytes and is one 
of the only nutrients that stimulates ornithine decarboxylase, the 
rate-limiting enzyme for enterocyte proliferation (86). The gut is 
the primary organ of glutamine uptake, extracting 20-30% of 
circulating glutamine in the postabsorptive state (87). Enterocytes 
have access to glutamine both from the gut lumen and the blood
stream. Glutamine is important in maintaining the normal architec
ture of the gut mucosa. In an animal model, glutaminase infusion 
decreases serum glutamine concentrations, causing diarrhea, vil
lous atrophy, and intestinal mucosal ulceration and necrosis (88). 
Glutamine increases gut mucosal integrity after abdominal irradia
tion in a rat model (89), as measured by bacterial translocation 
to mesenteric lymph nodes. TPN-induced gut mucosal atrophy is 
attenuated by glutamine supplementation in animal models (90-
94) and in humans (95). Dipeptide forms of glutamine are as 
effective as free glutamine in this regard (91-93). These studies 
described changes in a number of morphological parameters, 
including mucosal height, weight, thickness, protein and nucleo
tide content, crypt death, number of mitoses per crypt, and vil
lous area. 

Glutamine is important for the maintenance of gut immune 
function. Alverdy and colleagues demonstrated that glutamine is 
able to prevent the decreased B- and T-cell levels seen with TPN 
administration in a rat model (96,97). TPN-induced decreases 
in biliary sIgA secretion were also partially attenuated. This is 
important because sIgA prevents bacterial adherence to mucosal 
cells, an initiating step for bacterial translocation. In humans, 
glutamine may enhance the peripheral T-cell response (98). Gluta
mine-supplemented rats with experimentally induced E. coli peri
tonitis have increased bacterial clearance and survival (91,94). In 
one model (91), this effect was seen without a change in the 
number of neutrophils, macrophages, or lymphocytes in peritoneal 
fluid. This led to speculation that glutamine exerts its immune 
effect by enhancing immune cell function rather than prolifera
tion (91,99). 

There is an extensive array of animal studies supporting the 
addition of glutamine to feeding solutions. Ziegler and Young 
( 100) noted that 80% of the animal studies to date show some 
beneficial effect of glutamine supplementation. Data showing a 
positive effect on outcome in humans are much more limited. 
Glutamine was shown to have a clinical benefit in humans for 
the first time by Ziegler et al. in 1992. In this well-designed double
blind randomized controlled study (39), bone marrow transplant 
recipients received TPN supplemented with gutamine or an isoni
trogenous, isocaloric glutamine-free TPN formula. Patients in the 
glutamine-supplemented group had fewer clinical infections (3/ 
24 vs 9/21 in the control group; p = 0.041) and a shorter length 
of stay (29 ± 1 vs 36 ± 2 d; p = 0.017). The incidence of microbial 
colonization was also significantly reduced. Another study in bone 
marrow transplant patients by Schloreb and Amase (101) found 
that the length of stay was decreased in the glutamine-supple
mented group (26.9 ± 1.3 vs 32.7 ± 2.1 d; p < 0.05). In contrast 
to the Ziegler study, the incidence of clinical infection and bacterial 
colonization was unchanged. A clinical benefit of glutamine sup
plementation was reported in critically ill patients in a study by 
Griffiths and associates (102). Patients who could not be given 
enteral nutrition were given a glutamine-supplemented or an isoni
trogenous isocaloric formula. Patients in the supplemented group 
had a higher 6-mo survival rate (24142 vs 14/42; p = 0.049). 
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Data from human studies demonstrating a clinical benefit are 
not conclusive enough to recommend the routine use of glutamine 
in any specific patient population except bone marrow transplant 
recipients. The most recent NIH! ASPEN/ ASCN conference guide
lines (103) do not make specific conclusions on the use of gluta
mine in feeding solutions. Further studies that assess the effect 
of glutamine on patient outcome are clearly needed. These may 
be more practical now that stable glutamine dipeptides are avail
able. The theoretical and experimental basis of glutamine supple
mentation is quite strong, and it is expected that interest in this 
area will remain high. 

ARGININE 

Arginine was originally classified as a semiessential amino acid 
and is an intermediary in a number of key metabolic pathways. 
In the urea cycle, it is hydrolyzed to urea and ornithine by the 
enzyme arginase. Arginine may also be converted to nitric oxide 
(NO) and citrulline via the arginine deaminase pathway. This is 
a critical function because NO plays a key role in the regulation 
of vascular tone, macrophage function, and a number of other 
functions that are still being elucidated. Arginine is also a precursor 
(via ornithine) of the polyamines, which are important in cellular 
growth and differentiation. In the catabolic state, endogenous 
arginine synthesis is inadequate to meet the needs of the body, 
so that arginine then becomes essential. 

Arginine may also affect metabolism more indirectly by influ
encing anabolic hormone levels. More than 30 yr ago, arginine 
was found to induce a rise in serum growth hormone concentration 
(104). This may be secondary to a suppression of hypothalamic 
secretion (105). Among the amino acids, it is the most potent 
stimulator of insulin secretion (106). Interestingly, ornithine is 
even more potent than arginine as a growth hormone secretagogue, 
but it has no effect on insulin secretion (107). Arginine is also 
thought to stimulate the secretion of prolactin, catecholamines, 
pancreatic somatostatin, and pancreatic polypeptide (lOS). 

Specific improvements in immune function as a result of argi
nine supplementation were first demonstrated in rats by Barbul 
(109). In this study, 1% dietary arginine supplementation caused 
an increase in thymic weight and cellularity in both normal rats 
and rats subjected to femoral fracture. Thymic lymphocytes also 
had an increased mitogenic response to phytohemmaglutin in 
(PHA) and Concanavilin C (Con A). Increased peripheral blood 
T-Iymphocyte mitogenesis has been shown in rats with a minor 
wound (lOS), healthy humans (110,111), and in patients undergo
ing surgery for gastrointestinal cancer (112). In mice, arginine 
supplementation also increases cytotoxic T-lymphocyte develop
ment and poly IC-inducible natural-killer (NK) cell activity and 
causes IL-2 receptor to be expressed earlier (113). 

The effects of arginine supplementation on wound healing have 
also been studied. An increased wound hydroxyproline content 
was seen in rats 7 d after laparotomy (114). A higher ratio of 
type III/type I collagen was also seen. Hydroxyproline is found 
only in collagen, and type III collagen is thought to be deposited 
in the early stages of wound healing. Wound bursting strength is 
increased in rats (lOS). Increases in wound hydroxyproline content 
have been confirmed in young (110) and elderly (115) human vol
unteers. 

Studies showing improved nitrogen balance and decreased 
weight loss in the arginine-fed traumatized rat have been reviewed 
( 116). Improved nitrogen balance has also been observed in 

patients undergoing open cholecystectomy (117) and gastrointesti
nal cancer resection (112). Studies demonstrating a clinical benefit 
of arginine supplementation have been limited. Arginine has 
increased survival in burned guinea pigs (l1S). In a mouse study 
(119), survival after cecal ligation and puncture was 56% in the 
arginine-supplemented group compared to 20% in the standard 
chow group (p < 0.02). The investigators hypothesized that nitric 
oxide may play an important role, because in another experiment, 
the nitric oxide inhibitor NNA decreased the survival of arginine
supplemented rats from 95% to 30% (p < 0.0001). The utility of 
arginine supplementation has been questioned, because a study 
in a guinea pig peritonitis model (120) failed to show a benefit and 
higher concentrations of arginine diet actually worsened nitrogen 
balance and mortality. To date, there have been no human studies 
showing an improvement in the clinical outcome of surgical 
patients supplemented with arginine. Until such a benefit can be 
demonstrated, the addition of arginine to perioperative nutrition 
regimens cannot be recommended, except in the setting of a clini
cal trial. 

OMEGA-3 FATTY ACIDS 

There has been a considerable amount of interest in the use of 
omega-3 (N-3) fatty acids as immunomodulators. Eicosapentae
noic acid (EPA) is the principal N-3 fatty acid and is a derivative 
of linolenic acid. N-3 fatty acids are relatively scarce in Western 
diets but are found in high concentrations in fish oil. Omega-6 
(N-6) fatty acids are more common in Western diets and are 
found in safflower oil and soybean oil. Arachidonic acid (AA) is 
metabolically the most important N-6 fatty acid and is a derivative 
of linoleic acid. AA is converted to prostaglandins of the 2-
series (PGE2, PGI2, TXA2) by the cyclooxygenase pathway and 
to leukotrienes of the 4-series (TLB4) via the lipoxygenase path
way. In contrast, EPA is metabolized by cyclooxygenase into 3-
series prostaglandins (PGE3, PGI3, TXB3) and by lipoxygenase 
into 5-series leukotrienes. 

Most immunologists believe that the E series of prostaglandins 
downregulate the immune system. In vitro studies show that PGE2 

suppresses a number of aspects of the immune system (121,122), 
including T-cell mitogenesis 11-2 production, IgM synthesis, and 
macrophage and NK cell activity. PGE3 does not have the same 
immunosuppressive properties (123). L TB4 is a very potent 
chemotactic agent and is thought to be an important mediator of 
the inflammatory response to injury and sepsis. L TBs is about 10 
times less potent (124). Fish-oil-supplemented diets have been 
shown to decrease PGE2 production (125) and LTB4 production 
(124,126) and to increase LTBs production (126) in humans. 
Decreased production of IL-l~, IL-1a, and TNF also occurs in 
humans (125), possibly secondary to decreased PGE2 production. 

In a burned guinea pig model, Alexander and colleagues (127) 
found that fish oil supplementation resulted in less weight loss, 
lower resting metabolic expenditure, better carbohydrate metabo
lism index (CMI), higher splenic weight, lower adrenal weight, 
and higher serum transferrin levels. However, survival was not 
improved. Other animal models have shown improved outcome. 
Rats given a regular chow diet supplemented with fish oil for 2 
wk before cecal ligation and puncture had an 80% survival rate 
versus 50% for rats on a chow plus linoleic acid diet and 55% 
on a regular chow diet only (12S). Fish oil supplementation also 
improved survival in mice given intramuscular injections of Kleb
siella pneumoniae (129). In a prospective randomized human 
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trial (130), patients undergoing upper gastrointestinal surgery for 
cancer were given either a standard enteral formula or an isoca
loric, isonitrogenous fish oil structured-lipid-based formula. 
Patients receiving the fish-oil-supplemented diet were 50% less 
likely to develop gastrointestinal complications (cramping, diar
rhea, distention, nausea). The number of infected patients were 
similar between groups, but patients receiving fish oil were less 
likely to have multiple infections. They also had decreased serum 
levels of liver enzymes and had improved creatinine clearance, 
but these did not reach statistical significance. This was a relatively 
small trial (n = 50) and the authors recommend that a similar but 
larger trial be done to confirm these findings. To date, there have 
been no clinical trials that have demonstrated improved survival 
or decreased length of stay in surgical patients given a standard 
enteral or parenteral nutrition regimen supplemented only with 
N-3 fatty acids. 

It has been suggested that the ratio of N-6 to N-3 fatty acids 
in the diet may be more important in modulating the immune 
system than absolute levels of either type alone (44). In a rat heart 
allotransplant model, optimal immune function was seen in rats 
given a diet with an N-6/N-3 ratio of 2.111. Rats given fish oil 
(117.6) or safflower oil (36011) had decreased immune function. 
These results suggest that a mixture of fish and safflower oils may 
be more beneficial than fish oil alone. 

GROWTH HORMONE 

Although the use of parenteral nutritional support in patients who 
cannot be fed enterally has beneficial and often life-saving effects, 
it cannot increase or even maintain body protein during the cata
bolic state often seen in surgical patients. This realization has led 
investigators to attempt to alter nitrogen metabolism by the use 
of anabolic hormones. The most extensively studied of these is 
growth hormone. Human growth hormone (OH) is an anterior 
pituitary peptide hormone that has a number of anabolic effects, 
including decreased protein catabolism with enhanced synthesis, 
increased fat mobilization and conversion of fatty acids to acetyl
CoA, and decreased glucose oxidation with increased glycogen 
deposition. OH is also thought to improve muscle strength, wound 
healing, and immunological function. Its anabolic effects are medi
ated largely by insulin-like growth factor I (IGF-l), whereas lipo
lytic effects are mediated by OH itself. IOF-I production is stimu
lated by circulating OH and occurs in a variety of tissues, most 
prominently in the liver. The OH-IOF-l axis is altered in the 
stressed or starved state, and increased OH levels with decreased 
IOF-l levels invariably occurs (55). In the unstressed fed state, 
the anabolic effects of OH predominate, whereas OH acts mostly 
as a fat-mobilizing agent in the stressed organism. 

A number of studies demonstrate that providing exogenous 
recombinant OH improves nitrogen balance in healthy human 
volunteers (131) and surgical patients (46,132-134). Positive bal
ances of potassium (46,131,135) and phosphorus (131), which are 
key intracellular components of lean body mass, are seen. There 
is an increase in total body weight. An elegant study by Byrne and 
colleagues (136) reported that growth hormone supplementation 
caused a significant gain in lean body mass with increased protein 
deposition but minimal body fat gain. In contrast, control patients 
gained a greater proportion of weight as extracellular water and 
fat. These findings are particularly important because they show 
that OH-supplemented nutritional support can preferentially 
increase the protein (i.e., functional) mass of the body. 

The only report of improved clinical outcome and immunologi
cal function with OH administration after surgery was published 
in 1993 by Vara-Thorbeck and associates (46). In this relatively 
large double-blinded randomized controlled study, patients under
going elective cholecystectomy were given placebo (n = 93) or OH 
(n = 87). Delayed hypersensitivity skin testing was used to evaluate 
immune function. In the control group, the number of normoergic 
patients dropped from 56 to 40 postoperatively, whereas in the OH
supplemented group, the number of normoergic patients increased 
from 59 to 81. The number of anergic patients was unchanged (n = 
11) in the control group but dropped to zero in the supplemented 
group. OH also prevented the postoperative decrease in IgO, IgM, 
and IgA seen in the control group. Wound infection occurred in 
17.2% of the control patients but in only 3.4% of the patients given 
OH. The length of stay was also decreased (12.5 ± 7.1 d control 
group, 9.6 ± 3.6 d OH group; p < 0.05). 

Orowth hormone administration has been generally well toler
ated in clinical studies, but metabolic side effects may occur. 
Blood glucose concentrations have been mildly (46,135) (110-160 
mg/dL) or moderately (134) (> 200 mg/dL) increased by exoge
nous OH administration despite concomitant hyperinsulinemia. 
Uncontrolled hyperglycemia could then theoretically dampen any 
immunostimulatory effects that OH may have had. Up to 43% of 
patients given OH develop hypercalcemia (> 11.0 mg/dL) and 10% 
may have severe hypercalcemia (> 12.5 mg/dL) (137). Patients 
with impaired renal function are particularly susceptible. Two 
European studies in critically ill patients showed a higher mortality 
in OH-supplemented patients (41.7%) than controls (18.2%) (138). 
This led the manufacturer to recommend halting all recombinant 
OH use in catabolic patients. The etiology of the increased mortal
ity rates is unknown, as the studies have not yet been published. 
However, interest remains high in the use of OH in patients 
with short-bowel syndrome and those receiving chemotherapy or 
radiation therapy (139) because of reports that OH may aid the 
adaptive response of the gastrointestinal tract to these condi
tions (140,141). 

BRANCHED-CHAIN AMINO ACIDS 

In the 1970s and 1980s, much attention focused on the use of 
branched-chain amino acids (BCAA) in postoperative and criti
cally ill patients. BCAA (leucine, isoleucine, and valine) are useful 
in theory because they stimulate protein synthesis and decrease 
protein degradation in liver and muscle, they can be oxidized 
peripherally for use as a fuel source, and they may serve as a 
substrate for gluconeogenesis (142). BCAA are the only essential 
amino acids oxidized primarily in skeletal muscle and may prevent 
muscle protein wasting in the stressed state. The effects of BCAA 
are seen primarily in growing animals (143) and few data in 
mature animals exist. 

In 1986, a symposium on the use of BCAA in injured patients 
was conducted and the results published (143). The participants 
concluded that BCAA-enriched solutions lessened the caloric 
requirements needed to maintain nitrogen balance in animal stud
ies. In human clinical studies, modest improvements in nitrogen 
metabolism parameters were seen in critically ill patients, but no 
major effect on outcome were seen in any group of patients. Since 
that time, there has been little interest in the use of BCAA-enriched 
nutrition regimens in the perioperative period. One animal study 
( 144) showed that BCAA may reduce postoperative jejunal atro
phy by increasing skeletal muscle glutamine release and intestinal 
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glutaminase activity. A recent study in ICU patients (142) did 
show a decrease in mortality and improvements in nutritional 
parameters with a BCAA-enriched solution. However, most surgi
cal nutrition researchers believe that BCAA-enriched solutions 
(usually 45% BCAA) offer no advantage compared to standard 
amino acid solutions (10-25% BCAA). 

"IMMUNE-ENHANCING" FORMULAS 

The increasing body of literature on the beneficial immune effects 
of arginine, (0-3 fatty acids, and nucleotides as dietary supplements 
led to the commercial development of so-called "immune-enhanc
ing" enteral formulas containing various combinations of all three 
substances. Of these, the most widely studied has been Impact 
(Sandoz Nutrition, Basel, Switzerland), which has served as the 
experimental formula in at least eight human clinical trials. In these 
trials, Impact was shown to affect a number of immunological and 
physiological parameters. Senkal et al. (145) demonstrated that 
patients undergoing surgery for upper gastrointestinal cancer who 
were given enteral Impact did not have the increased IL-6 and 
TNF-a that patients given an isocaloric, isonitrogenous control 
diet did. This implies that Impact may attenuate the acute-phase 
response and decrease systemic inflammation. In the same study, 
patients given Impact showed mild increases in IL-2 and IL-2 
receptors, which, in tum, may augment T-cell function. Schilling 
et al. (146) found that Impact patients had higher CD8+ cell count, 
lower CD3+ cell levels, and a lower percentage ofDW monnocytes, 
macrophages, and lymphocytes when compared to patients given 
a relatively hypocaloric TPN solutions. The significance of these 
findings is unknown. Increased activated T-cell and helper T
cell levels were found in a third study (147), which also showed 
mild increases in serum IgO and IgM. Braga and colleagues 
demonstrated increased small-bowel and colon microperfusion 
in patients given Impact perioperatively (148). The same patients 
also had improved phagocytosis and polymorphonuclear cell 
respiratory burst activity and a lesser increase in C-reactive 
protein compared to controls. 

Impact has been shown to decrease length of stay (LOS) in 
four studies (146,149-151). However, statistical significance was 
not reached in one (146), the control diet contained less protein 
and calories in another (149), and in a third, it was only seen in 
a subgroups after a complex post hoc analysis (150). The most 
promising Impact trial to date in terms of clinical outcome was 
conducted by Daly in upper gastrointestinal cancer patients (151). 
In this series, patients given Impact had a significantly shorter 
length of stay (16 vs 22 d, p < 0.05) and lower rate of infection 
(10% vs 43%, p < 0.05) than control patients given a similar diet 
(Traumacal, Mead Johnson, Evansville, IN). A later study of bum 
patients (152) found no improvement in mortality, length of stay, 
or complication rate with Impact. This study is difficult to interpret 
because the control diet (Replete) contains (0-3 fatty acids and 
glutamine and, thus, may also be considered to be immunostimula
tory. Finally, a large (n = 195) study in upper GI cancer patients 
found that patients given Impact beginning on postoperative day 
1 did not have a better outcome than those who were given 
intravenous fluids only (48). 

Other "immune-enhancing" diets have been studied to a lesser 
extent. In a multicenter PCRT, Moore et al. (153) found that 
patients sustaining major torso trauma who were supplemented 
with Immun-Aid (which contains glutamine, arginine, nucleic 

acids, and N-3 fatty acids) had significantly fewer intraabdominal 
abscesses and multiple organ failure than patients given the control 
formula (Vivonex T.E.N.). In a study of bum patients fed with 
an experimental diet containing arginine and N-3 fatty acids, 
Oottschlich et al. (154) reported reduced wound infection rates 
and LOS/% bum ratio compared to patients fed with Osmolite 
(Ross Products, Columbus, OH) or Traumacal (which were both 
modified to make them isocaloric and isonitrogenous to the experi
mental formula). It should be noted that these two trials involved 
highly stressed trauma and bum patients, who may be expected 
to derive the greatest benefit from immune-enhancing diets. Suc
cess was lower in trials involving patients undergoing gastrointes
tinal cancer surgery (145-149,151), in which the catabolic 
response is not as great. 

These diets are particularly challenging to study, because they 
contain multiple immune-modulating agents. It is, therefore, diffi
cult to elaborate the mechanisms for any immunological effects 
seen. In addition, the clinical effects have been varied. Currently, 
no definitive conclusions can be made regarding the use of these 
formulations (103). However, "immune-enhancing" diets remain 
a promising and active area of research and it is to be hoped 
that a greater understanding of the specific effects of the various 
supplemental nutrients will clarify the role of these diets in clinical 
surgical practice. 

RECOMMENDATIONS 

In 1997, the most recent recommendations of a consensus confer
ence of the National Institutes of Health, the American Society 
for Parenteral and Enteral Nutrition, and the American Society 
for Clinical Nutrition concerning the use of nutrition support in 
clinical practice were published (103). The committee members 
concluded that there was no conclusive data to support the hypoth
esis that nutrition support is beneficial in critically ill patients. 
The rationale for nutritional support is, therefore, based more on 
clinical judgment than on randomized clinical trials. It is generally 
agreed that a critical depletion of lean body mass occurs after 14 
d of starvation and that nutrition support should be initiated in 
patients who are not likely to resume oral feeding within 7-10 d 
( 1 03). The majority of such patients are readily identified by the 
clinician, and nutritional support should be initiated promptly to 
avoid protein depletion. 

In severely malnourished patients who cannot tolerate an oral 
diet, a course of preoperative TPN may decrease postoperative 
complications (25). The final decision for or against the use of 
preoperative TPN requires a clinical judgment in which the 
urgency of the operation, the severity of the existing malnutrition, 
and the expected delay until oral intake are all considered. If 
nutritional support is initiated before surgery, it should be contin
ued into the postoperative period until adequate oral intake has 
been achieved. Most patients who receive 10 d or fewer of preoper
ative TPN do not replace protein stores enough to significantly 
improve function, and further work is needed to determine if a 
longer course of preoperative nutritional support is beneficial. 
Home enteral nutrition may be useful in this regard as a means 
to avoid lengthy hospitalization for the sole purpose of receiving 
preoperative TPN. 

With the possible exception of severely traumatized patients 
(46,49), the routine use of postoperative nutritional support in 
individuals expected to resume oral intake in less than 7 d has not 
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been shown to be beneficial. Mildly or moderately malnourished 
patients who experience uncomplicated recovery do not seem 
to benefit from current postoperative nutrition support regimens. 
However, preliminary evidence indicates that such a benefit may 
be seen in severely malnourished patients (25,41,42). These studies 
were not specifically designed to address this issue, and further 
trials will be necessary for confirmation. 

Once the decision to provide postoperative nutrition support 
to a patient has been made, the clinician must then determine 
whether the nutrients should be given enterally or parenterally. 
Enteral nutrition is the preferred method of delivery because it is 
believed to be safer, less expensive, and more physiologic com
pared to TPN. It is also thought to promote gastrointestinal function 
and morphology and improve clinical outcome, although this has 
been questioned (155). A nasogastric or nasojejunal feeding tube 
may be appropriate for patients requiring only short-term enteral 
access. For those requiring long-term access, feeding tubes may 
be introduced into the stomach or jejunum directly through the 
abdominal wall either at operation or postoperatively by a variety 
of methods (156). 

The specific benefits of enteral as opposed to parenteral nutri
tion in peri operative patients are not dependent on the provision 
of full nutrient support in the short term. During the first week 
of postoperative therapy, support of gut integrity appears to pre
dominate over the necessity for full nutrient provision. Also, reple
tion of enzymes for digestion and absorption may take several 
days. Thus, enteral nutrition should be provided and feedings 
should be advanced only as tolerated. Patients should be monitored 
for evidence of abdominal pain, distention, and diarrhea. Aggres
sive enteral feeding also markedly increases blood flow to the 
gut, and blood volume and cardiac output must be maximized to 
avoid gut ischemia (157). 

Paralytic ileus involving the entire gastrointestinal tract is com
mon among severely stressed patients. Enteral feeding is not toler
ated or beneficial in such patients. When enteral access is unavail
able or contraindicated, intravenous access must be obtained for 
TPN. This will typically require inserting a central venous catheter, 
although, in some cases, nutrients can be administered via periph
eral veins, especially if the interval of postoperative nutrition 
therapy is expected to be fewer than 7 d. Overfeeding may be 
detrimental in TPN patients (25,158) and hyperglycemia (>200 
mg/dL) in particular should be avoided due to its immunosup
pressive effects (38a,75,77,159). The transition to oral or enteral 
intake ifTPNhas been required is an immediate goal in all patients. 

Determining the optimal amount and composition of formula 
to be used in the nutritional support of a given patient is a complex 
task. The clinician must make this decision based on a variety of 
fac+ors, such as the nature and severity of illness, underlying 
nutritional status, cost, and availability. Because these issues have 
not been explored in a rigorous scientific fashion, the selection 
of a particular formula is usually governed by the experience and 
preferences of individual clinicians or institutions. 

It must be emphasized that the principles which govern the 
current practice of peri operative nutritional support are not static 
but, instead, are constantly changing as new information becomes 
available. It is possible that the outcomes of many of the older 
perioperative nutrition support trials would be different if they 
were repeated using current standards (103). Further studies are 
needed to determine which subgroups of patients benefit most 
from peri operative feeding. The potential of specific nutrients such 

as glutamine, arginine, N-3 fatty acids, and growth hormone to 
improve outcome must also be explored. 

REFERENCES 

1. Chernow B, Alexander R, Smallridge RC, et al. Hormonal responses 
to graded surgical stress. Arch Intern Med 1987; 147:1273-8. 

2. Halter JB, Pflug AE, Porte D. Mechanism of plasma catecholamine 
increases during surgical stress in man. 1 Clin Endocrinol Metab 
1977; 45:936-44. 

3. Moore FD. Metabolic Care of the Surgical Patient. WB Saunders, 
Philadelphia, 1959. 

4. Nygren 1. Site of insulin resistance after surgery: the contribution 
of hypocaloric nutrition and bed rest. Clin Sci 1997; 93: 137-46. 

5. Chang HR, Bistrian B. The role of cytokines in the catabolic conse
quences of infection and injury. IPEN 1998; 22:156-66. 

6. Faist E, Baue AE. Post-injury immunoregulation. In: Feliciano DV, 
MooreEE, Mattox KL, eds, Trauma, 3rd ed, pp. 1193-1203, Apple
ton & Lange, Stamford, CT, 1996. 

7. Christou NV, MacLean AP, Meakins IL. Host defense in blunt 
trauma: interrelationships of kinetics of anergy and depressed neutro
phil function, nutritional status, and sepsis. 1 Trauma 1980; 
20:833-41. 

8. Baker CC, Huynh T. Immunologic response to injury. In: Feliciano 
DV, Moore EE, Mattox KL, eds, Trauma, 3rd ed, pp. 1177-93. 
Appleton & Lange, Stamford, CT, 1996. 

9. Redmond HP, Hofmann K, Shou 1, Leon P, Kelly CI, Daly 1M. 
Effects of laparotomy on systemic macrophage function. Surgery 
1992; 111:647-55. 

10. Faist E, Mewes A, Baker CC, Strasser T. Prostaglandin E2 (PGE2) 
dependent suppression of IL-2 production in patients with major 
trauma. 1 Trauma 1987; 27:837-48. 

11. Faist E, Mewes A, Strasser TH, et al. Alteration of monocyte function 
following major injury. Arch Surg 1988; 123:287-92. 

12. Christou NV, Meakins JL, Gordon 1. The delayed type hypersensitiv
ity response and host resistance in surgical patients: 20 years later. 
Ann Surg 1995; 222:534-48. 

13. Faist E, Ertel W, Baker CC, Heberer G. Terminal B-cell maturation 
and immunoglobulin synthesis in vitro in patients with major injury. 
J Trauma 1989; 29:2-9. 

14. Halasz NA, Orloff MJ, Hirose F. Increased survival of renal homo
grafts in dogs after injection of graft donor blood. Transplantation 
1964; 2:453-8. 

15. Blumberg N, Heal JM. Effect of transfusion on immune function: 
cancer recurrence and infection. Arch Pathol Lab Med 1994; 
118:371-9. 

16. Jensen LS, Andersen AI, Christiansen PM, et al. Postoperative 
infection and natural killer cell function following blood transfusion 
in patients undergoing elective colorectal surgery. Br J Surg 
1992; 79:513-6. 

17. Kurz A, Sessler DI, Lenhardt R, et al. Perioperative normothermia 
to reduce the incidence of surgical-wound infections and shorten 
hospitalization. N Engl 1 Med 1996; 334:1209-15. 

18. Roizen MF, Levy IH, Moss 1. Immune responses and hypersensitiv
ity reactions during anesthesia. In: Physiologic and Pharmacologic 
Bases of Anesthesia, pp. 345-60. William & Wilkins, Baltimore, 
MD,1996. 

19. Studley HO. Percentage weight loss: a basic indicator of surgical 
risk in patients with chronic peptic ulcer. JAMA 1936; 106:458-60. 

20. Cannon PR, Wissler RW, Woolridge RL, Benditt EP. The relation
ship of protein deficiency to surgical infection. Ann Surg 1994; 
120:514-25. 

21. Rhoads JE, Alexander CEo Nutritional problems of surgical patients. 
Ann NY Acad Sci 1955; 63:269-75. 

22. Seltzer MH, Bastidias IA, Cooper DM, Engler PE, Slocum B, Flet
cher HS. Instant nutritional assessment. JPEN 1979; 3:157-9. 

23. Reinhardt GF, Myscofski JW, Wilkens DB, Dobrin PB, Mangan 



CHAPTER 20/ PERIOPERATIVE FEEDING 257 

JE, Stannard RT. Incidence and mortality of hypoalbuminemic 
patients in hospitalized veterans. JPEN 1980; 4:357-9. 

24. Bistrian BR, Blackburn GL, Hallowell E, Heddle R. Protein status 
of general surgical patients. JAMA 1974; 230:858-60. 

25. The Veterans Affairs Total Parenteral Nutrition Cooperative Study 
Group. Perioperative total parenteral nutrition in surgical patients. 
N Engl J Med 1991; 325:525-32. 

26. Hickman DM, Miller RA, Rombeau JL, et al. Serum albumin and 
body weight as predictors of postoperative course in colorectal 
cancer. JPEN 1980; 4:314-6. 

27. Shaw-Stiffel TA, Zamy LA, Pleban WE, Rosman DD, Rudolph RA, 
Bernstein LH. Effect of nutrition status and other factors on length 
of hospital stay after major gastrointestinal surgery. Nutrition 
1993; 9:140-5. 

28. Dempsey DT, Mullen JL, Buzby GP. The link between nutritional 
status and clinical outcome: can nutritional intervention modify it? 
Am J Clin i'ifutr 1988; 47:352-6. 

29. Christou NV. Host defense mechanisms in surgical patients: a correl
ative study of the delayed hypersensitivity skin test response, granu
locyte function and sepsis in 2202 patients. Can J Surg 1985; 
28:39-49. 

30. Christou NY, Tellado-Rodriguez J, Chartrand L, et al. Estimating mor
tality risk in preoperative patients using immunologic, nutritional, and 
acute-phase response variables. Ann Surg 1989; 210:69-77. 

31. Buzby GP, Mullen J, Matthews DC, Hobbs CL, Rosato EF. Prognos
tic nutritional index in gastrointestinal surgery. Am J Surg 1980; 
139:160-6. 

32. Katelaris PH, Bennett GB, Smith RC. Prediction of postoperative 
complications by clinical and nutritional assessment. Aust NZ J 
Surg 1986; 56:743-7. 

33. Tellado JM, Garcia-Sabrido JL, Hanley JA, Shizgal HM, Christou 
NV. Predicting mortality based on body composition analysis. Ann 
Surg 1989; 209:81-7. 

34. Smith RC, Hartemink R. Improvement of nutritional measures dur
ing preoperative parenteral nutrition in patients selected by the prog
nostic nutritional index: a randomized controlled trial. JPEN 
1988; 12:587-91. 

35. Baker JP, Detsky AS, Wesson DE, et al. Nutritional assessment: a 
comparison of clinical judgment and objective measurements. N 
Engl J Med 1982; 306:969-72. 

36. Detsky AS, Baker JP, O'Rourke K, et al. Predicting nutrition associ
ated complications for patients undergoing gastrointestinal surgery. 
JPEN 1987; 11:440-5. 

37. Dudrick SJ, Wilmore DW, Vars HM, Rhaods JE. Long term total 
parenteral nutrition with growth, development, and positive nitrogen 
balance. Surgery 1968; 64:134-42. 

38. Muller JM, Brenner D, Dienst C, Pichlmaier H. Preoperative paren
teral feeding in patients with gastrointestinal carcinoma. Lancet 
1982; 1 :68-71. 

38a. Kwoun MO, Ling PR, Lydon E, et al. Immunologic effects of acute 
hyperglycemia in nondiabetic rats. JPEN 1997; 21:91-5. 

39. Ziegler TR, Young LS, Benfell K, et al. Clinical and metabolic 
efficacy of glutamine-supplemented parenteral nutrition after bone 
marrow transplantation. Ann Intern Med 1992; 116:821-8. 

40. Brennan MF, Pisters PW, Posner M, Quesada 0, Shike M. A pro
spective randomized trial of total parenteral nutrition after major 
pancreatic resection for malignancy. Ann Surg 1994; 220:436-44. 

41. Fan ST, Lo CM, Lai EC, Chu KM, Liu CL, Wong J. Perioperative 
nutritional support in patients undergoing hepatectomy for hepato
cellular carcinoma. N Engl J Med 1994; 331:1547-52. 

42. Sandstrom R, Drott C, Hyltander A, et al. The effect of postoperative 
intravenous feeding (TPN) on outcome following major surgery 
evaluated in a randomized study. Ann Surg 1993; 217:185-95. 

43. Hoover HC, Ryan JA, Anderson EJ, Fischer JE. Nutritional benefits 
of immediate postoperative jejunal feeding of an elemental diet. Am 
J Surg 1980; 139:153-9. 

44. Grimm H, Tibell A, Norrlind B, Blecher C, Wilker S, Scwemmle 
K. Immunoregulation by parenteral lipids: impact of the n-3 to n-
6 fatty acid ratio. JPEN 1994; 18:417-21. 

45. Moore EE, Moore FA. Immediate enteral nutrition following mUltisys
tem trauma: a decade perspective. J AmCollNutr 1991; 10(6):633-48. 

46. Vara-Thorbeck R, Guerrero JA, Rosell J, Ruiz-Requena E, Capitan 
LM. Exogenous growth hormone: effects on the catabolic response 
to surgically produced acute stress and on postoperative immune 
function. World J Surg 1993; 17:530-8. 

47. Carr C, Ling EK, Boulos P, Singer M. Randomised trial of safety 
and efficacy of immediate postoperative enteral feeding in patients 
undergoing gastrointestinall resection. Br Med J 1996; 312:869-71. 

48. Heslin MJ, Latkany L, Leung D, et al. A prospective, randomized 
trial of early enteral feeding after resection of upper gastrointestinal 
malignancy. Ann Surg 1997; 226:567-80. 

49. Moore FA, Moore EE, Jones TN, McCroskey BL, Peterson VM. 
TEN versus TPN following major abdominal trauma-reduced septic 
morbidity. J Trauma 1989; 29:916-22. 

50. Kudsk KA, Croce MA, Fabian TC, et al. Enteral versus parenteral 
feeding -effects on septic morbidity after blunt and penetrating 
abdominal trauma. Ann Surg 1992; 215:503-11. 

51. Moore FA, Feliciano DV, Andrassy RJ, et al. Early enteral feeding, 
compared with parenteral, reduces postoperative septic complica
tions-the results of a meta-analysis. Ann Surg 1992; 216:172-83. 

52. Hosoda N, Nishi M, Nakagawa M, et al. Structurall and functional 
alterations in the gut of parenterally and enterally fed rats. J Surg 
Res 1989; 47:129-33. 

53. Levine GM, Deren JJ, Steiger E, et al. Role of oral intake in mainte
nance of gut mass and disaccharide activity. Gastroenterology 
1974; 67:975-82. 

54. van der Hulst RR, van Kreel BK, von Meyenfeldt MF, et al. Gluta
mine and the preservation of gut integrity. Lancet 1993; 341: 1363-5. 

55. Guedon C, Schmitz J, Lerebours E, et al. Decreased brush border 
hydrolase activities without gross morphologic changes in human 
intestinal mucosa after prolonged total parenteral nutrition of adults. 
Gastroenterology 1986; 90:373-8. 

56. Inoue Y, Espat NJ, Fronhapple DJ, Epstein H, Copeland EM, Souba 
WW. Effect of total parenteral nutrition on amino acid and glucose 
transport by the human small intestine. Ann Surg 1993; 217:604-14. 

57. Li J, Langkamp-Henken B, Suzuki K, Stahlgren LH. Glutamine 
prevents parenteral nutrition-induces increases in intestinal perme
ability. JPEN 1994; 18:303-7. 

58. Reynolds JV, Kanwar S, Welsh FK, et al. Does the route offeeding 
modify gut barrier function and clinical outcome in patients after 
major upper gastrointestinal surgery? JPEN 1997; 21:196-201. 

59. Shou J, Lappin J, Daly JM. Impairment of pulmonary macrophage 
function with total parenteral nutrition. Ann Surg 1994; 219:291-7. 

60. Shou J, Lappin J, Minnard EA, Daly JM. Total parenteral nutrition, 
bacterial translocation, and host immune function. Am J Surg 
1994; 167:145-50. 

61. Alverdy JC, Aoys E, Moss G. Total parenteral nutrition promotes 
bacterial translocation from the gut. Surgery 1988; 104: 185-90. 

62. Deitch EA. Bacterial translocation of the gut flora. J Trauma 
1990; 30:S184-9. 

63. Mainous M, Xu D, Lu Q, Berg RD, Deitch EA. Oral-TPN-induced 
bacterial translocation and impaired immune defenses are reversed 
by refeeding. Surgery 1991; 110:277-84. 

64. Alverdy JA, Aoys E, Weiss-Carrington P, Burke DA. The effect of 
glutamine-enriched TPN on gut immune cellularity. J Surg Res 
1992; 52:34-8. 

65. Maderazo EG, Woronick CL, Quercia RA, et al. The inhibitory 
effect of parenteral nutrition on recovery of neutrophil locomotory 
function in blunt trauma. Ann Surg 1988; 208:221-6. 

66. Lin MT, Saito H, Fukushima R, et al. Route of nutritional supply 
influences local, systemic, and remote organ responses to intraperito
neal bacterial challenge. Ann Surg 1996; 223:84-93. 

67. King BK, Li J, Kudsk KA. A temporal study of TPN-induced 
changes in gut-associated lymphoid tissue and mucosal immunity. 
Arch Surg 1997; 132:1303-9. 

68. Janu P, Li J, Renegar KB, Kudsk KA. Recovery of gut-associated 
lymphoid tissue and upper respiratory tract immunity after parenteral 
nutrition. Ann Surg 1997; 225:707-17. 



258 PART IV / CLINICAL ISSUES 

69. Kudsk KA, Li J, Renegar KB. Loss of upper respiratory tract immu
nity with parenteral feeding. Ann Surg 1996; 223:629-38. 

70. Li J, Kudsk KA, Hamidian M, Gocinski BL. Bombesin affects 
mucosal immunity and gut -associated lymphoid tissue in intrave
nously fed mice. Arch Surg 1995; 130:1164-70. 

71. Nygren J, Thorell A, Efendic S, Nair KS, Ljungqvist O. Site of 
insulin resistance after surgery: the contribution of hypo caloric nutri
tion and bed rest. Clin Sci 1997; 93:137-46. 

72. Thorell A, Efendic S, GutniakM, Haggmark T, Ljungqvist O. Insulin 
resistance after abdominal surgery. Br J Surg 1994; 81:593-9. 

73. Rosmarin DK, Wardlaw GM, Mirtallo I. Hyperglycemia associated 
with high, continuous infusion rates of total parenteral nutrition 
dextrose. Nutr Clin Pract 1996; 11: 151-6. 

74. Silberman H. Parenteral nutrition: nonnutritional effects and meta
bolic complications. In: Parenteral and Enteral Nutrition, 2nd ed, 
pp. 304-20. Appleton & Lange, Norwalk, CT, 1989. 

75. Black CT, Hennessey PJ, Andrassy RJ. Short-term hyperglycemia 
depresses immunity through nonenzymatic glycosylation of circulat
ing immunoglobulin. J Trauma 1990; 30:830-2. 

76. Hennessey PJ, Black CT, Andrassy RJ. Nonenzymatic glycosylation 
of immunogobulin G impairs complement fixation. JPEN 1991; 
15:60-4. 

77. Hostetter MK. Effects of hyperglycemia on C3 and Candida albi
cans. Diabetes 1990; 39:271-5. 

78. Krebs H. Glutamine metabolism in the animal body. In: Mora J, 
Palacio R, eds, Gutamine: Metabolism, Enzymology, and Regula
tion, pp. 1-40. Academic, New York, 1980. 

79. Ardawi MS, Newshome EA. Glutamine metabolism in lymphocytes 
of the rat. Biochem J 1982; 208:743-8. 

80. Hong RW, Rounds JD, Helton WS, Robinson MK, Wilmore DW. 
Glutamine preserves liver glutathione after lethal hepatic injury. 
Ann Surg 1992; 215: 114-9. 

81. Yamaguchi T, Minor T, Isselhard W. Effect of glutamine or gluca
gon-insulin enriched total parenteral nutrition on liver and gut in 
70% hepatectomized rats with colon stenosis. J Am Coli Surg 
1997; 185:156-62. 

82. Souba WW, Herskowitz K, Plumley DA. Lung glutamine metabo
lism. JPEN 1990; 14:68S-70S. 

83. Souba WW, Wilmore DW. Postoperative alteration of arteriovenous 
exchange of amino acids across the gastrointestinal tract. Surgery 
1983; 94:342-50. 

84. Souba WW, Smith RJ, Wilmore DW. Effect of glucocorticoids on 
glutamine metabolism in visceral organs. Metabolism 1985; 
34:450-6. 

85. Fox AD, Kripke SA, Berman JM, et al. Dexamethasone administra
tion induces increased glutaminase activity in jejunum and colon. J 
Surg Res 1988; 44:391-6. 

86. Kandil HM, Argenzio RA, Chen W, et al. L-Glutamine and L
asparagine stimulates ODC activity and proliferation in a porcine 
jejunal enterocyte line. Am J Physiol 1995; 269:G591-9. 

87. Windmueller HG. Glutamine utilization by the small intestine. Adv 
Enzymol 1982; 53:202-37. 

88. Baskerville A, Hambleton P, Benbough JE. Pathologic features of 
gutaminase toxicity. Br J Exp Pathol 1980; 61:132-8. 

89. Souba WW, Klimberg VS, Hautamaki RD, et al. Oral glutamine 
reduces bacterial translocation following abdominal radiation. J Surg 
Res 1990; 48:1-5. 

90. O'Dwyer ST, Smith RJ, Hwang TL, Wilmore DW. Maintenance of 
small bowel mucosa with glutamine-enriched parenteral nutrition. 
JPEN 1985; 9:579-85. 

91. Furukawa S, Saito H, Inaba T, et al. Glutamine-enriched enteral 
diet enhances bacterial clearance in protracted bacterial peritonitis, 
regardless of glutamine form. JPEN 1997; 21:208-14. 

92. Manzurul Haque SM, Chen K, Usui N, et al. Alanyl-glutamine 
dipeptide-supplemented parenteral nutrition improves intestinal 
metabolism and prevents increases permeability in rats. Ann Surg 
1996; 223:334-41. 

93. Jiang Z-M, Wang L-J, Qi Y, et al. Comparison of parenteral nutrition 

supplemented with L-glutamine or glutamine dipeptides. JPEN 
1993; 17:134-41. 

94. Inoue Y, Grant JP, Snyder PI. Effect of glutamine-supplemented 
intravenous nutrition on survival after Escherichia coli-induced peri
tonitis. JPEN 1993; 17:41-6. 

95. van der Hulst RR, van Kreel BK, von Meyenfeldt MF, et al. Gluta
mine and the preservation of gut integrity. Lancet 1993; 334: 1363-5. 

96. Alverdy JA, Aoys E, Weiss-Carrington P, Burke DA. The effect of 
glutamine-enriched TPN on gut immune cellularity. J Surg Res 
1992; 52:34-8. 

97. Burke DJ, Alverdy JC, Moss GS. Glutamine-supplemented total 
parenteral nutrition improves gut immune function. Arch Surg 
1989; 124:1396-9. 

98. O'Riordain MG, Fearon KC, Ross JA, et aI. Glutamine-supplemented 
total parenteral nutrition enhances T -lymphocytes response in surgical 
patients undergoing colorectal resection. Ann Surg 1994; 220:212-21. 

99. Smith RJ. Glutamine-supplemented nutrition. JPEN 1997; 21: 183-4. 
100. Ziegler TR, Young LS. Therapeutic effects of specific nutrients. In: 

Rombeau JL, Rolandelli RH, eds, Clinical Nutrition: Enteral and 
Tube Feeding, 3rd ed, pp. 112-38. WB Saunders, Philadelphia, 1997. 

101. Schloerb PR, Amare M. Total parenteral nutrition with glutamine 
in bone marrow transplantation and other clinical applications (a 
randomized, double-blind study. JPEN 1993; 17:407-13. 

102. Griffiths RD, Jones C, Palmer TEA. Six month outcome of critically 
ill patients given glutamine supplemented parenteral nutrition. Nutri
tion 1997; 13:295-302. 

103. Klein S, Kinney J, Jeebjeebhoy K, et al. Nutrition support in clinical 
practice: review of published data and recommendations for future 
research directions. JPEN 1997; 21:133-56. 

104. Merimee n, Rabinowitz D, Riggs L, Burgess JA, Rimoin DL, 
McKusick VA. Plasma growth hormone after arginine infusion. N 
Eng1 J Med 1967; 276:434-8. 

105. Hebiguchi T, Yoshino H, Mizuno M, Koyama K. The effect of 
arginine supplementation on growth hormone release and intestinal 
mucosal growth after massive small bowel resection in growing 
rats. J Ped Surg 1997; 32:1149-53. 

106. Floyd JC, Fajans SS, Conn JW, Knopf RF, Rull J. Stimulation of 
insulin secretion by amino acids. J Clin Invest 1966; 45:1487-1502. 

107. Barbul A, Arginine: biochemistry, physiology, and therapeutic 
implications. JPEN 1986; 10:227-38. 

108. Nirgiotis JG, Hennessey PJ, Andrassy RJ. The effects of an arginine
free enteral diet on wound healing and immune function in the 
postsurgical rat. J Ped Surg 1991; 26:936-41. 

109. Barbul A, Wasserkrug HL, Seifter E, Rettura G, Levenson SM, Efron 
G. Immunostimulatory effects of arginine in normal and injured rats. 
J Surg Res 1908; 29:228-35. 

110. Barbul A, Lazarou SA, Efron DT, Wasserkrug HL, Efron G. Argi
nine enhances wound healing and lymphocyte immune responses 
in humans. Surgery 1990; 108:331-7. 

111. Barbul A, Sino DA, Wasserkrug HL, Efron G. Arginine stimulates 
lymphocyte immune response in healthy human beings. Surgery 
1981; 90:244-50. 

112. Daly JM, Reynolds J, Thorn A, Kinsley L, Deitrick-Gallagher M, 
Shou J, et al. Immune and metabolic effects of arginine in the 
surgical patient. Ann Surg 1988; 208:512-21. 

113. Reynolds JV, Daly JM, Zhang S, et al. Immunomodulatory mecha
nisms of arginine. Surgery 1988; 104:142-51. 

114. Chyun J-H, Griminger P. Improvement of nitrogen retention by argi
nine and glycine supplementation and its relation to collagen synthesis 
in traumatized mature and aged rats. J Nutr 1984; 114:1697-1704. 

115. Kirk SJ, Hurson M, Regan MC, Holt DR, Wasserkrug HL, Barbul A. 
Arginine stimulates wound healing and immune function in elderly 
human beings. Surgery 1993; 114: 155-60. 

116. Barbul A. Arginine: biochemistry, physiology, and therapeutic 
implications. JPEN 1986; 10:227-38. 

117. Elsair J, Poey J, Issad H, et al. Effect of arginine chlorohydrate on 
nitrogen balance during the three days following routine surgery in 
man. Biomedicine 1978; 29:312-7. 



CHAPTER 20/ PERIOPERATIVE FEEDING 259 

118. Saito H, Trocki 0, Liang S-L, et al. Metabolic and immune effects 
of supplemental arginine after bum. Arch Surg 1987; 122:784-9. 

119. Gianotti L, Alexander JW, Pyles T, Fukushima R. Arginine-supple
mented diets improve survival in gut-derived sepsis and peritonitis 
by modulating bacterial clearance: the role of nitric oxide. Ann Surg 
1993; 217:644-54. 

120. Gonce SJ, Peck MD, Alexander JW, Miskell PW. Arginine supple
mentation and its effect on established peritonitis in guinea pigs. 
JPEN 1990; 14:237-44. 

121. Walker C, Kristensen F, Bettens F, DeWeck AL. Lymphokine 
regulation of activated (Gl) lymphocytes. 1. Prostaglandin E2-
induced inhibition of interleukin-2 production. J Immunol 1983; 
130:1770-3. 

122. Goodwin JS, Cueppens J. Regulation of the immune response by 
prostaglandins. J Clin Immunol1983; 3:295-310. 

123. Merlin J. Omega-6 and omega-3 polyunsaturates and the immune 
system. Br J Clin Pract 1984; 31(suppl): 111-4. 

124. Lee TH, Hoover RL, Williams JD, et al. Effect of dietary enrichment 
with eicosapentaenoic and docosahexaenoic acids on in vitro neutro
phil and monocyte leukotriene generation and neutrophil function. 
N Engl J Med 1985; 312:1217-24. 

125. Endres S, Ghorbani R, Kelley VE. The effect of dietary supplementa
tion with n-3 polyunsaturated fatty acids on the synthesis of interleu
kin-l and tumor necrosis factor by mononuclear cells. N Engl J 
Med 1989; 320:265-71. 

126. Wachtler P, Konig W, Senkal M, Kernen M, Koller M. Influence 
of a total parenteral nutrition enriched with omega-3 fatty acids 
on leukotriene synthesis of peripheral leukocytes and systemic 
cytokine levels in patients with major surgery. J Trauma 1997; 
42:191-8. 

127. Alexander JW, Saito H, Ogle CK, Trocki O. The importance of 
lipid type in the diet after burn injury. Ann Surg 1986; 204: 1-7. 

128. Johnson JA, Griswold JA, Muakkassa FF. Essential fatty acids 
influence survival in sepsis. J Trauma 1993; 35:128-31. 

129. Blok WL, Vogels MT, Curfs JH, Eling WM, Buurman WA, van 
der Meer JW. Dietary fish-oil supplementation in experimental gram
negative infection and in cerebral malaria in mice. J Infect Dis 
1992; 165:898-903. 

130. Kenler AS, Swails WS, Driscoll DF, et al. Early enteral feeding in 
postsurgical cancer patients: fish oil structured lipid-based polymeric 
formula versus a standard polymeric formula. Ann Surg 1996; 
223:316-33. 

131. Manson JMcK, Wilmore DW. Positive nitrogen balance with human 
growth hormone and hypocaloric intravenous feeding. Surgery 
1986; 100: 188-97. 

132. Hammarqvist F, Stromberg C, von der Decken A, Vinnars E, Wer
nerman I. Biosynthetic human growth hormone preserves both mus
cle protein synthesis and the decrease in muscle-free glutamine, and 
improves whole-body nitrogen economy after operation. Ann Surg 
1992; 216:184-91. 

133. Jiang Z-M, He G-Z, Zhang S-Y, et al. Low-dose growth hormone 
and hypocaloric nutrition attenuate the protein-catabolic response 
after major operation. Ann Surg 1989; 210:513-25. 

134. Ward HC, Halliday D, Sim AI. Protein and energy metabolism with 
biosynthetic human growth hormone after gastrointestinal surgery. 
1987; 206:56-61. 

135. Ziegler TR, Rombeau IL, Young S, et al. Recombinant human 
growth hormone enhances the metabolic efficacy of parenteral nutri
tion: a double-blind, randomized controlled study. I Clin Endocrinol 
Metab 1992; 74:865-73. 

136. Byrne TA, Morrissey TB, Gatzen C, et al. Anabolic therapy with 
growth hormone accelerates protein gain in surgical patients requir
ing nutritional rehabilitation. Ann Surg 1993; 218:400-18. 

137. Knox JB, Demling RH, Wilmore DW. Hypercalcemia associated 
with the use of human growth hormone in an adult surgical intensive 
care unit. Arch Surg 1995; 130:442-5. 

138. Pharmacia & Upjohn. Drug Warning. 1997. 

139. Wilmore DW. Metabolic support of the gastrointestinal tract. Cancer 
1997; 79:1794-1803. 

140. Inoue Y, Copeland EM, Souba WW. Growth hormone enhances 
amino acid uptake by the human small intestine. Ann Surg 1994; 
219:715-24. 

141. Ziegler TR, Mantell MP, Chow IC, Rombeau JL, Smith RJ. Gut adapta
tion and the insulin-like growth factor system: regulation by glutamine 
and IGF-I administration. Am J Physiol1996; 271:G866-75. 

142. Garcia-de-Lorenzo A, Ortiz-Leyba C, Planas M, et al. Parenteral 
administration of different amounts of branch-chain amino acids 
in septic patients: clinical and metabolic aspects. Crit Care Med 
1997; 25:418-24. 

143. Brennan MF, Cerra F, Daly JM, et al. Report of a research workshop: 
branched-chain amino acids in stress and injury. JPEN 1986; 10: 
446-53. 

144. McCauley RD, Heel KA, Hall JC. Enteral branched-chain amino 
acids increase the specific activity of jejuna glutaminase and reduce 
intestinal atrophy. J Gastroenterol Hepatol 1997; 12:429-33. 

145. Senkal M, Kernen M, Homan HH, Eickhoff U, Baier J, Zumtobel V. 
Modulation of postoperative immune response by enteral nutrition 
with a diet enriched by arginine, RNA, and omega-3 fatty acids in 
patients with upper gastrointestinal cancer. Eur J Surg 1995; 161: 
115-22. 

146. Schilling J, Vranjes N, Fierz W, et al. Clinical outcome and immunol
ogy of postoperative arginine, omega-3 fatty acids, and nucleotide
enriched enteral feeding: a randomized prospective comparison with 
standard enteral and low calorie/low fat IV solutions. Nutrition 
1996; 12:423-9. 

147. Kernen M, Senkal M, Homan HH, et al. Early postoperative enteral 
nutrition with arginine-omega-3 fatty acids and ribonucleic acid
supplemented diet versus placebo in cancer patients: an immunologic 
evaluation of Impact. Crit Care Med 1995; 23:652-9. 

148. Braga M, Gianotti L, Cestari A, et al. Gut function and immune 
and inflammatory responses in patients peri operatively fed with 
supplemented enteral formulas. Arch Surg 1996; 131:1257-65. 

149. Daly JM, Lieberman MD, Goldfine J, et al. Enteral nutrition with 
supplemental arginine, RNA, and omega-3 fatty acids in patients 
after operation: immunologic, metabolic, and clinical outcome. Sur
gery 1992; 112:56-67. 

150. Bower GH, CerraFB, Bershadksy B, et al. Early enteral administration 
of a formula (Impact) supplemented with arginine, nucleotides, and fish 
oil in intensive care unit patients: results of a multicenter, prospective, 
randomized clinical trial. Crit Care Med 1995; 23:436-49. 

151. Daly JM, Weintraub FN, Shou J, Rosato EF, Lucia M. Enteral 
nutrition during multimodality therapy in upper gastrointestinal can
cer patients. Ann Surg 1995; 221:327-38. 

152. Saffle JR, Wiebke G, Jennings K, Morris SE, Barton RG. Random
ized trial of immune-enhancing enteral nutrition in burned patients. 
J Trauma 42:793-800. 

153. Moore FA, Moore EE, Kudsk KA, et al. Clinical benefits of an 
immune-enhancing diet for early postinjury enteral feeding. 
J Trauma 1994; 37:607-15. 

154. Gottschlich MM, Jenkins M, Warden GD, et al. Differential effects 
of three enteral dietary regimens on selected outcome variables in 
bum patients. JPEN 1990; 14:225-36. 

155. Lipman TO. Grains or veins: is enteral nutrition really better than 
parenteral nutrition? A look at the evidence. JPEN 1998; 22:167-82. 

156. Marks JM, Ponsky JL. Access routes for enteral nutrition. Gastroen
terologist 1995; 3:130-40. 

157. Smith-Choban P, Max MH. Feeding jejumostomy: a small bowel 
stress test? Am J Surg 1988; 155:112-7. 

158. Wolfe BM, Mathiesen KA. Clinical practice guidelines in nutrition 
support: can they be based on randomized clinical trials? JPEN 
1997; 21:1-6. 

159. Pomposelli JJ, Baxter JK, Babineau TJ, et al. Early postoperative 
glucose control predicts nosocomial Infection rate in diabetic 
patients. JPEN 1998; 22:77-81. 



21 Alcohol and Immune Function 

FRANCESCO CHIAPPELLI, MICHELLE A. KUNG, 

GIUSEPPE FRANCESCO STEFANINI, AND FRANCESCO GIUSEPPE FOSCHI 

INTRODUCTION 
Individuals often drink in response to stress: the more severe and 
chronic the stressor, the greater the alcohol consumption. Stress is 
commonly believed to be a factor in the development of alcoholism 
(alcohol dependence). Whether an individual will drink in response 
to stress depends on many factors, including genetic determinants, 
the individual's usual drinking behavior, coping strategies, expec
tations regarding the effect of alcohol on stress, the intensity and 
type of stressor, and the individual's sense of control over the 
stressor (1,2). 

What has come to be called "psychological stress" can be 
defined as the real or perceived lack of fit of the person within the 
extrinsic (outside world of the individual) or intrinsic environment 
(inner world of the individual), the "person-environment fit" 
(Scheme 1). The perception of lack of fit relates to the set of 
perceived and actual social roles that individuals play in everyday 
life: an intertwined set of rights and responsibilities that encompass 
the individuals' personality, social involvement, cultural back
ground, legal status, and power position. Individuals with different 
resilience to psychological stress have different inner motivational 
strengths to overcome the lack of fit they perceive or actually 
experience in the reality of their everyday endeavors. Motivations 
in general and the motivation to use and abuse alcoholic beverages 
in particular rest on fundamental attributions that the individual 
makes (e.g., origin or locus, stability, globality). Attributions and 
perceived responsibility, conscious or subconscious appraisals of 
given situations, are critical elements of perceptions of fit and of 
consequential behaviors, including indulgence in alcoholic bev
erages. 

The perception of lack of fit engenders a physiological "stress 
response," which has been well recognized and described since 
the times of Cannon and Selye: "Stress hormones" (e.g., glucocor
ticoids) and peptides (e.g., opioids) have a wide range of specific 
immunomodulatory effects, which are conserved through evolu
tion (3). This chapter discusses how alcohol directly impairs 
immune surveillance by means of direct effects upon cells of the 
immune system, and indirectly by altering psychobiological 
responses. 
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PSYCHON EU ROENDOCRI N E-IMMU N E 
RESPONSE TO ALCOHOL 

PSYCHONEUROIMMUNOlOGY Recent decades have seen 
the emergence of hypothesis-driven research that has convincingly 
demonstrated several of the interacting domains between the psy
chobiological and the immunobiological domains. A new scientific 
field, psychoneuroimmunology, has emerged that investigates the 
interrelationship between psychophysiology and immunophysiol
ogy. From a philosophical standpoint, psychoneuroimmunology 
represents the reunification of Descartes' res extensa (bodily func
tions) and res cogitans (the measurable functions of the "soul," 
the psyche). Modem trends in cognitive science refer to the same 
paradigm as the relationship between "action" (the physiological 
response) and "perception" (the information processed within the 
central nervous system). 

Psychosocial factors clearly impact on the nervous system, on 
neuroendocrine responses, and on cellular and humoral immunity. 
Scheme 2 summarizes certain of the principal elements of psycho
biological modulation of immune surveillance. The delicate bal
ance between health and disease is threatened extrinsically by 
environmental factors that include external pathogens, such as 
alcohol and other toxic substances. Intrinsically, the ongoing pro
cesses of development and aging modulate this balance, which 
involves, at its core, immune surveillance processes. In brief, all 
aspects of the immune systems are intimately intertwined and 
communicate via cytokines, growth factors, complement factors 
and receptors, and cell populations, which, as they bring forth 
specific immune responses, undergo parallel processes of activa
tion, maturation, selective migration, and, eventually, apoptosis. 
Structures of the lymphatic system receive direct sympathetic and 
parasympathetic innervation, and cells of the immune system carry 
specific and functional membrane receptors for most neuropep
tides commonly found at sites of inflammation and pain. Most, if 
not all, neuropeptides identified to date are endowed with powerful 
immunomodulatory properties. Immune cells are endowed with 
hormone receptors. Thus, immune cells respond to neurobiological 
stimuli elicited by the brain via direct innervation and indirectly 
by means of the neuroendocrine system. The brain processes 
cognitions, memories, and emotions, and generates neurobiologi
cal signals that are recognized as significant modulatory commands 
of immune responses peripherally as well as centrally. Recipro
cally, invasion of pathogens and inflammatory reactions peripher-
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Person-Environment 
Fit 

Scheme 1 

Environment 

ally or centrally trigger the production of cytokines, which commu
nicate to the brain either directly or indirectly via the production 
of cytokines by astrocytes and other cell populations within the 
central nervous system. Neurobiological responses ensue that, 
in turn, modulate the immune response to the pathogens or the 
inflammation, as well as cognitions, emotions, and memories, 
and all other centrally mediated responses (e.g., behavior and 
temperature regulation) (Scheme 2) (3-5). 

HYPOTHALAMIC-PITUITARY -ADRENOCORTICAL
IMMUNE AXIS Several psychiatric diseases, including alcohol 
use and abuse, are accompanied by profound neuroendocrine dis
turbances that can manifest as significant alterations in cellular 
immune regulation. Drinking alcohol produces a physiological 
response akin to that consequential to stress-induced hormone 
release by the hypothalamus, pituitary, and adrenal glands, and 
activation of the sympathetic system (6-11). Activation of the 
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hypothalamic-pituitary-adrenocortical (HPA) axis consequential 
to alcohol ingestion (6,8,9) leads to elevated circulating levels of 
pituitary peptides derived from the pro-opiomelanocortin gene, 
such as ~-endorphin (~E) and adrenocorticotropin hormone 
(ACTH), and adrenocortical steroid, including glucocorticoids 
(GC). As GC increase, circulating levels of the adrenocortical 
androgen, dehydro-epiandrosterone (DHEA) tend to decrease (11) 
as an overall physiological energy-preservation mechanism. These 
changes, evident in alcohol users and abusers, are associated with 
changes in functional and phenotypic properties of circulating T 
and other immune cells, as discussed in depth in this chapter. 

HYPOTHALAMIC-PITUITARY -GONADAL-IMMUNE 
AXIS The physiological response induced by alcohol also alters 
the balance of reproductive hormones. In men, alcohol impairs 
testosterone synthesis and interferes with normal sperm structure 
and movement by inhibiting the metabolism of vitamin A (12-14). 
In women, alcohol contributes to increased production of estradiol 
and to decreased estradiol metabolism, resulting in elevated estra
diol levels and menstrual dysfunctions (15,16). Alcohol can 
increase the conversion of testosterone into estradiol, and post
menopausal women who drink have higher estradiol levels than 
abstaining women (16,17), placing them at higher risk of a variety 
of illnesses, including breast cancer (18). 

Copious research has established the immunomodulatory role 
of gonadal hormones, which influence immunity acting at the 
level of primary lymphoid tissues or mature immunocompetent 
cells, and at the level of the hypothalamo-pituitary axis, influencing 
the release of hormones, which by itself also have immunoregula
tory properties (19). Gonadal hormones, indirectly via the HPA 
axis, alter the tone of the immune system and the quality and 
quantity of the inflammatory responses in a physiological pattern 
consistent with conservation and redirection of valuable energy 
resources toward homeostasis during times of stress (20). 

Cytokines, as noted earlier, are soluble mediators of immune 
function. These are factors that modulate the endocrine system. 
Interleukin-l (IL-l), IL-6, and tumor necrosis factor-a (TNF-a), 
which mediate certain aspects of infarnmation, regulate hormone 
secretion from pituitary-gonadal endocrine tissues. IL-l and IL-
6 affect hormone release from anterior pituitary cells (e.g., growth 
hormone) and inhibit the proliferation of these cells. IL-l and TNF
a affect granulosa cell steroidogenesis and IL-6 production (21). 

CELLULAR IMMUNITY AND ALCOHOL 

IMMUNE SURVEILLANCE The immune system has two 
broad functional divisions, based on whether or not recognition 
of the infectious agent is directed by the major histocompatibility 
complex (MHC). The innate immune system is MHC unrestricted 
and represents the initial line of defense of the host. It consists 
primarily of monocytes/macrophages (Me) and other antigen
presenting cells, and natural-killer cells, * which act in MHC
unrestricted cytotoxicity. The antigen-dependent immune system 
is MHC restricted and represents the adaptive resistance of the 
host to a pathogen. It consists primarily of T and B lymphocytes. 
Humoral immunity is brought about by antibodies produced by 
B cells; cellular immunity is brought about by T-cell-initiated 
and T-cell driven events (e.g., lymphokine production, delayed 
hypersensitivity reaction, MHC-restricted cytotoxicity). These two 

*NK cells actually appear to recognize target by the absence of MHC, 
rather than by the presence of MHC "self' plus a "nons elf' molecule. 

intertwined branches of the immune system interact and communi
cate via cytokines, growth factors produced by the diverse immune 
cell populations. MHC-unrestricted responses form the first barrier 
to invading pathogens. Sustained immunity toward a given patho
gen is directed and maintained by MHC-restricted processes, 
which, therefore, are critical to effective immune surveillance (22). 

Immune surveillance occurs through the concerted action of 
several intertwined pathways, which do not usually take place in 
the circulating blood lymphocytes, but in secondary lymphoid 
organs (e.g., spleen, lymph nodes) and body surfaces, including 
the oral mucosa. The oral mucosa represents the first line of 
defense against the cytopathic and physiopathic effects of ingested 
alcohol. Although more easily accessible for human studies, the 
immune cells found in the peripheral blood are in transit. Immune 
cells migrate from immune organs to other sites, and it is in 
that process that they are found in peripheral blood. Therefore, 
peripheral blood immune cells are most often used and are the 
optimal model system to study the immunopathic effects of alco
hol, despite the fact that they represent a rather narrow window 
of the immune system (22). 

Immune cells derive from bone marrow progenitor cells (22). 
Alcohol hampers this developmental process, and induces bone 
marrow damage. Alcohol-induced pathogenesis can be replicated 
in vitro and be shown to result, at least partly, by oxidizing ethanol
derived products, such as acetaldehyde (vide infra). Bone marrow 
Me appear to play an important role in the pathogenesis of alcohol
related marrow damage in vivo. 

Ethanol modulates several Me functions, such as TNF-a pro
duction by human peripheral blood monocytes in response to 
stimulation in vitro by interferon-y (IFN) in conjunction with 
muramyl dipeptide, by gram-negative bacterial cell-walllipopoly
saccharide (LPS) alone, or by IFN in conjunction with LPS. Down
regulation of Me TNF-a by ethanol was found to be independent 
of cell viability, but dose dependent and statistically significant 
in the biologically relevant, 25-150 mM, ethanol concentration 
range. That these effects were optimally obtained following a 4-
h pretreatment of the Me with ethanol suggests that ethanol induces 
certain cytopathic outcomes at the membrane, cytosol or nuclear 
biochemistry levels, which hinder the cells' abilities to respond 
to future challenges. Indeed, 25 mM ethanol was also shown to 
induce Me constitutive production of IL-IO and of transforming 
growth factor-~ (TGF-~) and to augment the production of these 
two cytokines in response to LPS or to gram-positive bacterial 
staphylococcal enterotoxin B (SEB). IL-IO is a potent inhibitor of 
Me TNF-a production, and TGF-~ blunts several T-cell-mediated 
responses (23). Once-only intake of a large amount of alcohol 
(1.12 g/kg), however, does not appear to cause measurable abnor
malities in the production ofIL-I, TNF-a, and IFN by peripheral 
blood immune cells challenged in vitro (24). The validity of this 
study remains, however, questionable when one considers its limi
tation in face of the evidence already discussed. 

T-CELL MATURATION Functional maturity from a resting 
T cell to a THO cell occurs, unless the cell has identified and 
recognized that the activation signal was improper, in which case 
the cell engages in apoptotic spontaneous cell death or anergy 
(cf. Scheme 3). T-Cell maturation leads to the production of IL-
2, and soon thereafter, a variety of other cytokines (e.g., IL-4). 
Depending on the initial antigen and on the physiological milieu 
(e.g., modulatory hormones and neuropeptides), activated T cells 
can engage in the production of either a THI or a TH2 pattern 



264 PART IV / CLINICAL ISSUES 

Signall: TcR-mediated c==) ERK cascade 

Activation ~ 

Signal 2: CD28-mediated 

Anergy 

no AP-J promoter 
expression ofNIL-2a" 
predominantly ERK pathway 

Maturation 

i 
Proliferation 

ERK & INK"" pathways 
efficient utilization ofIL-21IL-2R 

predominantly INK""" 
bcl-2 recruitment away from mitochondrial membrane & 

mitochondrial disruption 

Apoptosis 

Hypothalamic-pituitary-adrenocortical axis • GC 

Scheme 3 

of cytokines. Additional patterns of cytokines (e.g., TH3, which 
seems to direct the engagement of IgA production), which have 
now begun to be characterized, are also likely regulated during 
alcohol consumption, as outlined below (vide infra). These pat
terns are intimately intertwined in terms of their regulation and 
in terms of their relevance for the overall modulation of immune 
surveillance in health and disease. Cytokines of the THI pattern 
include IL-2 and lPN, participate in the regulation of cytotoxic 
T-cell maturation for the immune surveillance to tumor, foreign, 
and virally infected cells. Cytokines of the TH2 pattern include 
IL-4 and IL-5, whose primary role lies in fostering the maturation 
of B cells for the generation of immunoglobulins (11,22,25). 

The neuroendocrine changes that accompany alcohol intake 
can modulate the establishment of THI and TH2 patterns of 
cytokine production. Steroids (e.g., GC, DHEA) differentially 
modulate the generation of Thl and Th2 clones in mice* 
(11,22,26). The synthetic GC, dexamethasone (DEX), and DHEA 
modulate human normal peripheral blood T-cell maturation in 
vitro. DEX but DHEA blunts the ability of CD4 cells to proliferate 
and to produce IL-2, following stimulation with the global T-cell 
mitogen phytohemagglutinin (PHA) (5Ilg/mL, 48 h). Both steroids 
fail to produce these outcomes following stimulation with the 
Mycobacterium tuberculosis purified protein derivative (TPPD), 
which primarily elicits a THI cytokine profile from human periph
eral blood T cells in vitro (27). Thus, steroids may contribute to 
an alteration in the balance ofTHl and TH2 patterns of cytokines. 
The production of immunodetectable IL-2 by whole blood diluted 
in growth medium and stimulated with PHA is generally lower 
in older (>40 yr) compared to younger subjects (25.98 pg/mL ± 
1.14 [±SD] vs 54.24 ± 1.21; p < 0.05). Ethyl alcohol (EtOH) 
(0.1 %-0.2%) blunts IL-2 productiont in both younger and older 

*It is noteworthy that patterns of cytokines are indicated as capitalized 
"THl" or "TH2," but murine clones of T cells are indicated as "Thl" 
or "Th2." 

tWe find exceptionally high IL-2 producers are found among the aged 
population and exceptionally low IL-2 producers are found among the 
younger population. Day-to-day differences are also noted, particularly 

subjects by 1.4 ± 0.05 (±SD)-fold. By contrast, production of 
immunodetectable IL-4 by peripheral blood cells stimulated as 
above is greater (p < 0.05) in older (3.81 pg/mL ± 0.38 [±SD)) 
compared to younger donors (2.72 pg/mL ± 0.70 [±SD)). More
over, the blunting effects by 0.1 % EtOH is larger (p < 0.05) in 
the samples of the older compared to the younger donors. Taken 
together, these data suggest that the expression of the genes for 
IL-4 and perhaps other TH2 cytokines are enhanced, whereas that 
of IL-2 and perhaps other TH1 cytokines is blunted in older 
individuals compared to younger donors. The data also point to 
differential modulation of these cytokines by EtOH in vitro among 
older and younger subjects (28). 

Nicotine and EtOH, tested at concentrations approximating 
those found in the plasma of smokers and alcohol abusers, decrease 
immune surveillance of oral carcinoma by interfering with certain 
of the principal events involved in cell-mediated clearance of the 
tumor targets. Clear evidence supports a diminution of migration, 
a property of fully mature T cells, by fourfold to eightfold depend
ing on the donor, as well as cytotoxicity, a property of mature 
CD8 T lymphocytes by nicotine when coupled with EtOH (29). 
Cocaine and the metabolic product of joint alcohol and cocaine 
abuse, cocaethylene* (CE) also blunt the migration of the mature 

among premenopausal women, and are putatively attributed to hormonal 
fluctuation during menses. 

*Transesterification of cocaine in the presence of ethanol by liver 
microsomal carboxylesterases leads to the production of cocaethylene 
(ethyl-cocaine, benzoylecgonine ethyl ester). This compound, first identi
fied in human urine samples, has important pharmacologic properties that 
mimic those of cocaine. Preliminary pharmacokinetic elimination studies 
indicate that cocaethylene's half-life (tl/2=16 min) is about twice that of 
cocaine and that its steady-state volume is almost 1.5 times larger than 
that of cocaine in primates. In mice, cocaethylene is formed rapidly 
following the injection of cocaine (50 mg/kg, ip) and ethanol (3 g/kg, 
ip). Plasma levels peak about 15 min thereafter and decline by 90 min. 
Experimental administration of beverage alcohol (vodka, 1 g/kg) to human 
subjects followed by nasal insufflation of cocaine· Hel (100 mg) leads 
to the detection of urinary cocaethylene. In a group of emergency room 
patients whose blood contained ethanol and whose urine was positive for 
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T cells in vitro. Infection of autologous CD4-expressing M<p
expressing Me in vitro with HIV -lJR-FL. furthermore, significantly 
altered, as expected, the full maturation of stimulated T lympho
cytes and the development of their migratory patterns (30). 

T-CELL ACTIVATION VERSUS APOPTOSIS VERSUS 
ANERGY Antigen presentation is initiated by the interaction of 
the antigen-presenting cell (principally Me, but astrocytes, microg
lia, Langerhans cells, keratinocytes, and B cells can also act in this 
role) and the resting T lymphocyte. Recognition occurs by the T
cell receptor (TCR) of the MHC ("self') in association with the 
antigen ("nonself'). The CD4 moiety on the T cells favors the inter
action with Class IIMHC, whereas the CDS moiety favors the inter
action with the Class I MHC molecule. These events further involve 
costimulatory signals, such as the interaction of CD2S with its ligand 
on the antigen-presenting cells, CDSO (B7.x family) (22,31,32). 

Phosphorylation events activate the lS0-kDa isoform of phos
pholipase (PLC), PLC-y1, which drives the metabolism of phos
phoinositol and other membrane phospholipids for the generation 
of the polar lipidic product inositol triphosphate, which recruits cal
cium ions from intracellular stores and, thus, increases calcium 
fluxes. This contributes to opening specialized membrane channels 
(e.g., sodium, potassium, chloride), which often, but not always, 
leads to increasing the availability of extracellular stores of calcium 
and other ions to the cell. The binding of calcium to calmodulin for 
the activation of calmodulin-dependent kinases and phosphatases 
(e.g., calcineurin) further contribute to the modulation of the kinase 
cascade. Another product of phosphoinositol metabolism is the 
hydrophobic lipid diacylglycerol, which recruits cytosolic protein 
kinase C (PKC) to the membrane cytoskeleton, thus activating it. 
Activation ofPKC is crucial for sustaining signal transduction. Fur
thermore, parallel as well as convergent tyrosine kinase cascades 
act as key regulatory components for the induction of phosphatidyl 
inositol 3-kinase for the generation of the PLC substrates, p21 ras 

proto-oncogene, a "small G-protein-like" signal transducing path
way, and the mitogen-activated kinase cascade (MAP or extracellu
lar-signal regulated kinase [ERK]). MAP kinase phosphorylation 

cocaine, plasma cocaethylene levels were found to be as high as 249 Ilg/ 
L (",5xlO-7M). Cocaethylene postmortem plasma levels in joint a1cohoU 
cocaine abusers can range from 30 Ilg/L to 530 Ilg/L. 

Cocaethylene is believed to be responsible for the observed exacerba
tion of the acute psychoneuroendocrine toxicity of cocaine when jointly 
abused with alcohol. This includes a reported prolongation of the euphoria 
concomitant with a noticeable decrease in the unpleasant side effects that 
follow cocaine abuse. Cocaethylene produces significant physiopathology, 
including cardiovascular toxicity. 

The relative short half-life of cocaethylene suggests that its effects on 
physiological and cellular structures occur relatively fast; the severity of 
the observed outcomes suggests that these effects may be relatively more 
prolonged compared to cocaine or alcohol alone. Animal studies indicate 
that cocaine and cocaethylene enhance the direct immunosuppressive 
effects of ethanol. Male mice (C571B1), injected daily with cocaine or 
cocaethylene (20 mg/kg), were fed a liquid diet made 26% (caloric equiva
lent) with ethanol. The spleens from these animals were smaller and the 
splenocytes fewer in number compared to control animals either injected 
with cocaine alone or fed the ethanol diet alone. Splenocytes from the 
experimental mice, when stimulated with mitogens in vitro, were also 
less active in generating lymphokines (e.g., IFN) compared to splenocytes 
from control mice. More marked outcomes were obtained in the cocaethy
lene compared to the cocaine group. These data suggest that cocaethylene 
may impair the maturation of IFN-producing T cells (i.e., cells capable 
of THO and THI patterns of cytokines). 

activates S6 ribosomal protein kinases as well as transcription fac
tors critical to genome expression, such as c-jun and c-myc (22,28). 
Several neuroendocrine products elicited as part of the physiologi
cal response to alcohol ingestion (vide infra) alter the phosphoryla
tion of the T-cell receptor-CD3 complex, thus presumably altering 
the T cell's engagement in all subsequent phases of the response 
(24). For example, our data show that a IS-min preincubation with 
human recombinant PE at the concentration range of 10-12-10-13 M 
modulates in a bimodal pattern the phosphorylation of the y-chain 
of the T-cell receptor on the TcR/CD3 complex following a IS-min 
stimulation with the phorbol ester, 4-p-phorbol-12,13-di-butyrate. 
This effect is not obtained when the N -acety lated form of PE is used, 
demonstrating the specific involvement of the opioid receptor on T 
cells. The effect of PE is specific to the CD3 complex. We also have 
shown that PE modulates phosphoinositol phosphate metabolism 
significantly (33). 

Alcohol may perturb signaling pathways specific to CD4+ 
cells, and not CDS+ cells. Both CD4 and CDS are complexed 
with the protein tyrosine kinase of the src family; both CD4 and 
CDS moieties are associated with src kinase pS6Jck (lck). CD4 and 
CDS are both members of the immunoglobulin gene superfamily 
but are significantly divergent in their structure: CD4 is a mono
mer, whereas CDS consists of two distinct chains and occurs as 
a homodimer (ala) or heterodimer (alP). The relatively basic and 
cysteine-rich amino domain of lck interacts with the CD4's 20 
cytoplasmic relatively acidic residues (40S-421) and with CDSa' s 
10 cytoplasmic residues (194-203). This interaction is mediated 
by ionic forces and by cysteine residues. The CDSP chain does 
not contain the appropriate sequence and does not bind to lck. 
Upon T-cell activation, the CD4:lck complex is internalized and 
it dissociates. It is unclear if the homodimeric form of CDS:lck 
is internalized, but even if it is, it is clear that it does not dissociate. 
The heterodimeric form of CDS :lck is not internalized and does not 
dissociate. Thus, active lck kinase is released in the cytoplasmic 
environment only following CD4+ cell activation (22,28,34-36). 

The principal T-cell population affected by EtOH thus appears 
to be the CD4+ population (22,28,37). It is possible and even proba
ble that one of the mechanisms by which alcohol impairs CD4+ 
but not CDS+ cells is by perturbing the CD4:lck complex. A direct 
consequence of this effect could be a blunting of the process of 
CD4:lck internalization and dissociation. This, in tum, could result 
in decreased levels of cytoplasmic activated pS6kk in CD4 cells, 
following activation in the presence of alcohol and may lead to sig
nificant alteration in the kinase cascade specifically in CD4 cells. 

Alternatively, alcohol could alter fundamental biochemical 
properties of src family protein tyrosine kinases. For instance, the 
src family also comprises pS9fyn, itself associated primarily but 
not exclusively with CD3, and other peptides generally implicated 
in the regulation of cell proliferation. The carboxyl domain of src 
family members exhibits a high degree of homology and contains 
the catalytic site. The N-terminal is unique to each peptide. The 
myristylated amino-terminal glycine of lck is immediately fol
lowed by the relatively acidic and cysteine-rich binding site for 
CD4 and CDSa, by a src homology 3 domain (SH3), and an SH2 
domain. The catalytic domain exhibits an ATP-binding site at 
lysine273, a site for autophosphorylation at tyrosine394, and a 
site for dephosphorylation (possibly mediated by CD4S or other 
phosphatases) at tyrosine50S. The exact sites of serine and threo
nine phosphorylation remain to be identified (22,28,34-36). 
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Cocaethylene (CE) at micromolar concentrations blunts cal
modulin-dependent kinase activity by up to 40%, but leaves unal
tered tyrosine kinase activity and calcium flux. This finding sug
gests that the effects of CE are specific in the transmembrane 
pathway they affect and confirms, albeit indirectly, the hypothesis 
of specific effects of alcohol on certain kinase pathways. 

T-cell activation events lead to a finely modulated activation 
of the cyclin-dependent kinases, which bind to appropriate cyclins 
and drive the cell into the proliferative response. Activated cells 
traverse the cell cycle and change morphology into "blast" cells, 
recognizable by the large cytoplasm-to-nucleus ratio and the con
spicuous absence of vacuoles. Activated T cells also change 
phenotypically as they loose CD62L, the peripheral lymph-node 
homing receptor, and begin to express lymphocyte-function-asso
ciated antigens and other membrane maturation markers, such as 
CD45RO instead of CD45RA. This process is initiated by the 
cells' expression of CD69, which controls and regulates the 
expression of the IL-2 gene by its action downstream to the nuclear 
factor of activated T cells (NAFT) and activator protein-l (AP
I) transcription regulation complexes. Following expression of 
CD69, the IL-2 and CD25 genes are activated, and CD25, the ex 
chain of the IL-2 receptor is expressed in high density on the cell 
membrane. The activated T cell also expresses the transferrin 
receptor, CD71, which is critical for the transport of iron from 
the extracellular environment into the cell during S-phase traversal. 
The expression of these and other membrane markers of activation, 
including the exopeptidase CD26* (dipeptidyl peptidase IV) and 
the 4-lBB antigen of unknown function, CD137, is transient and 
exhibits finely controlled kinetics. Taken together, these pheno
typic changes signify the beginning of the maturation process of 
the T cell from the naive to the memory state (22,28,38,39). 

Data show a differential modulation of EtOH of the expression 
of the CD26 marker and of T -cell-associated CD26 enzymatic 
activity. Whereas increasing concentrations of EtOH enhance the 
expression of the marker, they progressively blunt its exopeptidase 
activity. We have interpreted these data as suggestive of putative 
EtOH-mediated alterations of the plasma membrane such that the 
epitope to the monoclonal anti-CD26 antibody becomes more 
exposed, contemporaneously with toxic effects of EtOH upon the 
enzymatic properties of the CD26 moiety. Aternatively, EtOH 
may act intracellularly by altering the synthesis and translocation 
of CD26 such that immunoreactive but enzymatically less active 
pro-forms of the moiety are expressed following treatment with 
EtOH (28). We have also shown that neuropeptides secreted as 
a result of the physiological response to alcohol ingestion have 
dramatic effects in exacerbating the immunotoxicity of alcohol 
on activated T-cells (28,37). Therefore, we have established that 
EtOH significantly blunts the generation of morphologically rec
ognizable T blasts cells, the overall metabolism of the maturing 
T cell, the expression of the G/S cyclin, proliferating cell nuclear 
antigen (PCNA) by Western immunoblotting, 3H-TDR incorpora
tion, propidium iodidelbromo deoxyuridine (PIIBrdU) double 
labeling, and production of IL-2 (28,37). 

Apoptotic cell death is a complex process, whose critical role 
in the homeostasis of cellular immunity has recently come to light. 
The initial signal for apoptosis is triggered in part by members 
of the tumor necrosis factor receptor superfamily, including the 

*CD26 has also been proposed to be a cofactor for the penetration of 
HIV -I into CD4+ cells. 

Fas surface receptor (CD95/ APO-I): when Fas interacts with the 
Fas ligand, transmembrane signals are initiated through the associ
ated FADDIMORT-I motif, which interacts with caspase-8. Cas
pases are proteases (hence, the suffix "ases") that have cysteine 
in the active site (hence, the prefix "c") as well as an exclusive 
requirement for aspartic acid at the cleavage site (hence, "asp"). 
Up to 10 caspases have been identified to date, which have been 
numbered based on the chronological order of publication of their 
respective cDNAs. Active caspases are released from cleavage 
from the pro-enzyme into a larger peptide (17-22 kDa) and a 
smaller peptide (10-12 kDa), which associate to form the active 
enzyme in cells undergoing apoptosis. Caspase-8 possesses two 
motifs near the 5' -terminal that associate with FADD, often 
referred to as the "death effector" domain. Activated caspase-8 
may, in tum, activate other caspases or act directly upon mitochon
drial permeability and metabolism. Mitochondria thus are involved 
in apoptosis through release of soluble molecule, such as bcl-2, 
which normally lies in the outer mitochondrial membrane near 
the inner-outer membrane contact sites where permeability pores 
form. The action ofbcl-2 is to protect against apoptosis by prevent
ing the opening of these pores and release of a 50-kDa protease 
(40). Additional events involve changes in the plasma membrane 
and translocation of phosphatidylserine from the inner to the outer 
aspect of the membrane, which can be reliably detected by its 
high affinity to the Ca2+-dependent phospholipid-binding protein, 
Annexin-5 (35-36 kDa). Signals are transduced to the mitochon
dria as well as the nucleus and result in the activation of nucleases 
for the degradation of chromosomes into nucleosomal subunits. 
These metabolites can be detected either as fragments of increasing 
length on an agarose gel or as cytoplasmic content of nucleosomal 
proteins; whether alcohol induces apoptosis is unclear from the 
data obtained by our laboratory and by others (28). 

T-cell stimulation by triggering through the T-cell receptor 
(TcR) in the absence of CD28-mediated costimulatory signals 
induces unresponsiveness in T cells to further stimulation, a phe
nomenon known as anergy (Cf., Scheme 3). Anergic T cells do 
not produce IL-2 when challenged. This failed response is attribut
able to a transcriptional defect. Anergic T cells are defective in 
their ability to upregulate protein binding and transactivation at 
two critical IL-2 DNA enhancer elements: NF-AT (a sequence 
that binds a heterotrimeric NFATp, Fos, and lun protein complex) 
and AP-I (that binds Fos and Jun heterodimers). The impaired 
DNA-protein interactions in anergic T cells is related to poor 
expression of the inducible AP-I family members c-Fos, FosB, 
and JunB, attributable, at least in part, to a selective block in the 
expression of the AP-I Fos and lun family members in anergic 
T cells. Ligation of CD28 results in its phosphorylation and subse
quent recruitment and activation of phosphatidylinositol 3-kinase. 
However, pharmacological and mutational analysis data show that 
disruption of phosphatidylinositol 3-kinase association with CD28 
is neither necessary nor sufficient for costimulation ofIL-2 produc
tion (22-28). Data obtained in alcoholics (vide infra) appear to 
support the hypothesis that alcohol use and abuse may induce 
anergy by blunting phospholipid metabolism. 

IMMUNOPATHOLOGY OF ALCOHOL 
ALCOHOL METABOLITES Metabolism is the body's process 
of converting ingested substances to other compounds; this results 
in the production of substances becoming more, and some less, 
toxic than those originally ingested. Metabolism involves a num-
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ber of processes, one of which is referred to as oxidation. Through 
oxidation, alcohol * is detoxified and removed from the blood, 
preventing the alcohol from accumulating and destroying cells 
and organs. A minute amounts of alcohol escapes metabolism and 
is excreted unchanged in the breath and in urine. Until all the 
alcohol consumed has been metabolized, it is distributed through
out the body, affecting all tissues, including the lymphoid organs 
and circulating immune cells. 

When alcohol is consumed, it absorbed from the stomach and 
intestines into the blood; it is then metabolized predominantly by 
specific enzymes. The tissues involved can metabolize only a 
certain amount of alcohol per hour, regardless of the amount that 
has been consumed. The rate of alcohol metabolism depends, in 
part, on the amount of metabolizing enzymes, which varies among 
individuals and appears to be genetically determined. t In general, 
after the consumption of one standard drink, § the amount of alcohol 
in the drinker's blood (blood alcohol concentration BAC) peaks 
within 30-45 min. Women have on average higher BAC values 
after consuming the same amount of alcohol as men and are more 
susceptible to alcoholic liver disease and a variety of alcohol
induced tissue pathologies. Indeed, women have a lower activity 
of these enzymes (e.g., alcohol dehydrogenase ADH, see below), 
thus causing a larger proportion of the ingested alcohol to remain 
unmetabolized. Alcohol is metabolized more slowly than it is 
absorbed. Because the metabolism of alcohol is relatively slow, 
consumption is likely to lead to accumulation in the body and 
intoxication (41). 

The first step in the metabolism of alcohol is carried out by 
the enzyme alcohol dehydrogenase (ADH), which mediates the 
rate-limiting conversion of alcohol to acetaldehyde. This enzyme 
is present primarily in the liver, but a gastric mucosa form of 
ADH, whose putative role is to decrease the bioavailability of 
ingested alcohol also exists. This form ADH is significantly more 
active in men compared to women, and in subjects below 50 yr 
of age, compared to their older cohorts. Acetaldehyde is then 
rapidly converted to adenosine, acetate, and eventually to carbon 
dioxide and water. Alcohol can also be metabolized in the liver 
by the enzyme cytochrome P450IIEl (CYP2El)~; this degradative 

*Alcohol caloric content: 7.1 caVg (as a point of reference, 1 g of 
carbohydrate contains 4.5 cal and I g of fat contains 9 cal). 

'Some inherited abnormalities in metabolism (e.g., flushing reaction 
among some persons of Asian descent) promote resistance to alcoholism. 
Alcohol dehydrogenase genes may be associated with differential resis
tance and vulnerability to alcohol. 

§A standard drink is defined as 12 oz of beer, 5 oz of wine, or 1.5 
oz of 80 proof distilled spirits, all of which contain the same amount 
of alcohol. 

1Consumption of alcohol activates the liver-specific enzyme CYP2El, 
which may be responsible for transforming the common pain reliever 
acetaminophen ([Tyleno]TM] and many others) into chemicals that can 
cause liver damage. In alcoholics, these effects may occur with as little 
as 2.6 g of acetaminophen (four to five "extrastrength" pills) taken over 
the course of the day in persons consuming varying amounts of alcohol. 
Alcohol-acetaminophen hepatotoxicity is more likely to occur when acet
aminophen is taken after, rather than before the alcohol has been metabo
lized. Alcohol consumption also affects the metabolism and the effective
ness of a wide variety of other medications. Alternate pathways of alcohol 
metabolism can speed up the elimination of some substances (e.g., barbitu
rates) and increase the toxicity of others (e.g., acetaminophen). The identi
fication of these pathways is critical as health care providers advise patients 
about how alcohol-drug interactions may threaten the effectiveness of 
certain therapeutic medications or render them seriously harmful. 

pathway becomes increasingly effective during chronic drinking 
(42). 

NUTRITION AND PHYSIOLOGY Nutrition (i.e., diet, the 
type of food ingested) and the presence of food in the gastrointesti
nal tract influence the alcohol absorption process when alcohol 
is consumed (43). The rate at which alcohol is absorbed depends, 
in fact, on how quickly the stomach empties its contents into the 
intestine. The higher the dietary fat content, the more time this 
emptying will require and the longer the process of absorption 
will take. Subjects who drink alcohol while consuming a meal 
rich in fat, protein, and carbohydrates absorb the alcohol about 
three times more slowly than when they consume alcohol on an 
empty stomach (44). Thus, food intake contributes to reducing 
intoxication, but does little to affect the range or severity of 
alcohol-associated immune toxicity. Alcohol has a relatively high 
caloric value, * but alcohol consumption does not necessarily result 
in increased body weight. When chronic heavy drinkers substitute 
alcohol for carbohydrates in their diets, they actually lose weight. 
When chronic heavy drinkers add alcohol to an otherwise normal 
diet, they do not gain weight (42), probably because of an increase 
in resting energy expenditure and an increased lipid oxidation, prob
ably the result of a mitochondrial alcohol-induced damage (43). 

Alcohol consumption and metabolism impairs the regulation 
of blood sugar levels, j critical for the functioning of all cells, 
including immune cells (42). Acute alcohol consumption interferes 
with the three sources of glucose, the main blood sugar, and with 
the actions of the regulatory hormones. Alcohol consumption and 
metabolism also impair the regulation of available calcium stores. 
The main reservoirs of calcium are the bones and teeth, where 
its content determines their strength and their stiffness. The rest 
of the body's calcium is dissolved in intracellular and extracellular 
stores. Calcium is important for many body functions, including 
communication between and within immune cells. The overall 
calcium levels depend on how much calcium is in the diet, how 
much is absorbed into the body, and how much is excreted. Cal
cium absorption, excretion, and distribution between bones and 
body fluids are regulated by several hormones, namely parathyroid 
hormone (PTH), vitamin D-derived hormones, and calcitonin, 
which is made by specific cells in the thyroid. Alcohol can interfere 
with calcium and bone metabolism by means of a transient PTH 
deficiency and increased urinary calcium excretion, resulting in 
loss of calcium from the body, or altered vitamin D metabolism, 
resulting in inadequate absorption of dietary calcium. Calcium 
deficiency can lead to bone diseases, such as osteoporosis, charac
terized by a substantial loss of bone mass and, consequently, 
increased risk of fractures. It affects 4 to 6 million mainly older 
Americans, especially women after menopause. In alcoholics, the 
risk of osteoporosis and other calcium deficient defects is signifi
cantly increased (44,45). 

Tolerance to alcohol consumption means that after continued 
drinking, consumption of a constant amount of alcohol produces 
a lesser effect or that increasing amounts of alcohol are necessary 

*See footnote, this page, column I. 
tGlucose, the principal circulating sugar, is derived from three sources: 

food, synthesis (manufacture) in the body, and the breakdown of glycogen, 
a form of glucose that the body stores in the liver. Hormones help to 
maintain a constant concentration of glucose in the blood. This is especially 
important for the brain because it cannot make or store glucose but depends 
on glucose supplied by the blood. Even brief periods of low glucose levels 
(hypoglycemia) can cause brain damage. 
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to produce the same effect. Metabolic tolerance, a more rapid 
elimination of alcohol from the body, is associated with a specific 
group of liver enzymes (e.g. ADH) that metabolize alcohol and 
that are activated after chronic drinking (44,45). Enzyme activation 
increases alcohol degradation and reduces the time during which 
alcohol is actively toxic in the body. However, certain of these 
enzymes also increase the metabolism of some other drugs and 
medications, causing a variety of harmful effects on the drinker. 
For example, rapid degradation of sedatives (e.g., barbiturates) 
can cause tolerance to them and increase the risk for their use 
and abuse. Increased metabolism of some prescription medica
tions, such as those used to prevent blood clotting and to treat 
diabetes, reduces their effectiveness in chronic drinkers or even 
in recovering alcoholics. Increased degradation of the common 
painkiller acetaminophen precipitates liver damage in chronic 
drinkers (see footnote * on pg. 267, column 1) (42,46). 

SPECIAL POPULATIONS 
Alcoholics Alcohol abuse leads to a complex pattern of psy

chopathology and physiopathology. These states include impaired 
cognition, coping behaviors, altered moods, and increased suscep
tibility to a variety of physical illnesses (e.g., chronic obstructive 
pulmonary disease, peptic ulcer disease, psoriasis, tobacco depen
dence, organic brain syndrome, malnutrition), as well as immune
mediated diseases, such as infectious diseases and cancer. Bacteri
cidal serum activity is reduced in subjects with acute alcohol 
intoxication, suggesting that the complement interacts in this reac
tion. However, many studies on alcohol-dependent subjects have 
reported both raised and reduced complement levels (47). Close 
to 10% of alcoholics have granulocytopenia, apparently exacer
bated by infections and malnutrition (48). 

Alcohol also seems to impair the production of polymorphonu
clear cells (neutrophils), probably by its effects upon the bone 
marrow (vide supra) (49), and because it inhibits several steps of 
neutrophil migration, from rolling to the subsequent binding to 
expressed adhesion molecules, to migration between endothelial 
cells, and to diapedesis toward the inflammatory site. The chemo
taxis of neutrophils is reduced in chronic alcohol intoxication; 
above all, in patients with liver cirrhosis resulting from the pres
ence of a serum leukocyte chemotaxis inhibiting factor (CIF). 
This factor is putatively related to C5a activation by circulating 
immune complexes. Alcohol does not inhibit the ability of poly
morphonuclear cells (neutrophils) to destroy microorganisms, but 
neutrophil production of oxygen radicals and degranulation is 
blunted by alcohol, sharply reducing the bactericidal capacity of 
this cell population (50,51). This particular event could be linked 
to alcohol-induced changes in membrane signals and calcium 
homeostasis. 

An activation and hyperplasia of Kupffer cells has been found 
in the liver in patients with alcoholic liver disease, and some 
studies have demonstrated an impairment in cell function at high 
ethanol concentrations (SOO mg/dL). These effects could be the 
result of the direct effect of alcohol and its metabolites or mediated 
by the indirect effect of the endotoxins resulting from an increase 
in intestinal permeability. These effects could also be triggered 
by liver damage through the release of TGF-p, TNF-a, IL-I, IL-
6, and IL-S. These cytokines may affect the endothelium of the 
hepatic sinusoids, stimulating endothelin production, the expres
sion of adhesion molecules such as ICAM-l (CD54), and the 
production of other pro-inflammatory cytokines with chemotactic 
effect. These include macrophage inflammatory protein (MIP)-l, 

MIP2, and IL-S and involve the recruitment of other leukocyte 
cells on the endothelium of the hepatic sinusoids and the release 
of free-oxygen radicals and lysosomal enzymes (52,53). This body 
of evidence, taken together with the elements presented earlier 
about the interdependence of bone and immune physiology, clearly 
relates to the significant effect of alcohol in bone disease. 

The predisposition to infection among alcoholics with alcoholic 
liver disease includes impaired splenic function, as recently con
firmed by an increase in the circulation of pitted cells (i.e., red cells 
bearing membrane abnormalities). There is no direct correlation 
between the number of pitted cells and the duration of alcohol 
abuse or the amount of alcohol ingested (54,55). Moreover, chronic 
alcohol exposure appears to suppress cell-mediated immunity, 
which may contribute to the high incidence of infections among 
alcohol-dependent patients. Serum neopterin, a marker of Me 
function and T-Iymphocyte activation, measured in alcohol-depen
dent patients is significantly lower than the mean serum neopterin 
in matched controls. In those who abstained, the mean serum 
neopterin at 3 wk rose and was no longer significantly different 
from controls. Our findings (vide infra, 104) suggest that alcohol
dependent patients have suppressed Me function, which may be 
reversible within 3 wk of abstention. 

No changes have been noted in the number of natural-killer 
cells (defined by flow cytometry as CD3-CD56+CD 16+), whereas 
the effect of alcohol abuse on natural-killer (NK) function* (see 
footnote on pg. 163) remains controversial. The natural-killer 
function depends largely on the immune cells' ability to bind to 
the targets. The pattern of adhesion molecules expressed on the 
endothelium in alcohol-related liver disease may affect the type 
of inflammatory infiltrate and radically disrupt the pathogenesis 
of the liver disease. E-Selectin molecules, adhesion molecules 
confined to the endothelium that interact with neutrophils, natural
killer cells, and some T-Iymphocyte subpopulations are noted to 
be increased in patients with hepatitis but not cirrhosis. Similarly, 
VCAM-l, an adhesion molecule that enhances the binding of T 
lymphocytes to the endothelium, was increased in alcoholic cirrho
sis compared with alcoholic hepatitis; ICAM-I expression was 
noted to be the same in both diseases. These changes result in 
a different inflammatory infiltrate-monocytic in cirrhosis and 
neutrophilic in alcoholic hepatitis. 

Pro-inflammatory cytokines could play an important role in 
inducing the expression of adhesion molecules at the endothelial 
level and the increase in E-selectin could be triggered by the rise 
in TNF-a found in alcoholic hepatitis. The maintenance of chronic 
inflammation could also be caused by cytokines like IL-4, which 
enhance the expression of VCAM-l on endothelial cells. As in 
other chronic inflammatory processes (56), there may be a switch 
in liver-based cytokine production that would account for the 
change in infiltrate in alcohol-induced hepatitis and cirrhosis. As 
mentioned earlier (vide supra), cytokine secretion could be the 
outcome of immune system activation by antigens derived from 
alcohol metabolism or from blood endotoxins resulting from ele
vated intestinal permeability. Adhesion molecules are also import
ant in mediating cell damage because the enhanced expression of 
ICAM-l on the hepatocytes of patients with alcoholic hepatitis 
and the raised Class 1 MHC levels combine to make these cells 
susceptible to lysis by CDS positive lymphocytes. 

A fall in L-selectins, adhesion molecules important for the 
passage through the endothelium, has been observed on both CDS+ 
cells and neutrophils. All these findings together with evidence 
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of a drop in PECAM-I (CD31), a molecule belonging to the 
superfamily of immunoglobulins also involved in cell migration 
and mostly expressed on CD4SRA+ (i.e., "naIve") lymphocytes, 
which are typically decreased in subjects with alcoholism, help to 
reduce the lymphocyte recirculation required for regular immune 
system function. The decrease in these molecules on the CD8+ 
cell surface is associated with an increase in p2-integrin, a mole
cule also implicated in lymphocyte migration (57). Another 
attempt at compensation consequential to alcohol-induced immune 
pathology, is the observed change in the CDS7 antigen usually 
expressed on natural-killer and T cells. This finding suggests high 
quantity of endotoxins present in subjects with alcoholism. 

Raised blood levels of polyclonal y-globulins, mainly IgA, IgG, 
and IgM, are commonly encountered in full-blown clinical forms 
of alcoholic liver disease, which reflects overproduction of immu
noglobulins (Ig) by B lymphocytes, perhaps caused by isolated 
polyclonal activation ofB lymphocytes and a decrease in suppress
ive activity by T lymphocytes (58). The enhanced intestinal perme
ability model and impairment in the way these antigens from the 
gut are sequestered by Kupffer cells in the liver could underlie 
this secondary hyperactivation of the humoral immune system. 
This entails greater plasma cell differentiation with a polyclonal 
increase in Ig synthesis in patients with chronic alcoholism and 
IgA deposits along the hepatic sinusoids. IgA levels are raised in 
all forms of alcoholic liver disease (ALD) and are structurally 
correlated with the severity ofliver damage. However, a significant 
fall in CDS+ B lymphocytes has been observed during alcohol 
intake in subjects without ALD. This finding is significantly corre
lated to the increased secretion of Ig, suggesting that CDS+ B 
cells are involved in regulation. 

The classification of B cells includes (CDS+CD4SRA10) B la 
cells, (CDS-CD4SRA10) BIb cells, and (CDS-CD4SRA hi) B2 cells. 
B2 Cells usually produce antibodies against new external antigens, 
whereas Bla (CDS+) cells have been linked to the production of 
autoantibodies. Finally, BIb cells have been included in the B 
group because they contain CDS mRNA (59). Recent studies have 
disclosed a decrease in CDS-CD4SRAhi (B2) cells and CDS+ 
CD4SRA1o (B la) cells with a relative increase in CDS- CD4SRA1o 

(BIb) cells in alcoholics with ALD. The fall in B2 cells could be 
responsible for the inadequate response to external antigens found 
in subjects with alcoholism, whereas the increase in BIb cells 
could be a source of autoantibodies. Finally, the presence of high 
quantities of IgA in subjects with ALD implies that BIb cells 
mainly produce this type of Ig (60). 

In general, in subjects with alcoholism and in ethanol-treated 
animals, Ig's have a shorter half-life and the activity of these anti
bodies seems to be impaired. Mice treated with ethanol and alco
holic subjects have a delayed response to new antigens and only 
develop normal antibody levels much later. However, if the anti
body response is directed toward an antigen encountered prior to 
exposure to ethanol, the antibody response is normal. In addition, 
abstinent subjects with ALD present a normal or even enhanced 
antibody response. Circulating immune complexes containing IgA 
have been found in ALD subjects and correlate the severity of 
liver damage rather than alcohol abuse. Furthermore, IgA deposits 
have been detected in the renal glomeruli in over SO% of patients 
with alcoholism, regardless of the presence of liver damage, sug
gesting a significant role of IgA in inducing kidney damage (61). 

In addition to an increase in immunoglobulins, patients with 
chronic alcoholism, especially those with liver damage, develop 

autoantibodies, similar to antibodies against smooth muscle 
(SMA), heat shock proteins, Mallory bodies (microfibrillary 
masses of hepatocyte), and against liver protein. The latter type 
of antibodies is correlated to chronic portal and periportal inflam
mation (62). 

Acetaldehyde is one of the major intermediary metabolites of 
ethanol (vide supra). Injected into animals, it conjugates with 
proteins and stimulates the production of antibodies to these modi
fied proteins, suggesting that acetaldehyde may act as a hapten, 
relatively independent from the protein carrier. The cytochrome 
P-4S02EI (CYP2EI), a liver microsomal enzyme, is specifically 
induced by ethanol and acetaldehyde (63). Recognition of these 
new antigens on the cell surface by specific antibodies may trigger 
cell lysis via complement stimulation, antibody-dependent cell
mediated cytotoxicity, and neutrophils. The finding that antibody 
titers against acetaldehyde adducts are also elevated in subjects 
with liver damage not induced by alcohol suggests that the immune 
response disclosed in patients with alcoholism could be the out
come rather than the cause of the damage. 

Although impaired homeostasis has been implicated in the 
pathogenesis of liver disease, the relation between cytokine pro
duction and the metabolic activities inducing liver disease remain 
unknown. Nonetheless, research suggests that alcohol abuse 
enhances the production of TH2 cytokines at the expense of THI 
cytokines, which tends to support our in vitro observations (vide 
supra). We have demonstrated a correlation among serum CD30 
levels, direct expression of the TH2 response, and the severity of 
liver disease in patients with alcoholism. These findings suggest 
that such an unbalanced response in these subjects could be the 
result of the direct effect of alcohol on cytokine production flanked 
by the possible interference of GCL, which tend to be raised in 
alcoholics. In fact, these hormones stimulate the shift toward 
type TH2 lymphocytes and the enhanced expression of CD30 on 
lymphocyte membranes. 

Although alcohol-dependent subjects may produce normal 
amounts ofIL-2, patients with alcoholic hepatitis have blood levels 
of TNF-a, IL-I, and IL-6 that appear to correlate with the clinical 
and biochemical parameters of liver damage in patients with 
chronic alcoholism. In vitro studies have shown that MS from 
alcoholic subjects isolated and cultured with ethanol secrete TNF
a, IL-I, and IL-6, unlike healthy controls (64,65). TNF-a receptors 
are expressed in high quantities in liver diseases of whatever cause 
and are found either only in hepatocytes or in endothelial cells 
of sinusoids, the epithelial cells of the bile ducts, and in MS 
infiltrate (66). The IL-6 concentration is correlated to definite 
factors such as serum IgA that stimulates its proliferation. 
Enhanced IL-6 activity has been noted in subjects with alcoholic 
hepatitis in relationship with the clinical and biochemical course 
of disease and markers of the acute-phase response such as reactive 
C protein (27). IgA also is able to enhance TNF-a production by 
MS in patients with alcoholism (67). 

Alcohol enhances the production of chemokines, factors that 
attract cells of the immune system toward the tissue. Chemokines 
have been classified into three groups: C-X-C, C-C, and C, 
depending on the number and position of cysteine. The first group 
(C-X-C) contains IL-8, GRO-a, GRO-p, and other chemokines 
with chemoattractant properties mainly, but not exclusively, 
toward neutrophils. The second (C-C) and third (C) groups com
prise substances like MCPI, MCP2, MCP3, and MIPI-a and 
MIPI-P which mainly work on MS, lymphocytes, and eosinophils. 
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Plasma levels of IL-S are raised in subjects with chronic alcoholism 
without liver disease and even more elevated in subjects with 
alcoholic hepatitis (65); this cytokine also appears to be correlated 
with biochemical markers and the severity of liver disease. A 
selective increase in C-X-C chemokines has been observed in 
alcoholic hepatitis (68): liver tissue homogenates from patients 
with alcoholic hepatitis had raised IL-S levels, whereas concentra
tions of GRO-a, a chemokine of the same group (which is homolo
gous for about 40% of IL-S), were lower. However, the function 
of these chemokines, in this particular context, has yet to be 
established. Likewise, levels of the second group of chemokines 
(MCPl and MIPI-a) are not elevated, even though transcription 
of these molecules appears increased using in situ hybridization 
techniques (68). 

Alcohol abuse alters the distribution of certain T-cell subsets, 
including a sharp decline in circulating T lymphocytes endowed 
with the homing receptor to the peripheral lymph node, CD62L 
(vide supra) (69-71). Alterations in the expression of ~-integrin 
(CD 11 b) were also noted on CDS+ cells from alcohol abusers (70). 

At the molecular level, lymphocytes from alcoholics have sig
nificantly blunted basal and adenosine-induced levels of cAMP 
(72). Chronic ethanol consumption modifies polyunsaturated fatty 
acid (PUFA) concentrations in the plasma membranes oflympho
cytes. The hypothesis that alcohol abuse induces alteration of 
lymphocyte activation pathways via lipid-derived second messen
gers (vide supra) was strengthened by a series of studies performed 
in a selected group of alcoholic patients well nourished without 
progressive liver damage (potentially confounding factors in the 
alcoholic action on immune function). In unstimulated lympho
cytes samples from alcoholic patients in comparison with normal 
subjects, we detected a reduction in unsaturated fatty acid (mainly 
arachidonic) and an increase in palmitic and stearic acid molar 
content in phosphoinositol, phospho inositol phosphate, and phos
phoinositol diphosphate, leading to a significant decrease in the 
saturated/unsaturated ratio. In controls, anti-CD3 stimulation 
caused a marked decrease in arachidonic acid relative molar con
tent counterbalanced by an increase in other PUFA, relative to 
the molar content of phosphoinositol, phosphoinositol phosphate, 
and phosphoinositol diphosphate fractions. After anti-CD3 stimu
lation, the same trend of modification in the fatty acid composition 
was observed in alcoholic patients, resulting in a sharp reduction 
of arachidonic acid relative molar content (73). 

In a second series of studies, the incorporation of the [3H]_ 
myo-inositol incorporation into the PtdIns fraction of peripheral 
blood lymphocytes (PBLs) from controls and alcoholics was con
ducted. In unstimulated lymphocytes, [2-3H]-inositol incorpora
tion into PtdIns was similar in both groups. Following anti-CD3 
stimulation, the radioactivity of the PtdIns fraction was reduced 
with respect to resting conditions; although in PBLs derived from 
controls we observed a significant decrease only a small, no sig
nificant decrease was shown in PBLs derived from alcoholic 
patients. In complete agreement, IPn production was similar in 
both controls and alcoholics in resting conditions, and following 
anti-CD3 stimulation, the increase in IPn production was lower 
in alcoholics than in controls. A further confirmation was obtained 
by the evaluations of the cytoplasmic free-Ca2+ concentration of 
lymphocytes from alcoholics. In alcoholics, we registered signifi
cantly lower concentrations than controls in unstimulated cells. 
Following anti-CD3 stimulation, in normal subjects a significant 
rise in cytoplasmic Ca2+ concentration was recorded; a similar 

behavior was observed in lymphocytes from alcoholic patients, 
but a statistically significant lower peak levels of Ca2+ concentra
tion was present in alcoholics. In the presence of EGTA, achelator 
of extracellular Ca2+, the addiction of anti-CD3 led to a much 
smaller rise in Ca2+ concentration, but did not completely abolish 
the rise in Ca2+ concentration (74). Taken together, these observa
tions play in favor of alcohol-dependent impairment of one of the 
main pathways of lymphocyte activation that usually lead to a 
rise in intracellular calcium concentration, via the G-protein
PLC-PtdIns pathway. In the alcoholics, the diminished Ca2+ 

release from intracellular stores and the smaller Ca2+ influx via 
IP3-dependent calcium channels is probably the result of a reduced 
IPn production. 

Studies performed on alcoholic patients without relevant 
hepatic failure and/or malnutrition have not shown evidence of 
depressed in vitro proliferative response to mitogens such as PHA, 
Con-A, and to anti-CD3. These observations suggest that alterna
tive activation patterns may compensate the impaired PLC-PtdIns 
pathway (75,76). There is a substantial amount of evidence that 
indicates that the surface CD2 glycoprotein is implicated in an 
alternative antigen-independent pathway. Although T-cell activa
tion via the CD2 molecule can proceed in the absence of the 
TcR-CD3 complex, the latter seem to regulate the capacity of the 
alternative pathway to initiate clonal proliferation. CD2 membrane 
glycoprotein can be modulated in some lymphocytes by the con
temporaneous activation of CD45RA. The function of CD45 must 
relate to its phosphotyrosine phosphatase activity, mainly import
ant in the activation pathway regulated by tyrosine kinases (vide 
supra). Studies on subjects with alcoholic liver disease have shown 
an impairment of anti-CD2- and anti-CD3-mediated lymphocyte 
stimulation in the presence of an enhanced number of CD45+ T 
lymphocytes. Crosslinking of the CD2 and CD45 antigens modi
fied the signal transduction directly by impairing tyrosine kinase 
phosphorylation and by inhibiting the mobilization of intracellular 
free calcium, causing the altered proliferation. A slight reduction 
in CD45RA+ lymphocytes in alcoholics without liver cirrhosis and 
a slight reduction in anti-CD3lymphocyte proliferation. Alcohol in 
the absence of cirrhosis could induce an alteration in the PLC
PtdIns pathway. A common sequela, when cirrhosis is established, 
involves dephosphorylation of tyrosine residues of the CD3. These 
results suggest that malnutrition and/or relevant hepatic failure 
could take part in worsening the alterations that we have observed 
in alcoholic subjects without any hepatic pathology or malnu
trition. 

Fetal exposure to alcohol leads to the fetal alcohol syndrome. 
This condition is associated with serious anomalies in develop
ment, leading to well-recognized characteristics (craniofacial 
dysmorphologies, mental retardation, psychocognitive, psychoso
cial and behavioral problems, and altered motor performance and 
communication skills). Abnormal development of the neuroendo
crine system is also well documented in fetal alcohol syndrome. 
In the context of this chapter, it is noteworthy to underscore the 
important immune dysfunctions found in children and adults born 
from alcohol-abusing parents. The T-cell system is particularly 
seriously impacted in these situations, and T-cell-mediated 
immune surveillance is reduced. Animal systems have been widely 
utilized to replicate and to expand the clinical observations, as 
well as to elucidate the underlying molecular mechanisms (77). 

HIV-Seropositive and AIDS Patients It is important to dis
tinguish between chronic and acute exposure to alcohol: Many 
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HIV -infected individuals are social drinkers who drink alcoholic 
beverages occasionally; many others consume alcohol on a regular 
basis. Metabolites of alcohol, such as acetaldehyde, acetate, and 
adenosine, are toxic to T cells (vide supra). Additionally, alcohol 
ingestion leads to a marked pituitary-endocrine response, whose 
products (e.g., GC) have powerful immunosuppressive effects. 
Alcohol users also often coabuse cocaine: The liver metabolizes 
these drugs to form the ester cocaethylene (vide supra), whose 
longer half-life and immunotoxic properties make it a particularly 
dangerous metabolite (see footnote * on pg. 264, column 2). 
Certain of the effects of CE on immune cells in vitro were dis
cussed above (vide supra). Alcohol users and HIV patients are 
characterized by altered pituitary-endocrine responses to a range 
of stimuli. This may undermine normal physiological responses, 
including immunoregulatory events. Last, but certainly not least, 
are the serious intertwined concerns rising from the epidemiologi
cal data about the rapid spread of AIDS among women and minori
ties, from the statistics of elevated alcohol consumption among 
women and among minority groups at risk for HIV infection and 
from the biochemical observations of sex- and ethnicity-related 
differences in alcohol metabolism and immunotoxicity. Recent 
statistics indicate that the African-American and Hispanic popula
tions now comprise over 25% of the AIDS in California and about 
45% nationwide. The fundamental trends of this pandemic have 
now clearly changed. The face of AIDS is now less a disease of 
white gay men and intravenous drug users, and more a heterosexual 
health threat, which strikes young women of childbearing age at 
an alarming rate. Consequently, pediatric AIDS has also surged 
to the forefront of public health concern. 

Chronic ethanol ingestion predisposes to tuberculosis and bac
terial pneumonia. Mycobacterium avium complex organisms cause 
bacteremia in patients with AIDS. Human Me and murine Kupffer 
cells exposed to ethanol are more permissive toward intracellular 
growth of M. avium than control mononuclear phagocytes. Ethanol 
also has been shown to impair the ability of human Me and 
murine Kupffer cells to respond to stimulation with TNF-a and 
granulocyte macrophage colony stimulating factor and to produce 
cytokines such as IL-l, IL-6, and TNF-a when properly stimu
lated. The impairment is dependent in part on a downregulation 
in the number of TNF receptors on the Me membrane. Recent 
evidence suggests that ethanol in nonlethal concentrations induces 
stress-related proteins in M. avium, leading to the inhibition of 
intracellular pathways in the Me and, consequently, impairing 
some of its functions. In summary, ethanol acts both on the host 
and on the mycobacterium in a complex sequence of events that 
influence the outcome of the infection. 

We have reported (28) that the number of circulating CD4+ 
CD45RA+ and CD8+ CD38+ lymphocytes were significantly 
lower (p < 0.05) in the alcohol/cocaine coabusing group of HIV
seropositive patients (CD4+ CD45RA+: 110 cells/mm3 blood ± 
10 [±SD], CD8+ CD38+: 420 ± 60) compared to the alcohol/ 
cocaine-free group (CD4+ CD45RA+: 180 ± 0.4, CD8+ CD38+: 
650 ± 80), in the critical stage of the disease progression when 
patients begin to be symptomatic of opportunistic infection signi
fying collapse of CD4-mediated immune regulation (CD4 cell 
number between 500x103 and 200x103 cells/mm3 blood). These 
findings, which were also shown when the data were expressed as 
percent lymphocytes, were not observed in any other stratification 
group. During the process of CD4 and CD8 cell maturation, other 
phenotypic markers are lost or acquired. The acquisition of CD7, 

for example, has been associated with the production of certain 
cytokines, which signify functionally mature CD4 lymphocytes. 
We have noted suggestive differences in the acquisition of the 
CD7 marker by CD4 cells by HIV -seropositive alcohol/cocaine 
joint abusers, compared to alcohol/cocaine-free HIV -seropositive 
patients matched for CD4 cell number upon stimulation in vitro. 
These striking differences were evident even in the group of 
patients whose CD4 cell number was still relatively high. For 
example, a representative alcohol/cocaine using HIV -seropositive 
patient with 783xl03 CD4 cells!cm3 blood, and a CD4/CD8 ratio 
of 0.53 showed only 3% CD4+ CD7+ following a standard stimu
lation protocol in vitro (whole blood, EDTA as anticoagulant, 
diluted 1 : 4 with AIM-V growth medium, stimulated with PHA, 
5 Ilg/mL, 4 d), compared to 16% of CD4+ CD7 + cells in a alcohol! 
cocaine-free HIV -seropositive patient, matched for CD4 cell num
ber and CD4/CD8 ratio. For reference purposes, circulating lym
phocytes from normal healthy control subjects treated in parallel 
show a rise in CD4+ CD7+ to 24.9%±8.3 (±SD). 

In 1995/96, the Food and Drug Administration has approved 
the use of protease inhibitors. These compounds have good oral 
bioavailability and are generally well tolerated except for minor 
side effects (nausea, circumoral paraesthesia). The better docu
mented to date include saquinavir (lnvirase), ritonavir (Norvir), 
and indinavir (Crixivan). These compounds interfere with the 
maturation and replication of HIV by inhibiting the viral protease, 
the critical enzyme for processing a longer polypeptide into smaller 
proteins needed for incorporation the structure of the virus. The 
eight cleavage sites of the polypeptide constitute a template for 
the synthesis of a range of potential inhibitors. Only inhibitors of 
the Phe-Pro cleavage have shown an antiproteinase activity spe
cific for HIV to date. Protease inhibitors lead to altered rates of 
selected mutant-resistant viruses. Resistance has also been noted 
when these inhibitors are given alone. These observations, taken 
together with the noted emergence of HI V -resistant strains, suggest 
limitations and caveats to the efficacy of these drugs, particularly 
when given alone. Thus, protease inhibitors are commonly admin
istered as cocktail mixtures. Independent clinical trials with saqui
navir, indinavir, and ritonavir have shown decreased viral load 
(plasma HIV-RNA PCR) and increased CD4lymphocyte counts. 
Increased CD8 counts have also been reported but may be second
ary to new CD4 cell production. A significant rise in the number 
of CD4 thymic emigrates, CD4+CD45RA+ (naive), as well as 
CD4+CD45RO+ (memory) cells has been noted in association with 
decreased CD38+CD4 and CD8 cells (activated) and increased 
proliferative and recall antigen response potential in a recent clini
cal trial of ritonavir in 21 HIV -seropositive patients. Until recently, 
the use of antiviral agents led to a transient recovery in CD4 
cell number and immune competence. The recent introduction of 
protease-inhibitor-based therapies seems to offer the prospect of 
transforming HIV -seropositivity into a chronic and manageable 
condition. However, the clinical efficacy and the fundamental 
mechanisms of protease inhibitors remain to be fully elucidated. 
Few studies have characterized the effects of protease inhibitors 
upon cells of the host's immune system. This is critical because 
if the administration of protease inhibitors leads patients to become 
chronically HIV-seropositive with no symptoms or a much
delayed progression to AIDS, then it is crucial to fully characterize 
the patients' immunophysiological status. This knowledge should 
help us determine whether to continue prophylactic treatment for 
HIV-seropositive patients whose CD4 cell counts dropped and 
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recovered following treatment. The effect of alcohol abuse in this 
context remains to be explored. 

The Elderly The young adult population today who will reach 
65 yr of age ("young old") in about two decades will tum 85 yr 
("oldest old") a few decades later. This is the group of "Baby 
Boomers" born between 1946 and 1965. The life expectancy, 
which was about 47 yr in the 1960s, is over 75 yr today. This 
change is based on several factors, which include better socioeco
nomic settings, better lifestyles, and better health care compared 
to their elders. Therefore, the percentage of elderly is expected 
to increase dramatically in the next half century. In the 1980s, 
about 11 % of the U.S. population were "young old" and 1 % was 
"oldest old"; today, 12.5% is "young old" and 1.3% is "oldest 
old." It is predicted that by 2050, 23% (a little less than one
fourth of the U.S. population) will be "young old" and 5% will 
be "oldest old." In absolute and relative numbers, the size of the 
elderly population will grow in the next decades from an estimated 
28.6 million (12% of the total population) in 1985 to 58.8 million 
(20% of the total population) by 2025 (U.S. Bureau of the Census 
1984). Even under the conservative assumption that current rates 
of alcohol consumption will continue, the sheer numbers of people 
who are maturing into old age means increasing numbers of elderly 
alcohol users. If future generations of the elderly drink more 
than today's older generation, the size of the problem will be 
even greater. 

In the aged, several symptoms of alcohol use and abuse, such as 
musculoskeletal pain, insomnia, loss of libido, depression, anxiety, 
and impaired neuroendocrine regulation ( 1-4 ) as well as decreased 
immune competence can be confounded with conditions com
monly seen among nonalcoholic older patients. Alcohol use and 
abuse in the elderly can also lead to increased risk of drug interac
tions and increased dependence on legal prescription drugs, thus 
further hampering immune and neuroendocrine-immune surveil
lance systems. Today, alcohol abuse represents the most significant 
drug abuse problem in the United States as well as in other 
industrialized and Third Word countries. In the United States 
alone, this situation involves over 10 million American young 
adults. Abusive alcohol consumption among the young adult popu
lation leads to significant social (e.g., violence, accidents, and 
abuse), economic (e.g., recovery programs), and health problems, 
as outlined earlier. Therefore, alcohol use and abuse is a critical 
problem of society at large, as well as a serious economic encum
brance. Consequently, it is critical to form appropriate new sche
mata of alcohol-induced pathology in the aging and the aged to 
be better positioned to address the vast array of medical situations 
that will present in the relatively near future (28). 

CONCLUSION 

The work we have outlined here demonstrates that others and we 
have accumulated a sizable body of data, which unquestionably 
indicates that alcohol impairs the maturation of T lymphocytes 
obtained from normal healthy young adults. Research designs 
performed in vivo and in vitro produce congruent results to show 
that alcohol can act both directly on the T cell and indirectly 
via certain of the hormones and neuropeptides that are secreted 
following alcohol ingestion. Data indicate that CD4 lymphocytes 
are considerably more sensitive to alcohol-mediated immunotoxic
ity than CD8 lymphocytes, an observation that has increasing 
relevance in the context of immune regulation as determined in 
part by the balance of THI and TH2 patterns of cytokines. Our 

present understanding of fundamental cellular immune mecha
nisms allow us to formulate testable hypotheses with respect to 
the identification of specific molecular events and pathways, which 
alcohol may disturb during T-cell maturation. Research findings 
to date suggest that alcohol immunotoxicity may exacerbate aging
associated cellular immune depression and that interventions now 
being tested to recover immune resilience in the aged could be 
tested as well to contribute to the recovery of cellular immune 
responses among aging alcohol users and abusers. 

Research has begun to investigate when drinking alcohol 
becomes a problem early or late in life. The early-onset drinker 
generally experiences problems with alcohol throughout life and 
continues to abuse it in old age. The late-onset drinker has no 
history of drinking difficulties but develops an abusive pattern of 
alcohol use as a reaction to one or more stresses of aging. Such 
stresses may include the death of significant others, conflict with 
a significant other, along with overall loss of sense of self. These 
distinctions aid in the correct diagnosis of alcohol dependence in 
the older person, which is otherwise made only about half as often 
as it is in the younger population. Alcohol dependence is often 
ignored as an Axis I differential diagnosis in the aging population. 
Despite the trends of longer life expectancy cited, improvements 
are not evident in terms of better health for the aging population. 
As the population's age increases, so does the proportion of age
related ailment and disease, and these health problems are exacer
bated by alcohol use and abuse. 

In summary, it is a timely and important societal concern as 
well as a scientifically relevant question to learn more about 
alcohol immunotoxicity in aging. Research in this domain, as well 
as in other domains of critical health urgency such as HIV / AIDS, 
will enable us to design fundamental, translational, and clinical 
studies aimed at elucidating and effectively acting upon health 
problems related to the use and abuse of alcohol by the population. 

SUMMARY 

Alcohol use and abuse represents the most significant drug abuse 
problem today among young and aging adults worldwide. Alcohol 
impairs normal immune responses that protect the body from 
disease. Chronic alcohol consumption reduces the number of infec
tion-fighting white blood cells in laboratory animals and in alcohol 
users and abusers. Chronic alcohol ingestion or alcohol depen
dence depresses antibody production and other immune responses. 
Alcohol suppresses activities of certain immune system cells. The 
hormonal response that accompanies the use and abuse of alcoholic 
beverages indirectly blunts immunity. Alcohol during pregnancy 
can decrease immune resistance in the offspring. The relevance 
of these findings is discussed in the context of special popUlations 
who use and abuse alcoholic beverages, often in conjunction with 
other drugs. 
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22 Cigarette Smoking, Substance Abuse, 
Nutritional Status, and Immune Function 

MARl S. GOLUB 

INTRODUCTION 

Substance abuse, smoking, poor nutrition, and depressed immune 
function often cooccur in high-risk human populations. Studies 
of drug-addicted populations in the era of AIDS are beginning to 
bring increased attention and effort to characterizing nutritional 
and immune status. Similarly, more attention is being directed 
at nutritional and immunological status of smokers using new 
methodologies. However, to date, no clear hypotheses of causal 
biological links between tobacco smoke components, specific 
drugs, specific nutritional deficiencies, and specific syndromes of 
immune dysfunction have been proposed and tested. 

CIGARETTE SMOKING 

Food intake and nutrient status of smokers has been studied in 
detail over a number of years (1). Smoking does not lead to 
anorexia (reduced food intake) but is associated with changes food 
selection, as indicated in data from NHANESII (2). Smokers are 
characterized by a lower intake of fresh fruit and vegetables and 
a greater intake of fat. In terms of vitamin and mineral intake and 
plasma levels, vitamin C, vitamin E, and beta-carotene deficiencies 
have been well documented. There is also some information on 
folate, vitamin B12, and various trace elements. It is recognized 
that the metabolic effects of tobacco smoke components could 
contribute to some of these deficiencies. Animal studies of ciga
rette smoke and nutrition are rare. Short-term anorexia and weight 
loss is a pharmacological effect of nicotine in rats (3). Both 
increased and decreased preference for sucrose have been demon
strated in nicotine-treated rats (4). 

Particular attention has been given to (a) the role of nutrition 
in connection with low-birth-weight infants of smokers and (b) 
the role of reduced antioxidant nutrient intake in connection with 
the increased incidence of cancer and heart disease. Reduced 
antioxidant defense is thought to increase the impact of free radi
cals in causing DNA mutations that lead to cancers and oxidative 
damage associated with myocardial ischemia. (It is also recognized 
that antioxidant defense systems can be compromised by oxidant 
stress of tobacco smoke components.) As a result of these studies, 
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the National Research Council has specified a higher Recom
mended Daily Allowance (RDA) for vitamin C in smokers than 
nonsmokers. 

Recently, examination of dietary antioxidant deficiency in 
smokers has been expanded to study immune function parameters 
(5). Smokers and nonsmokers differed on a number of nutrient 
and immune status measures. However, no correlation between 
nutrient status and immune function were found in the smokers. 
Smokers had a history of 24 pack-years, and the smoking variable 
was quantified in terms of cigarettes/d, pack-years, and plasma 
nicotine and cotinine. Nutritional measures included plasma vita
min C, vitamin E, carotenes, vitamin A, and selenium, all nutrients 
related to antioxidant defense. Immune measures included white 
blood cell counts, immunoglobulin quantification, complement 
cascade components, and acute-phase proteins. White blood cell 
counts (total, neutrophils, monocytes, and lymphocytes) and acute
phase reactants (ceruloplasmin and (d-PI) were significantly ele
vated in the smokers compared to age- and sex-matched controls 
(n = 160/group). Immunoglobulins were similar in both groups, 
and complement C9 and Factor B were higher in the smokers. 
For the micronutrients, vitamin C, carotenes, and vitamin A were 
significantly lower in the smoker's group than controls. When 
linear correlations were computed between nutrient and immune 
measures, no significant associations were found, except for a 
weak (-0.189) correlation between JgG and plasma carotenes. 
Notably, however, vitamin A plasma concentrations were corre
lated with several lung function parameters. In a follow-up study, 
smokers and nonsmokers were not found to differ in vitamin C 
intake, although they did differ in plasma and leukocyte vitamin 
C concentrations. A marginally significant correlation was found 
between leukocyte vitamin C and neutrophil count. The authors 
suggested an effect on neutrophil function mediated by elevated 
myeloperoxidase activity based on previous studies, although no 
correlation was found between myeloperoxidase activity and 
plasma or leukocyte vitamin C in this study. They further suggest 
that these findings could indicate reduced antimicrobial action of 
neutrophils and increased risk of free-radical-mediated tissue 
damage. 

275 

In the more general literature on cigarette smoking and immune 
function, emphasis has been on lung macrophage function in 
connection with development of upper respiratory infections and 



276 PART IV / CLINICAL ISSUES 

oral and lung cancers in smokers. Mucosal immunity has also 
been a focus in connection with cervical cancer. In addition, 
general depression of immunity has been documented in a variety 
of human, animal, in vivo, and in vitro studies. These studies do 
not typically discuss possible nutritional mediation of the immune 
effects or interaction of smoking and nutritional variables. 

Recently, studies indicate that passive smokers (i.e. those 
exposed to environmental tobacco smoke) demonstrate similar 
dietary deficiencies (6,7). However, in one study, controlling for 
educational level largely eliminated these differences (8). Passive 
smokers are also at risk of increased cancer incidence. 

SUBSTANCE ABUSE 
INTRODUCTION The relationship among drug abuse, nutri
tional deficiency, and immune deficiency is usually conceptualized 
as comorbidity; that is, all three disorders occur together in some 
human populations. This section describes a few relevant human 
and animal studies, presents some additional research related to 
causal relationships among drug abuse, nutrition, and immunity, 
and suggests other potential areas for inquiry. 

Although this section focuses on abuse of illegal psychoactive 
drugs, it is important to remember that substance abuse is a broader 
concept that includes, for example, anabolic steroid use by body 
builders and athletes, solvent abuse, purgative/emetic abuse in 
eating disorders, and abuse of prescription drugs like sedatives, 
analgesics, and tranquilizers. Each type of abuse is likely to have 
a different pattern of involvement with nutritional and immune 
deficiency. Polydrug use and associated lifestyle and socioeco
nomic factors are also common in these popUlations. 

NUTRITIONAL AND IMMUNE STATUS IN POPULA
TIONS OF DRUG USERS In the most complete and controlled 
study of this type (9), 140 men and women voluntarily entering 
a substance abuse program in Spain were studied. None of the 
subjects had concurrent organ pathology. As in other studies, this 
was a young popUlation (average age 26 yr). Of the group, 31.3% 
were HIY positive but asymptomatic and 16.4% were heavy alco
hol users. As in most other studies of drug-addict populations, all 
the subjects were smokers. The majority (83%) were heroin 
addicts, 16% were heroin and cocaine addicts, and 2% used only 
cocaine. In this study, nutritional status was inferred from anthro
pometric parameters and a diet recall interview; immune status 
was inferred from lymphocyte count and the delayed hypersensi
tivity test. Anthropometric data were compared to appropriate age 
and sex norms for a Spanish population. 

The drug-addicted population was underweight at the time of 
entry into the substance abuse program, with 30% weighing less 
than 80% of the population mean (a criterion for malnutrition). 
The mean values for arm circumference and triceps skinfolds were 
at about the 80th percentile for the control population. Further
more, 18% of this population was rated as severely malnourished 
based on a scale that included rank scores of fat and muscle mass. 
The mean body mass index was 20.9 ± 0.2. Calorie intake as 
determined by a l-wk recall averaged 1188 ± 53 and was estimated 
to be 76% of the basal requirement; 66.4% of the group reported 
being anorexic. The women (n = 42) had a significantly lower 
body mass index than the men (n = 98) and generally poorer 
scores on all anthropomorphic and nutritional assessments. Also, 
patients reporting anorexia had lower values on almost all variables 
than those not reporting anorexia (e.g., caloric intake anorexic 
1051 ± 60 vs nonanorexic 1473 ± 103, P < 0.0001). The severity 

of drug addiction (moderate vs heavy) also related to severity of 
the nutritional deficits. No anthropometric or nutritional differ
ences were found between HIY+ and HIY- groups. 

Only two immune assessments, lymphocyte count and delayed
type hypersensitivity as determined by a standard tool (CMI multi
test), were made. Lymphocyte counts were not depressed and, in 
fact, appeared elevated compared to the normal range. On the 
delayed type hypersensitivity DTH test, the percentages of the 
group classified as anergic, hypoergic, and normal differed statisti
cally from the percentages in a group of age-matched controls 
(n = 50); 58% of the addict population was anergic as compared 
to 23% of the controls. Subgroups of the population were not 
compared for DTH results. However, no differences were found 
between this population and a smaller population of 18 addicts 
with organ pathology. 

In an attempt to clarify the relationship between these variables, 
and, in addition, qualitative assessments of food and drink intake 
and social disruption, the authors conducted a stepwise logistic 
regression. The strongest predictor of nutritional status (score 
based on subjective evaluation of fat and muscle mass) was food 
and drink consumption. The strongest determiners of this variable 
were anorexia and social disruption. Anorexia, in tum, was most 
strongly predicted by sex (more females anorexic) and severity 
of addiction. These two variables were also the strongest predictors 
of social disruption. Immune parameters were not included in the 
regression. The authors concluded as follows: 

Although it has been hypothesized that drug consumption may 
lead to malnutrition either directly by enhancing basal energy 
expenditure or indirectly through infection, our results ... point 
out the importance of decreased food and drink consumption. 

Two other studies (l0, 11), also from Spain, studied male and 
female drug addicts during a detoxification program. Immune 
parameters were studied in more detail in the female addicts, 
whereas nutritional parameters were studied in more detail in 
the males. 

The group of young males (20-27 yr of age) were "principally 
heroin addicts." Weight, body mass index and percent ideal body 
weight increased significantly in 24 men after 0.5-1 mo of detoxi
fication. In 38 men completing 5-6 mo detoxification, these param
eters also increased from the time of admission, but did not differ 
from the values after the shorter period of detoxification. As a 
group, about 12 kg were gained after either period of detoxifica
tion. An unexpected finding of the study was that all the men 
were below the 50th percentile for age-appropriate norms. The 
authors suggest that this was due to onset of drug use in early 
adolescence and subsequent stunting of linear growth. 

A prospective food record questionnaire was also administered 
during detoxification and the intake of macronutrients, minerals, 
and vitamins was calculated as a percentage of recommended 
values. (All the men lived at home during detoxification but visited 
the treatment center daily.) No statistical comparisons were possi
ble but the authors noted that "intakes of magnesium, folate and 
vitamin E were dramatically lower" and "intakes of energy zinc, 
riboflavin and vitamin B-6 were lower" than recommendations. 
This study indicates a rapid improvement in food intake and 
anthropometric measures during detoxification in these young 
addicts, but suggests a continuing abnormality in food selection 
that could require intervention. 

The group of young women (21-28 yr of age) were principally 
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intravenous heroin addicts. Seventeen were HIY+ and 19 were 
HIY-. They were recruited for the study after 1-12 mo of participa
tion in a detoxification program. The women gained about 10 kg 
body weight and body mass index increased from 17 to 21 during 
detoxification; HIY status did not influence recovery. An extensive 
assessment of immune status was conducted. Leukocyte and lym
phocyte counts were within the normal range. For lymphocyte 
cell populations reflecting cell-mediated immunity, CD2 counts 
were considered normal, CD4 counts were depressed in both 
groups, and CD8 counts were elevated in the HIY+ subgroup. 
For humoral immunity, CD19 counts were depressed and serum 
immunoglobulin concentrations increased in HIY+ compared to 
HIY- group (no comparison to normative values was provided). 
Complement was considered in the normal range. (It should be 
noted that no statistical comparisons to normative data were pro
vided for any immune parameter.) None of the women were 
considered to have a normal DTH responsiveness, and the values 
for the HIY+ group were lower than those for the HIY- group. 

Taken together, these three studies suggest that malnutrition 
as a result of reduced food intake is seen in young heroin addicts, 
along with depressed cell-mediated immunity. Upon drug with
drawal, nutritional status can normalize rapidly, but cell-mediated 
immunity may remain depressed. 

A different approach to studying the relationship among drug 
abuse, nutrition, and immunity was taken in a recent study of 
young (16-35 yr of age) pregnant African-Americans (12). Serum 
samples obtained once in each trimester were analyzed for abused 
drugs and select vitamins and minerals. In addition, food intake 
data were obtained at monthly intervals and anthropometric mea
sures were taken from medical records. White blood cell count 
was the only immune-related variable. 

Women reporting drug use during pregnancy had a significantly 
higher intake of vitamin C and a significantly lower intake of 
iron. Protein, thiamin, niacin, and vitamin B12 intake did not differ 
in these two groups. Women reporting drug use before pregnancy 
had significantly lower intakes of energy, protein, rag saturate fat, 
phosphorus, and zinc. Their prepregnancy weight, percent ideal 
weight, body mass index, and delivery weight were also lower; 
however, the mean values for both groups within a normal range 
(ideal body weight> 100%, body mass index> 21). 

Another report (13) from this group compared a subset of drug 
users (determined by National Institutes of Drug Abuse standards 
for serum concentrations of cocaine, PCP, and marijuana in the 
third trimester) to nonusers. White blood cell (WBC) counts were 
significantly elevated in the drug-user group, whereas ferritin and 
folate were significantly reduced. Furthermore, vitamin B12 and 
ascorbic acid were lower, although the difference was not signifi
cant (p < 0.06). 

ANIMAL STUDIES OF THE INTERACTION BETWEEN 
DIET AND DRUGS IN DETERMINING IMMUNE FUNCTION 
Studies in mice (14) have investigated the combined action of a 
low-protein diet (4% casein compared to 20% casein control) and 
drug administration (morphine or cocaine) on immune parameters 
(lymphocyte populations in spleen as determined by Fluorescence 
Activated Cell Sorting [FACS]). The low-protein diet was fed for 
3 wk before and during an 11-wk morphine or cocaine treatment 
(daily ip injection). To simulate the human scenario, doses were 
increased during the treatment period. Two separate experiments 
were conducted, each with a non treated (no injection) and an 
injection control group. As anticipated, cocaine alone reduced 

body weight and this effect was more severe in the protein-mal
nourished group; morphine alone did not affect body weight, 
but morphine plus protein deprivation led to lower weights (not 
statistically significant) than untreated controls. An interesting 
feature of this experiment was the unanticipated effect of the 
intraperitoneal saline in the injection control group that led to 
significant reduction in spleen weight and cell number. The intra
peritoneal injections also led to changes in lymphocyte subpopula
tions that varied with diet and experiment (cocaine or morphine). 
The effect of the injection control, the inconsistency of the effect 
across studies, and the variation in lymphocyte subpopu1ations of 
the control group (adequate protein, no injection) across experi
ments unfortunately leads to difficulty in interpretation of the 
lymphocyte subpopulation data in this well-designed study. 

There were some suggested differences between the effects of 
cocaine under the adequate and protein-malnourished conditions. 
In the adequate nutrition condition, both cocaine and injection 
reduced the percentage of T cells and macrophages and increased 
the percentage of B cells. In the protein-malnourished condition, 
a smaller increase in B-cell percentage was also indicated as 
a result of both cocaine and injection. For T lymphocytes, the 
percentages were somewhat but not significantly decreased in 
the saline group and increased in the cocaine group, leading to 
significant group differences between saline and cocaine injected 
groups in total (Thy 1.2+) and CD8+ lymphocytes. The authors 
suggest that the effects of cocaine and saline injection may have 
a common origin in the activation of the adrenal cortex. 

There were no suggested differences between dietary condi
tions on the effect of morphine on lymphocyte subpopulations. 
In this experiment, there was no effect of saline injection on 
lymphocyte subpopulations. Morphine increased the percentage 
of lymphocytes with B-cell markers in both the protein-adequate 
and protein-malnourished groups. The percentage of macrophages 
was also higher in the morphine group than untreated controls 
under the adequate-protein condition; however, this percentage 
was generally higher in all groups under the protein-malnour
ished condition. 

This research group has used a mouse model to study nutrition 
and alcohol effects on progression of retroviral infection (15,16). 
Some published data concerning morphine and cocaine was 
located (17,18), but nutritional variables were not included in 
the studies. 

SOME RESEARCH POTENTIALLY RELEVANT TO CAUSAL 
INTERRELATIONSHIPS AMONG DRUG ABUSE, NUTRI
TIONAL STATUS, AND IMMUNE FUNCTION Identification 
of specific causal biological links among drug action, nutritional 
deficiency and changes in immune function is difficult. In humans, 
polydrug abuse, smoking, and economic and social disadvantage 
further complicate attempts to identify causal patterns. No exam
ples of specific nutritional deficiencies, as is the case for alcohol 
and vitamin B6, have emerged. Thus, few hypotheses are available 
to guide animal research. However, some areas of research involv
ing two of these three variables may prove valuable in eventually 
generating these types of hypotheses. 

Anorexic and Appetite Stimulating Effects of Abused CNS
Active Drugs A large body of research has been devoted to 
studying the effects of central nervous system (CNS)-active drugs 
on food intake. Most of this work is aimed at understanding 
the brain systems that regulate food intake in order to develop 
therapeutic appetite suppressants, rather than to develop an under-
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standing of the nutritional consequences of drug abuse. However, 
these studies confirm and extend what has been observed concern
ing appetite in drug users and point the way to the study of reduced 
food intake as a major intervening nutritional variable in drug
induced immune dysfunction. 

An example of such a study was performed by Vaupel and 
Morton (19). They conducted dose-response studies of five agents 
(d-amphetamine, phencylidine, ~-9 THC, pentobarbital, and lyser
gic acid diethylamide (LSD]) by administering a single dosage 
of the drugs to 23-h food-deprived dogs and measuring food 
intake over the next 5 d. d-Amphetamine, LSD, and phencylidine 
decreased food intake, with amphetamine being by far the most 
potent agent. However, ~-9 THC and pentobarbital produced 
increased food intake. Anorexic effects ofMDMA (ecstasy) have 
also been demonstrated in dogs (20). 

A general stimulation of food intake by opiate agents and 
reduction in food intake by opiate antagonists has been well docu
mented in animal studies (21). Heroin has not been studied in this 
regard, and it is difficult to extrapolate from the animal studies 
to addict populations. 

Marijuana is widely known for appetite stimulation among 
recreational users. It is used therapeutically to promote food intake 
in AIDS and cancer patients, but only antiemetic properties have 
been studied in clinical populations. Appetite stimulation by mari
juana has proven difficult to demonstrate reliably in either labora
tory animals or humans under controlled conditions (22). Poor 
nutritional status was not mentioned in recent reviews of the 
chronic effects of marijuana use (23). Poor-quality diets without 
accompanying nutritional inadequacies were reported in adoles
cent marijuana and combined alcohol-marijuana abusers (24). 

Tolerance to the anorexic effects of amphetamine develops in 
animal models; less is known about other agents (2S,26). Thus, 
the role of pharmacological suppression of appetite in chronic 
drug abusers may not be of major significance to their nutritional 
status. A more common situation may arise when compulsive 
use of drugs circumvents normal physiological and behavioral 
homeostatic regulation of food intake. In the case of opiate drugs, 
a disruption of endogenous opiate regulation of food intake could 
be involved. 

Abused CNS Active Drug Effects on Nutrient Selection 
and Utilization One dimension of brain regulation of feeding 
is the selection of specific foods to correct nutritional imbalances. 
Alterations in food selection inappropriately triggered by drugs 
of abuse could lead to selective nutritional deficiencies. It is also 
possible that effects attributed to anorexia in animal studies where 
a single diet is available could be ameliorated in the human situa
tion, where nutritional needs can be met by selecting from a 
variety of foods. 

Although amphetamine generally depresses food intake, effects 
are greater on fat and protein than on carbohydrate in animal 
studies (27,28). Conversely, morphine stimulation of food intake 
is greater for fat compared to protein or carbohydrate in rats (29). 
However, in humans, sweet foods were eaten in preference to 
protein and fat by opiate addicts (30). Recent studies suggest that 
food choice alterations associated with opiate agents could be the 
result of changes in palatability (31). Other information concerning 
nutrient selection and utilization has been reviewed for opiates 
(heroin and morphine), cocaine, marijuana, and nicotine (32). 

Comorbidity of Eating Disorders and Substance Abuse 
Recently, a number of studies have elucidated a relationship 

between substance abuse and eating disorders (33). About one
third of cocaine users have been diagnosed as having eating disor
ders (34); a similar percentage of persons with eating disorders 
are substance abusers (3S). It has been suggested, but not estab
lished, that both types of disorders could result from the same 
underlying geneticibiochemical abnormality in some human popu
lations (36). If this were the case, the nutritional deficiencies 
associated with substance abuse might be partially attributable to 
concurrent eating disorders. 

Immune Abnormalities in Addict Populations Identifica
tion of specific syndromes of immune abnormalities in addict 
populations would be a valuable step in establishing animal models 
and determining the relative contributions of nutrition and drug 
action. However, chronic infection is very commonly found at a 
high incidence in intravenous drug abuse (37). Sharing of needles 
and sexual promiscuity contribute to exposure to a broad range of 
pathogens, and injection of various adulterants and contaminants 
further taxes the immune system. In addition to acute infections 
and chronic infectious disease, autoimmune disorders have been 
identified (38,39). Under these conditions, epidemiological studies 
are not likely to be successful in characterizing a specific pattern 
of immune deficiency associated with abuse of a specific drug. 

Direct Effects of Drugs of Abuse on Lymphocytes The 
discovery of receptors for a variety of neurotransmitters and neuro
modulators on circulating lymphocytes has led to study of direct 
pharmacological effects of CNS-active drugs of abuse on the 
immune system. This topic has been of particular interest in proj
ecting the influence of drugs of abuse on the progression of AIDS. 
In vitro functional tests of immune effector cells, as well as in 
vivo assessments, have been conducted. The drugs that have 
received the most attention for distinct syndromes and mechanisms 
of action are morphine and marijuana (~9-THC) (see recent 
reviews in refs. 40 and 41). The mechanism of action of these 
agents may involve direct binding of the drugs to receptors on 
immune effector cells, and there is some indication that endoge
nous opiates, cannabinoids, and catecholamines play a role in 
normal regulation of the immune system. However, effects medi
ated by CNS actions are also supported by experimental data. 
Additional topics related to opiate, marijuana, and nicotine interac
tions with the immune system have been presented by Watson 
(42). Immunotoxic effects of amphetamine and methamphetamine 
(43,44), cocaine (4S), PCP (46), and MDMA (47) have also been 
studied, usually with in vitro exposure and/or assessment, and 
hypotheses concerning specific lymphocyte receptors advanced. 

Potentiation of Substance Abuse by Poor Nutrition A 
number of animal studies suggest that diet can influence the addict
ive properties of drugs (48). Relevant studies demonstrate changes 
in opiate receptor binding in food-deprived states (49) and 
enhanced drug self-administration in malnourished animals 
(SO,Sl). Carr (S2) has suggested that malnutrition produces a 
general "reward sensitization" (i.e., an increased sensitivity to 
the reinforcing properties of food as well as other rewards). An 
enhancement of the reinforcing characteristics of addictive drugs 
could promote drug use and addiction in malnourished popula
tions. In addition to an enhanced reward value of drugs, other 
possible mediators of enhanced drug effects in malnourished popu
lations could include altered hepatic drug metabolism and changes 
in gastrointestinal tract absorption of drugs. Thus, malnourishment 
could increase both exposure to illicit drugs and the effectiveness 
of a given exposure in promoting addiction. 
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The Developmental Perspective Substance abuse, malnu
trition, and infection can converge in utero during critical develop
mental stages. Growth retardation and subsequent immune func
tion defects are among the endpoints affected after prenatal 
administration of drugs and environmental contaminants in animal 
models (53), although abused drugs are little studied. The effects 
of prenatal malnutrition on later immune function are reviewed 
elsewhere in this volume. Because of generational consistencies 
in substance-abuse patterns, some pathways of causality for drug
nutrient-immune interactions may involve developmental 
exposure. 

RECOMMENDATIONS 
• To provide useful clinical and scientific insights, hypothesis

based studies that untangle the direction and nature ofbiolog
ical effects of drugs and smoking on food intake, metabolism, 
general debilitation, and immune function are needed. 

• Information on acute and chronic effects of abused drugs 
and smoking need to be separated from consequences of the 
addiction lifestyle. In human studies, some of the variables 
can be taken into account by stratification if large enough 
populations are available. In addition, statistical models that 
derive probabilistic estimates of causal chains of action could 
be used. 

• Longitudinal studies in at-risk cohorts might provide a better 
idea of the natural history and time-dependent development 
of combined substance abuse, nutritional inadequacy, and 
immune system dysfunction. 

• Studies in populations with a high incidence of hyper sen sit iv
ity and autoimmune disorders, in addition to immune defi
ciency syndromes, would be valuable in understanding the 
role of nutrition, substance abuse, and smoking. 

• Animal studies of food intake and food preference in connec
tion with chronic self-administration of addicting substances 
could identify specific nutrient deficiencies that are likely 
to influence immune function. In particular, it would be 
valuable to understand if nutritional deficiency syndromes 
varied qualitatively between drugs or between stages of 
addiction. 

• A possible common geneticibiological mechanism for sub
stance abuse and eating disorders should be explored, and 
possible links to immune function examined. 

• The use of flow cytometry for enumeration of lymphocyte 
populations is becoming common in addict populations at 
risk for AIDS. Inclusion of these measures would be valuable 
in animal studies of drugs of abuse. Also, the legitimacy of 
extrapolation of flow cytometry data from animals to humans 
needs to be established. 
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INTRODUCTION 

"Medicines and food have a common origin." The concept con
veyed by this old Japanese proverb (1) is, in one form or another, 
central to the medical folklore of almost all cultures around the 
world. Modern science, however, is only now beginning to provide 
scientific evidence of this very concept. Until recently, nutrition 
science has been concerned mostly with establishing basic energy 
and nutrient requirements that would prevent nutritional deficien
cies. Now, the focus has somewhat shifted toward the impact food 
can have on maintaining health and, particularly, on preventing 
cancer and chronic diseases. It is well accepted that certain vita
mins, and particularly their antioxidant activities, can help prevent 
heart disease and cancer. However, a host of nonnutritive compo
nents of plant foods, especially polyphenols and phytoestrogens, 
have come to be recognized as "chemopreventers" [i.e., chemical 
compounds with the capacity to prevent certain diseases (2,3)]. 

Even substances that have not traditionally been considered as 
food, however, may exert beneficial or even medicinal effects 
when either consumed or applied. Such substances are often called 
"herbal remedies"; the term preferred by most scientists is "medici
nal botanicals." Neither one of these names addresses the fact that 
although most of these compounds are of plant origin (e.g., gin
seng, ginkgo, Echinacea, etc.), they can also be derived from 
animals (e.g., shark fins, bear gallbadder, etc.). "Materia medica" 
might be the most comprehensive alternative. We are forced to 
continue to use these terms somewhat interchangeably in this 
chapter because many publications and even government docu
ments continue to use "herbal medicine" when really referring to 
materia medica. Such materia medica have been in use for millen
nia in different cultures, particularly in India and China, where 
they are integrated into elaborate medical philosophies. The next 
section will give a brief history of the development of the use of 
medicinal botanicals within the framework of these medical phi
losophies. 
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The last decades have seen a rapid rise in the use of botanical 
products in Western countries, including the United States, where 
they are most commonly consumed as dietary supplements. In 
view of this rising consumption, the paucity of scientific data 
concerning the safety and efficacy of such supplements led to 
concern not only in the medical community but also among US 
legislators. In order to set the stage for increased scientific research 
and better information for the public, Congress established the 
Office of Alternative Medicine (OAM) in 1991. The role of the 
OAM is to facilitate "research and evaluation of unconventional 
medical practices and disseminate this information to the public." 
One of the categories of unconventional medical practices is "Diet 
and Nutrition" and another category is labeled "Herbal Medicine" 
(see Table 2). Medicinal herbal products, after the passage of the 
DSHEA in 1994, are now included in the expanded definition of 
"dietary supplement" in order to give the pubic easier access to 
such supplements and to give manufacturers the opportunity to 
provide product information, for example, in accompanying litera
ture. There is a vast array of substances marketed as dietary 
supplements, clearly making "herbal medicine" a misnomer. The 
list incudes, of course, vitamins and minerals, but also a large 
number of botanicals, as well as algae (e.g., Chlorella), fungi (e.g., 
Brewer's yeast), bacteria (e.g., Lactobacillus acidophilus), amino 
acids, and even hormones (e.g., melatonin and DHEA). It is beyond 
the scope of this chapter to deal with all these categories. The 
interactions of essential nutrients, such as vitamins and minerals, 
with the immune system are addressed elsewhere in this book. 
Among the remaining substances, several botanicals are emerging 
as the most likely candidates for stimulating and/or modulating 
the immune system. This chapter, therefore, is essentially a review 
of medicinal botanicals and their possible influences on the 
immune system. In addition, we will examine some of the data 
available on the usage of dietary supplements for purposes other 
than essential nutrient intake. We will also address some of the 
legal and regulatory aspects arising out of the uniqueness and 
complexity of medicinal botanicals. 

The creation of the OAM has, despite its limited budget, given 
a boost to scientific research with medicinal botanicals in the 
United States. However, although such research is still in its 
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infancy in the United States, it has been ongoing for several 
decades in several European countries as well as in China, Japan, 
and Russia. In the cases of widely known and used botanical 
extracts such as ginseng and Echinacea, the existing research 
spans in vitro experiments at the cellular level, in vivo studies in 
animal models, and controlled clinical studies with human sub
jects. This is also true for a compound still largely unknown in 
the United States but approved for clinical use in Japan, the 
mushroom-derived polysaccharide lentinan. Using Echinacea, 
ginseng, and lentinan as examples, the final section of this chapter 
will review some of the research available on the ability of medici
nal botanicals to modulate various immune functions. 

A BRIEF HISTORY OF HERBAL MEDICINE 

Before the advent of modem pharmaceuticals, people around the 
world used plants, minerals, and animals as medicines (i.e., sub
stances intended to treat or cure illness or disease). In the absence 
of a written language, knowledge of the medicinal properties of 
certain substances often resided with "specialists" and was passed 
orally from one generation to the next. In recent years, many 
ethnobotanists have attempted to preserve this traditional knowl
edge in writing (4-12). 

It is the Greeks, particularly the Hippocratic School, who are 
often credited with having invented rational medicine (13,14). 
Classic Greek, as well as Persian/Arabic, medicine perceives the 
universe as consisting of four elements: earth, water, air, and fire 
(13-15). Also important are the four humors: blood, yellow bile, 
black bile, and phlegm. Each of these humors is characterized by 
two out of four qualities, namely warm, moist, dry, or cold. Disease 
arises when the equilibrium between the humors and tempera
ments, of which there are also four because they arise out of 
the four humors (sanguine, phlegmatic, melancholic, bilious), is 
disturbed. The goal of therapy is to re-establish equilibrium. The 
rather extensive materia medica used in treatment are also charac
terized by the four qualities (warm, dry, moist, or cold) and are 
chosen accordingly. 

By about 200 B.C.. extensive trade existed among the Mediterra
nean, the Middle East, India, and China (16,17). It has been 
suggested that the theory of the elements originated in Greece 
and found its way first into Ayurveda and, from there, into Chinese 
medicine (17). In Ayurveda, besides earth, air, fire, and water, 
there is a fifth basic element: space. "In human beings, these five 
elements occur as the three doshas, forces that, along with the 
seven dhatus (tissues) and three rna las (waste products), make up 
the human body" (18). As in ancient Greek medicine, disease 
is attributed to an imbalance among these doshas, and treatment 
aims at re-establishing equilibrium. Such treatment relies on, 
among other approaches, an appropriate diet as well as a vast 
number of natural medicines, which also include many food items. 
Medicinal preparations often consist of not just one but several 
substances. 

Trade between India and China generated cultural exchanges. 
It seems likely, therefore, that Ayurveda influenced Chinese medi
cine. In tum, many Chinese medical practices, especially acupunc
ture and Chinese herbal medicine, now exert a strong influence on 
Western medicine. Because of this special importance, a somewhat 
more detailed introduction to Chinese medicine seems warranted, 
even at the risk of oversimplifying the concepts. 

Chinese medicine is one of the oldest medical traditions in the 
world. Its legendary origins are linked to three emperors, Fu Xi, 
Shen Nong, and Huang Di or the Yellow Emperor, who are said 
to have lived in the period between 2850 and 2600 B.C. (17,19). 
The earliest written records of Chinese medicine, the Shen Nang 
Ben Cao ling and the Huang Di Nei ling are attributed to Shen 
Nong and Huang Di, respectively. However, historians now agree 
that these emperors are mythical figures and that the medical texts 
attributed to them were written at some point between 200 B.C. 

and A.D. 200 (17,19). The Huang Di Nei ling first expressed 
Chinese medical philosophy in its currently known form. 

The most fundamental concept in the philosophy of Chinese 
medicine is that of yin and yang (17,19,20). "Yin and yang express 
the idea of opposing but complementary phenomena that exist in 
a state of dynamic equilibrium" (21); that is, they always exist 
simultaneously, nothing is pure yin or pure yang. Another impor
tant concept is that there are five phases (earth, metal, water, 
wood, and fire). Some authors point to the similarity of these 
phases to the four basic elements of Greek medical thought and 
the five basic elements of Ayurveda. However, Ergil emphasizes 
that the Chinese concept of the five phases addresses the dynamic 
interactions among phenomena rather than the more static nature 
of material elements (19). 

An equally important concept in Chinese medicine is that of 
qi-"the idea that the body is pervaded by subtle material and 
mobile influences that cause most physiological functions and 
maintain the health and vitality of the individual" (22). Just as 
the five phases correspond to yin (earth, water, metal) or yang 
(fire, wood), so different aspects of qi are linked with either yin 
or yang characteristics. Thus, if disease is a disturbance of qi, it 
also results from an imbalance between yin and yang; treatment 
aims to restore equilibrium. Herbal therapy is just one component 
of Chinese medicine; it is often used in combination with other 
treatment modalities. 

The ancient Shen Nang Ben Cao ling contains a list of about 
780 herbs and also minerals and animal parts. Over the millennia, 
this number has risen to about 5800, compiled in the Encyclopedia 
of Traditional Chinese Medicinal Substances (19). Like everything 
else, herbs have yin and yang properties. Therefore, when a disease 
is perceived to be the result of a yin deficiency, for example, 
herbs with more yin characteristics might be used for treatment. 
Because yin and yang are interconnected, however, and overbal
ance in the opposite direction is to be avoided, small amounts of 
herbs with yang characteristics are likely to also be added. In 
Chinese herbal medicine, therefore, the use of a single medicinal 
botanical is rare. Rather, several different plants are combined in 
very precise proportions, most commonly to make a tea or soup 
(i.e., a hot water extract) (17). 

Popular as some of the Chinese botanicals, such as ginkgo, 
ginseng, dong quai, and so forth might be today, an equally import
ant contribution to herbal medicine has been made by Native 
Americans (23,24). Native Americans introduced European set
tlers to their extensive knowledge of the medicinal properties of 
numerous native plants, including now widely sold botanicals 
such as the coneflower (Echinacea spp.), feverfew, goldenseal, 
sassafras, saw palmetto, and many more. Traditional uses of plants 
by American Indians brought renewed enthusiasm for herbalism 
back to Europe (particularly England) at the tum of the 20th 
century. Table 1 presents a list of the 10 top-selling botanicals in 
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Table 1 
The 10 Top-Selling Botanicals in the United States 

Common name 

Ginkgo 
Ginseng 

Garlic 

Latin name 

Ginkgo biloba 
Panax ginseng, Panax 

quinque folium, 
Eleutherococcus senticosus 

Allium sativum 

Family 

Ginkgoaceae 
Araliaceae 

Liliaceae 

Origin 

China, Japan 
East Asia, Eastern North 

America 

Central Asia 

Salesa 

$90 million 
$86 million 

$71 million 

Marketed as improving 

Memory and circulation 
Immune function, stress 

Echinacea Echinacea purpurea, 
Echinacea angustifolia, 
Echinacea pallida 

Hydrastis canadensis 

Asteraceae = Compositae Middle and Southwestern 

Cardiovascular health 
and cholesterol 

$49 million Immune function 
regions of North 
America 

Goldenseal Ranunculaceae Eastern North America, Immune function 

St. John's wort Hypericum peiforatum Guttiferae 

Saw Palmetto Serenoa repens Palmacea 
Grape seed extract Vitis vinifera Vitaceae 
Evening primrose Oenothera biennis Onagraceae 

Cranberry Vaccinium macrocarpon Ericaceae 
Valerian Valeriana officinalis Valerianaceae 

Note: *The sales figures for Echinacea and Goldenseal and combined. 
aBased only on sales from mass markets and food and drug stores. 
Source: refs. 24-28. 

the United States, their Latin names, places of origin, and their 
advertised beneficial effects. 

MEDICINAL BOTANICALS AS 
COMPLEMENTARY / ALTERNATIVE MEDICI NE 
AND AS DIETARY SUPPLEMENTS 
COMPLEMENTARY AND ALTERNATIVE MEDICINE 

Definition of Complementary/Alternative Medicine 
Medicinal botanicals constitute one of the seven categories of com
plementary and alternative medicine (listed in Table 2). Alternative 
medicine is defined as those practices explicitly used for the 
purpose of medical intervention, health promotion or disease pre
vention that are not routinely taught at US medical schools. Many 
of them are now paid for or supplemented! Such practices are 
"alternative" only in the context of conventional health care in 
the United States. The public is more focused on results and uses 

Northeast Europe, 
Northern Asia 

Europe, Northwest Africa, $48 million 
North Asia 

South and North America 
Transcaucasia 
North America 

Northeast North America 
Europe, Asia 

$18 million 
$10 million 
$7 million 

$6 million 
$6 million 

Prostate health 
Antioxidant status 
Antioxidant status, 

source of gamma
linolenic acid 

Health of urinary tract 
Insomnia and anxiety 

unconventional therapies in a complementary manner to standard 
Western medicine (26,27,30). The accepted term in the United 
States, therefore, has become "complementary and alternative 
medicine" (CAM). 

Worldwide Use of CAM A survey conducted with over 
1500 adults in the United States in 1990 revealed that 34% of 
the respondents had used at least one unconventional therapy, 
including herbal medicine (31). Since then, the number of people 
using CAM is very likely to have increased (32). It is estimated 
that this number is now closer to at least 40%. In Great Britain, 
in 1992, a third of all women were thought to take some form of 
dietary supplement, and it was estimated that as many as 40% of 
the adult population had tried these products at some time (33). 
Sixty percent of British health authorities and 45% of general 
practitioners offer access to complementary medical practices (34). 
Nearly 50% of the participants of a survey in Australia indicated 

Table 2 

Category 

Alternative Systems of Medicinal Practice 

Bioelectromagnetic Applications 
Diet, Nutrition, Lifestyle Changes 

Herbal Medicine 
Manual Healing 
Mind/Body Control 

Pharmacological & Biological Treatments 

Source: ref. 29. 

The Seven Categories of Alternative Medicine 

Definition 

Health care ranging from self-care according to folk principles, to care rendered in an 
organized health care system based on alternative traditions of practices 

The study of how living organisms interact with electromagnetic (EM) fields 
The knowledge of how to prevent illness, maintain health, and reverse the effects of 

chronic disease through dietary or nutritional intervention 
Employing plant and plant products from folk medicine traditions for pharmacological use 
Using touch and manipulation with the hands as a diagnostic and therapeutic tool 
Exploring the mind's capacity to affect the body, based on traditional medical systems 

that make up the interconnectedness of mind and body 
Drugs and vaccines not yet accepted by mainstream medicine 
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that they had used at least one form of alternative medicine in 
the previous year. 

In terms of monetary value, the botanical industry in the United 
States, almost nonexistent 20 yr before, had grown into a $1.5 
billion industry by 1994, expecting a further growth rate of about 
15% per year (35). Germany, the largest market for herbal medi
cine (although with less than one-fourth of the population of 
the United States) reportedly spent $1.9 billion on plant-based 
medicines (excluding homeopathic remedies) in 1994 (35). It 
should be noted that medicinal botanicals may be prescription 
medicines in Germany and, indeed, are some of the most com
monly prescribed agents. In Great Britain, the market for dietary 
supplements such as evening primrose oil and ginseng was worth 
£96 million in 1992; fish oils alone added another £47 million. 
The total supplement market was expected to reach £750 million 
by the year 2000 (33). 

More current estimates for the US herbal market vary from 
around $2 billion to $4 billion, depending to a large extent on the 
market segment surveyed and on the definition of "herbal product." 
The growth rate appears even more difficult to project; estimates 
range from 10% to 100% (25). 

MEDICINAL BOTANICALS 
Available Forms Medicinal botanicals are offered to the con

sumer in a number of different forms (i.e., states of processing): 
in bulk (i.e., whole herbs or plants, or whole plant components 
such as their aerial [above-ground] part, fruits, roots, or bark), 
teas, tinctures, fluid extracts, and solid extracts (36). Of course, 
people can also grow medicinal plants in their own garden or pick 
them in the wild (a process called "wildcrafting"). The latter is 
recommended only for those with expertise; for example, hemlock, 
a poisonous plant, can look remarkably like parsley to the begin
ner's eyes. We would like to emphasize that medicinal botanicals, 
being whole plants, plant components, or extracts thereof, have 
chemical compositions that are extraordinarily complex compared 
to, for example, pharmaceuticals, which contain a single active 
ingredient. 

Many Chinese herbal remedies are prepared as hot-water 
extracts, which can then be dried and eventually reconstituted as 
teas. Commercially available extracts in this country are frequently 
produced by alcohol extraction and are, therefore, offered in liquid 
forms with varying alcohol contents. The alcohol used for both 
extraction and storage is usually ethanol, although glycerol is 
becoming more popular. Of course, alcohol-extracted material can 
also be dried and sold in powder form, including in capsules or pills. 

Composition, Potency, and Biological Activity The 
method of extraction has a major impact on the composition of 
the final product, just as the vitamin content of food is altered by 
the conditions under which it is prepared. As with foods and their 
nutrient content, a variety of other factors can influence the final 
composition of medicinal botanicals: 

1. The place of origin (i.e., the general growing conditions 
such as soil, climate, etc.); 

2. The exact species used; 
3. The time of harvest; and 
4. The length and conditions of storage. 

Given the number of factors that affect the composition of 
medicinal botanicals and thereby their potency and biological 
activity, it is not surprising that numerous studies have found 
wide variations in product content. In 1995, Consumer Reports 

compared 10 ginseng products obtained over the counter. The 
ginsenoside content, based on the measurement of six ginseno
sides, varied widely, with some preparations containing 20 times 
as much as others. Even those with the same labeled milligram 
dosage had lO-fold differences in concentration (37). This con
firmed the results of several other studies on the content of ginseng 
products (38-40). Several samples contained none of the eight or 
nine ginsenosides that were tested for in these analyses (39,40). 
To complicate matters further, when wild and cultured Panax 
ginseng were compared, the cultured root contained a slightly 
higher total content of ginsenosides (known active ingredients in 
ginseng), yet exhibited significantly lower biologic activity than 
the wild variety (41). The ratio of active ingredients likely alters 
ginseng's biological activity, as do other unknown factors. 

Standardization It is the extraordinary variability in the con
tent of active ingredients that has prompted the urgent demand 
for standardization. Most European manufacturers have been 
standardizing many of their herbal extracts for years, meaning 
that for each lot, they adjust the extraction procedure to ensure 
that a predetermined amount (very variable) of a known active 
ingredient is present in every bottle or pill. 

It has to be considered, however, that standardization is only 
possible when several prerequisites have been met: 

1. At least one active ingredient has been isolated, identified, 
and proven to be the-or at least one of the major
active principles; 

2. This activity itself has to be well defined; and 
3. It has to be shown that standardizing for a particular ingre

dient (which involves manipulating the extraction proce
dure in order to meet or exceed the required percentage 
of that one particular ingredient) does not alter the compo
sition of the final product in such a way that it no longer 
has the desired activity. 

A case in point for the first prerequisite not having been met 
is that of Echinacea. Early studies had suggested that one of 
the active ingredients in E. angustifolia and E. pallida was an 
echinacoside, which has subsequently been used for standardiza
tion of Echinacea extracts. However, E. purpurea does not contain 
an echinacoside and is, therefore, never standardized. Furthermore, 
it has since been suggested that the echinacoside does not even 
possess immunostimulatory activity (42). Extensive chemical 
analyses have identified a number of chemicals present in different 
Echinacea species and preparations, but it has as yet not been 
possible to identify the most active ingredient(s) for standardiza
tion purposes (43-45). 

As for the second prerequisite, it is entirely possible that a 
particular extract contains several active principles that, individu
ally, might be responsible for widely differing biological activities. 
For example, several of the ginkgolides (terpenes) of Ginkgo 
biloba are well-recognized natural antagonists of platelet-activat
ing factor (P AF) (46). Also, some of the immunomodulatory 
effects of Ginkgo biloba have been ascribed to this P AF-antagonist 
activity (46-48). There is also, however, mounting evidence that 
Ginkgo biloba is beneficial in cognitive disorders, cerebral vascu
lar insufficiency, and dementia. These effects of Ginkgo might 
be, at least in part, attributable to its antioxidant action, which 
appears to be mainly the result of its flavonoid constituents myri
cetin and quercetin (49). 

Numerous medicinal botanicals have more than one active 
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component and exhibit several different biological activities. The 
question therefore becomes: Which one of them should be used 
for the purpose of standardization? Or should there be different 
standards for different biological activities? 

We also mentioned the necessity to ensure that standardizing 
an extract for one ingredient, or group of ingredients, does not 
alter, lower the concentration, or altogether eliminate other compo
nents of the extracts that contribute to its effectiveness. After all, 
the very reasons offered by proponents of medicinal botanicals 
for using whole-plant extracts rather than an isolated, purified 
active ingredient are that: 

1. Several or all of the ingredients could interact to diminish 
possible adverse side effects; 

2. They could also act additively or even synergistically, 
thereby producing greater biological activity than a single 
ingredient; and 

3. Their combination could prevent the gradual decline in 
effectiveness observed when single drugs are given over 
long periods of time. 

The discipline of nutrition provides several examples for bene
ficial interactions of compounds, such as ascorbic acid enhancing 
the absorption of nonheme iron, long-chain fatty acids promoting 
the uptake of fat-soluble vitamins, or adequate iron status dimin
ishing the absorption of toxic metals such as lead or cadmium. 
Thus, it is possible that botanical extracts contain factors that 
enhance or delay the absorption, digestion, or metabolism of other 
ingredients. Such factors might even have no known biological 
activity themselves (i.e., might be inert) but, nonetheless, influence 
the availability of active ingredients. The process of standardiza
tion could result in the reduction or loss of these factors. 

Thus, although standardization is a valid concept, its practical 
implications do not appear to have been fully considered by the 
very people who seem to perceive it as the answer to all problems 
arising from the complexity of botanical extracts. Although it will 
contribute to ensuring that extracts labeled as being derived from 
a particular botanical contain at least a minimum amount of that 
botanical, standardization will not address some of the other con
cerns frequently brought up in the context of medicinal botanicals. 

Purity and Toxicity A major concern is the purity of bot ani
cal products. There are three possible sources of impurities in the 
extracts: (1) if gathered in the wild, another plant might be mis
taken for the actual one; (2) another plant might intentionally be 
substituted for or mixed with the actual one; or (3) chemicals and/ 
or pharmaceuticals might purposely be added to the final product. 
Reports of all three situations, but particularly the last one, are 
frequent in the literature. For example, adulteration of medicinal 
botanicals with aspirin, mefenamic acid, diazepam, and numerous 
other substances have been described (36, 50-52}. 

Just as foods can cause allergic or other adverse reactions in 
some people, so can medicinal botanicals. Also,just as pharmaceu
ticals can cause serious side effects in some consumers, so can 
herbal extracts. Toxicity caused by either a component of the 
plant itself or of contaminants added during the processing, such 
as arsenic or mercury, has certainly received ample attention in 
the literature (53-58). It is noteworthy however, that in many 
cases, no attempt is made to conclusively show that a particular 
botanical is the actual agent that caused the toxicity or was even 
present in the ingested substance. Rather, the authors of many of 
these reports are content to indicate that because the patient was 

consuming a particular botanical at the time he/she became sick, 
the botanical is thought to be the CUlprit. The botanical impurity 
of some extracts, their adulteration with pharmaceuticals, and, 
above all, the possible toxicity of some plants/their constituents 
are all cause for serious concern. 

Finally, on the assumption that medicinal botanicals have phar
macological action, the paucity of data regarding interactions with 
pharmaceutical agents is of concern. 

REGULATIONS GOVERNING DIETARY SUPPLEMENTS 
(BASED ON REFS. 59 AND 60) Because herbs or other botani
cals are included in the definition of "dietary supplement" (see 
Table 3 for the exact definition), they fall under the same regula
tions and laws that are already in existence for other dietary 
supplements, such as vitamins and minerals. 

The Food and Drug Administration (FDA) is responsible for 
overseeing the safety, manufacturing, and product information 
(labeling, package inserts, accompanying literature) of dietary 
supplements. The Federal Trade Commission regulates their 
advertising. 

The DSHEA provides specific instructions as to what a product 
label must and must not contain. The label must include informa
tion as to the name and quantity of each ingredient. If a product 
does not contain what the label proclaims it does, as was shown 
in the case of some ginseng products, the product is fraudulent. 
Most important in the present context is the provision that a 
supplement cannot lay claim to "diagnose, cure, mitigate, treat, 
or prevent diseases." Those are the intended uses of FDA-approved 
drugs. Because dietary supplements do not require FDA approval 
for safety and efficacy, such claims would make the supplement an 
unauthorized (i.e., illegal) drug. However, the DSHEA specifically 
allows retailers to provide "third-party" materials to help inform 
consumers about any health-related benefits of dietary supple
ments. 

As with other food products, it is the responsibility of the 
manufacturer to ensure that its products are safe and properly 
labeled prior to marketing. Once a dietary supplement is marketed, 
the FDA can only restrict its use or remove it from the market if 
it has conclusive evidence that the supplement is unsafe. 

The FDA may establish Good Manufacturing Practices (GMPs) 
regulations concerning the preparation, packaging, and storage of 
dietary supplements under conditions that ensure their safety. 
Presently, the GMPs as established for conventional foods are in 
effect for dietary supplements as well. The FDA has invited public 
comments on whether these GMPs are adequate and is in the 
process of reviewing these comments. 

It would appear that proper enforcement of the existing laws 
and regulations by the FDA would go far in addressing most 
of the concerns raised by the problems encountered with some 
botanical supplements. Nonetheless, the discussion of the neces
sity for stricter regulation and/or licensing of herbal medicines 
continues around the world (61-64). 

RESEARCH ON MEDICINAL BOTANICALS 

THE ROLE OF THE OFFICE OF ALTERNATIVE MEDICINE 
Extensive scientific research is needed in order to determine how 
safe and effective medicinal botanicals are. The next step is to 
make the results of such scientific studies available to the public. 
As of now, there seems to be a major discrepancy between public 
interest in medicinal botanicals and the availability of good quality 
scientific information about them. This is, to some extent, reflected 
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Table 3 
Defining Characteristics of a Dietary Supplement 

• A product (other than tobacco) that is intended to supplement the diet that bears or contains one or more of the following dietary 
ingredients: a vitamin, a mineral, an herb or other botanical, an amino acid, a dietary substance for use by man (sic!) to supplement the 
diet by increasing the total daily intake, or a concentrate, metabolite, constituent, extract, or combination of these ingredients. 

• Intended for ingestion in pill, capsule, tablet, or liquid form 
• Not represented for use as a conventional food or as the sole item of a meal or diet 
• Labeled as a "dietary supplement" 
• Products such as an approved new drug, certified antibiotic or licensed biologic that was marketed as a dietary supplement or food 

before approval, certification, or license (unless the Secretary of Health and Human Services waives this provision). 

Source: ref. 59. 

in the fact that there are 67 articles on Echinacea in Medline (as 
of May, 1999), but over 34,000 listings of Echinacea on web sites 
obtained through Alta Vista (an Internet information system). This 
is an admittedly crude methodology because it does not take into 
consideration that many of the journals that publish research on 
CAM are not, or only selectively, indexed by Medline. Nonethe
less, it reflects the gap between public interest and the availability 
of scientific information to satisfy that interest. 

The Office of Alternative Medicine (OAM) was founded in 
1991 with the express goal of facilitating research and evaluation 
of unconventional medical practices and disseminate this informa
tion to the public. Its budget has increased from $2 million in 
1992 to $20 million in fiscal year 1998. The OAM has funded 
13 specialty research centers around the country to investigate 
complementary therapies for a variety of health conditions. Table 
4 lists the funded centers and outlines their areas of study in 1998. 
The OAM sponsors intramural and extramural research and offers 
a clearinghouse of information to researchers, health professionals, 
and the public. The funding for research has fueled academic 
interest in previously understudied areas as diverse as immuno
logic properties of medicinal herbs, complementary methods of 
pain control, aging, and chiropractic therapies. Results of such 
research are made available to the media, which, in tum, inform 
the public, increasing awareness of the issues. 

IMMUNOMODULATION BY SElECTED MEDICINAL 
BOTANICALS Despite such beginnings of research in the 
United States on CAM, in general, and medicinal botanicals, in 
particular, a vast majority of the existing literature reports the 
results of studies that were conducted by Chinese, Japanese, Rus
sian, and German as well as other European scientists. Here, we 
want to briefly review some of the available literature concerning 
medicinal botanicals and their immunomodulatory activities. We 
have chosen Echinacea purpurea and Panax ginseng because they 
are among the 10 top-selling herbs in the United States, they are 
marketed as being able to strengthen the immune system, and 
they are among the most extensively studied medicinal botanicals. 
The third example, lentinan, has some properties that make it 
quite distinct from both Echinacea and ginseng. Unlike those two, 
lentinan is a purified compound, isolated from an actual food 
item, namely shiitake mushrooms (Lentinus edodes). It has been 
extensively researched since 1969, when the first indications 
became available that it had potent antitumor activities. It is now 
approved for clinical use in Japan, but it is still largely unknown 
in the United States. Furthermore, lentinan research, or at least 
research on similar mushroom compounds, encompasses some 
aspects that have, to date, been almost completely ignored in the 

study of other medicinal botanicals, namely their absorption, tissue 
distribution, and metabolism. 

Purple Coneflower (Echinacea spp.) The narrow-leaved 
purple coneflower (Echinacea angustifolia) has long been used 
by Native Americans as a general immunostimulant and as a 
disease-specific treatment (24,66). It was introduced by Native 
Americans to European settlers who subsequently took what they 
thought was E. angustifolia back to Europe. It turned out, however, 
that the actual species they introduced in Europe was E. purpurea, 
which has since become one of the most popular medicinal botani
cals there as well as in the United States (36,66). For medicinal 
purposes, besides E. purpurea and E. angustifolia, a third species, 
E. pallida, is commonly used. 

What the American consumer calls Echinacea can be anyone 
of the three above-mentioned species or a combination of two or 
even of all three of them, which should, of course, be indicated 
on the label. Furthermore, many Echinacea preparations, including 
Echinacin®, one of the best-known European brands that has also 
been used in numerous studies, are extracts of both root and above
ground parts, whereas, in other instances, either the root only 
or the above-ground parts only are used. There are substantial 
differences between the chemical composition of Echinacea roots 
and that of Echinacea aerial parts (44). 

Several laboratories have found that various ethanol extracts 
of the roots of E. purpurea, as well as E. angustifolia and E. 
pallida, stimulated in vitro the phagocytic activities of mouse 
macrophages (42,67,68). Polysaccharides isolated from either E. 
purpurea cell cultures or the whole plant had similar effects (69-
71). In addition, isolated polysaccharides increased the cytotoxic 
activity of macrophages against tumor targets compared to media 
controls (69,71). Furthermore, incubation of mouse macrophages 
with E. purpurea-derived polysaccharides resulted in increased 
production of oxygen radicals as well as of the cytokines interleu
kin-l (lL-l), interferon-~2 (lFN-~2)' and tumor necrosis factor-a 
(TNF-a), further attesting to the ability of E. purpurea and/or one 
of its constituents to activate macrophages (69,70). 

Whereas one study found that E. purpurea had a slight stimula
tory effect on the proliferation of purified mouse T cells but did 
not activate B cells (70), another study reported no effect on T 
cells but a modest increase in B cell proliferation (69). 

Human macrophages incubated in vitro with either a lyophi
lized and reconstituted fresh-pressed juice or a reconstituted dried 
juice (both commercially available) produced the cytokines 
TNF-a, IL-l, and IL-1O at levels comparable to, or higher than, 
those seen with lipopolysaccharide (LPS) stimulation, whereas 
their IL-6 production was higher than in controls but lower than 
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Table 4 
The 13 Clinical Research Centers Supported by the OAM 

Research center Specialty Project(s) 

The Center for Addiction and Alternative Medicine Research, 
the Hennepin County Medical Center and University of 
Minnesota Medical School, Minneapolis, MN 

Addictions Study the use, applicability, and effectiveness of 
alternative treatments for substance abuse 

Complementary and Alternative Medicine Program (CAMPS) at 
the Stanford Center for Research in Disease Prevention, 
Stanford University, Palo Alto, CA 

Aging Evaluate the effectiveness of alternative therapies 
for improving functional capacity and quality of 
life for the elderly 

Center for Alternative Medicine Research in Asthma and 
Immunology, University of California, Davis, CA 

Asthma, allergy and 
immunology 

Identify and evaluate alternative medical treatments 
for asthma 

University of Texas Center for Alternative Medicine (UT-CAM) 
Research in Cancer, University of Texas, Houston, TX 

Cancer Study the effectiveness of 
biopharmacological-herbal therapies in 
preventing and treating cancer 

Consortial Center for Chiropractic Research, Palmer Center for 
Chiropractic Research, Davenport, IA 

Chiropractic Examine the effectiveness and validity of 
chiropractic therapies for musculoskeletal 
conditions 

The Center for Alternative Medicine Research at Beth Israel 
Hospital, Harvard Medical School, Boston, MA 

General medical 
conditions 

Investigate alternative medical practices in the 
treatment of common chronic medical conditions 

Bastyr University AIDS Research HIV and AIDS Describe current patterns of use of CAM in 
patients with HIV and AIDS and examine their 
effectiveness 

Center Bothel, W A 

University of Virginia Center for the Study of Complementary & 
Alternative Therapies (CSCAT), University of Virginia School 
of Nursing, Charlottesvile, VA 

Center for Alternative Medicine Pain Research and Evaluation 
(CAMPRE) at the University of Maryland School of 
Medicine, Baltimore, MD 

Pain 

Pain 

Examine the effectiveness, safety, and cost of 
alternative medical therapies in the management 
of acute and chronic pain 

Review the scientific literature on CAM therapies 
in pain management and create a research 
database of the existing scientific articles 

Center for Research in Complimentary and Alternative Medicine 
for Stroke and Neurological Disorders, Kessler Institute for 
Rehabilitation, West Orange, NJ 

Stroke and neurological 
conditions 

Evaluate effectiveness and validity of CAM 
therapies for the rehabilitation of stroke, spinal 
cord, and traumatic brain injury patients 

Center for Complementary & Alternative Medicine Research in 
Women's Health at the Columbia University College of 
Physicians and Surgeons, New York, NY 

Women's health Review the existing literature on the use of CAM 
therapies in promoting women's health in order 
to formulate a research agenda 

University of Michigan, Ann Arbor, MI" Cardiovascular disease 

University of Arizona, Tucson, AZ" Pediatrics 

aMore precise information was unavailable at the time of writing. 
Source: ref. 65. 

that seen with LPS (72). Incubation of human rnacrophages with 
a purified polysaccharide from E. purpurea cell culture also 
induced the production of TNF-a, IL-l, and IL-6. In addition, 
this polysaccharide increased the motility of human polymorpho
nuclear cells (PMN) as well as their cytotoxic activity against 
staphylococci and stimulated the proliferation of human lympho
cytes (73). Both natural-killer (NK) activity and antibody-depen
dent cell cytotoxicity were higher after treatment with an E. pur
purealRPMI homogenate compared to untreated controls in 
peripheral blood mononuclear cells (PBMC) isolated from either 
healthy subjects or patients with chronic fatigue syndrome (CFS) 
or acquired immunodeficiency syndrome (AIDS) (74). 

In vivo, ethanolic root extracts of E. purpurea significantly 
increased the phagocytic activity of both liver and spleen macro
phages in mice treated three times daily for 2 d by gavage (42). 
Intravenous (iv) treatment of mice with a polysaccharide isolated 
from E. purpurea cell culture significantly increased the survival 

rate of normal as well as immunosuppressed mice infected with 
lethal dosages of Candida albicans or Listeria monocytogenes 
(71,75). 

In human subjects, an alcohol extract of Echinacea purpurea 
roots administered either iv or orally resulted in a significant 
increase in the phagocytic activity of granulocytes (76,77). In 
contrast to the results obtained in vitro, iv injection of a polysac
charide from E. purpurea did not significantly increase the levels 
of TNF-a, IL-I~, or IFN activity in human serum or plasma, 
although monocytes and PMN were induced to migrate into the 
peripheral blood (73). 

In vitro and in vivo, in mice as well as in humans, E. purpurea 
extracts or isolated polysaccharides are neither toxic nor mutagenic 
(78,79). In humans, only paleness, slight and transient tachychardia, 
and equally transient influenza-like symptoms are the worst side 
effects reported after iv injection of an E. purpurea extract (77), 
whereas oral ingestion of an E. purpurea extract produced only 
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slightly more side effects than the placebo. In both cases, the most 
common side effects were headaches, nausea, and fatigue (80). 

In a placebo-controlled, double-blind study with 180 patients 
with upper respiratory infections, those given a liquid extract from 
the root of E. purpurea experienced significantly fewer and lighter 
symptoms of shorter duration than placebo-treated patients (81). 
Another placebo-controlled, double-blind clinical study with a 
liquid extract containing Echinacea angustifalia taken orally by 
646 volunteers demonstrated the effectiveness of the medicinal 
botanical in diminishing the frequency of upper respiratory infec
tions when administered prophylactically (80). A similar extract 
also significantly reduced the severity and duration of symptoms 
in patients with upper respiratory infections compared to patients 
receiving placebo (82). 

Taken together, the results of in vitro and in vivo studies 
with Echinacea suggest that it has the capacity to stimulate the 
nonspecific component of the immune system. The occasional 
results suggesting an effect of E. purpurea on specific cellular 
immunity are too variable to allow any conclusions at this point. 

Panax Ginseng Ginseng, more specifically the root of Panax 
ginseng C. A. Meyer, has a long tradition of use in China as well 
as various other Asian countries. It is usually harvested after 2-6 
yr of cultivation. Depending on its age and the type of processing 
it undergoes, it is classified into fresh ginseng, white ginseng, and 
red ginseng. Fresh ginseng is less than 4 yr old and can be con
sumed in the fresh state. White ginseng is 4-6 yr old and is peeled, 
then dried. Red ginseng is at least 6 yr old and acquires its red 
color when steamed, after which it is also dried (83). Every year, 
over 1 million pounds of ginseng are imported into the United 
States. Sales of ginseng alone account for at least 15% of what 
Americans spend on medicinal botanicals, making it one of the 
top-selling botanicals in the United States (84). One commonly 
finds that "ginseng" refers to the species Panax ginseng C. A. 
Meyer. However, another member of the genus Panax, American 
ginseng (Latin: P. quinquefalium) and even a member of an 
entirely different genus, Siberian ginseng (Eleutherocaccus senti
casus), are also sometimes called simply "ginseng." 

Many of the chemical constituents of both genera have been 
identified, including 28 ginsenosides and 7 eIeutherosides (85-88). 
These are thought to be the active ingredients of P. ginseng and 
P. quinque folium and of Eleutherococcus senticosus, respectively. 
Total ginsenoside or eleutheroside content is, therefore, used for 
the purpose of standardization. Nonetheless, the total ginsenoside 
content, as well as that of individual ginsenosides, varies widely 
among different commercially available ginseng preparations. 

The similarity of shape between the root and the human figure 
inspired ginseng's traditional use as a general tonic and antiaging 
supplement. It should be pointed out that a vast majority of clinical 
studies on P. ginseng focus on its performance-enhancing ("ergo
genic") effects, either physical or mental (i.e., on its effects on the 
cardiovascular system or the central nervous system). However, 
its effects on the immune system have also garnered increasing 
attention. Here, we will review only studies concerning its immu
nomodulatory activities. We will limit ourselves to studies per
formed either with whole-root extract or with isolated ginsenosides 
of P. ginseng, excluding those involving other purified components 
or other ginseng species. 

In vitro, the effect of an extract from whole P. ginseng on 
mouse macrophages has, to our knowledge, only been investigated 
in terms of their ability to inhibit C. albicans growth (89). The 

addition of a spray-dried aqueous extract of P. ginseng to the 
culture medium markedly reduced the 3H-glucose incorporation 
of C. albicans cocultured with murine macrophages. In vitro, an 
isolated ginsenoside, Rg 1, increased the IL-l production by mouse 
peritoneal macrophages but had no effect on their phagocytic 
activity or that of PMNs compared to media controls (90). The 
ethanol-insoluble fraction of a hot-water extract of P. ginseng 
generated killer cells that killed both KN-sensitive and nonsensi
tive targets and also increased the proliferation of murine spleeno
cytes compared to media controls (91). 

In vitro proliferation of murine spleen cells was also signifi
cantly enhanced by a hot-water extract from wild, but not from 
cultured P. ginseng roots compared to media-treated controls (41). 
Some concentrations of a hot-water extract of red ginseng induced 
a slight but significant enhancement of murine spleen-cell prolifer
ation compared to media alone, although higher concentrations 
were inhibitory (92). 

In humans, a P. ginseng homogenate in RPMI increased the 
in vitro NK activity as well as the antibody-dependent cell cytotox
icity in PBMC isolated from either healthy volunteers or from 
CFS or AIDS patients compared to media controls (74). The in 
vitro proliferation of PBMC from elderly subjects was enhanced 
by the combination of an isolated ginsenoside, Rgl, with phytohe
magglutinin (PHA) compared to PHA alone. In young subjects, 
however, the combination of PH A and Rgl decreased the prolifer
ation seen with PHA alone (93). 

In vivo, a spray-dried aqueous extract of P. ginseng root admin
istered orally prolonged the survival of C3H1He J, but not C3H/ 
He N, mice infected with C. albicans (89). Because C3H1He J 
mice are characterized by a functional deficiency of their macro
phages and C3H1He N mice are normal, these results suggested 
that macrophage activation plays an important role in the protec
tive effect of P. ginseng against C. Albicans infection. Oral admin
istration of a hot-water extract of red ginseng resulted in signifi
cantly increased NK activity compared to that of untreated mice 
(92). Intraperitoneal injections of an ethanol extract of P. ginseng 
resulted in significantly higher NK activity in ginseng-treated com
pared to vehicle-treated mice and was also able to slightly increase 
the NK activity of mice that were immunosuppressed with cyclo
phosphamide (94). In the same study, P. ginseng significantly 
improved the recovery of mice after challenge with L. manocyto
genes compared to vehicle-treated mice. Taken together, these 
results suggested that the stimulation of NK activity might be one 
mechanism by which P. ginseng increases host resistance against 
L. monocytogenes infection. Mice treated intraperitoneally with an 
isolated ginsenoside, Rgl, also showed higher NK activity than 
mice treated with phosphate-buffered saline (PBS) (90), whereas an 
extract of total P. ginseng saponins had no effect on NK activity (95). 

An increase of the percentage of T cells in murine spleen cells 
has been reported both after oral administration of a hot-water 
extract of wild (but not cultured) P. ginseng (41) and after ip 
injection of Rgl (90). The number of antigen-reactive T lympho
cytes and the cell-mediated immune response were also enhanced 
by ip administration of Rgl to mice (90). Oral administration of 
a hot-water extract of red ginseng to Balblc mice increased not 
only the cytotoxic activity of T cells but also the antibody forma
tion against sheep red blood cells (SRBC) (92). On the other hand, 
an extract of total saponins had no effect on antibody production 
in virus-infected CBA mice (95). Yet, ip administration of Rgl 
resulted in an increase in the number of plaque-forming cells 
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against SRBC in healthy ICR mice compared to saline-injected 
animals (90). 

In a randomized placebo-controlled clinical trial involving 60 
volunteers taking either an aqueous or a standardized extract of 
Panax ginseng or placebo, both extracts significantly increased the 
chemotaxis of PMN s as well as their phagocytosis and intracellular 
killing compared to placebo treatment. The NK activity and CD4 
cell count also were higher after ginseng treatment than after 
placebo treatment (96). A second randomized placebo-controlled 
clinical trial conducted by the same research group investigated 
the effects of a standardized P. ginseng extract given in conjunction 
with vaccination against influenza (97). The difference in antibody 
titers against the vaccine and NK activity between the ginseng
treated and the placebo groups were highly significant. The gin
seng-treated group also had significantly fewer common colds 
than did the placebo group. 

Taken together, the research on Panax ginseng strongly sug
gests that it not only can strengthen the nonspecific arm of the 
immune system, such as the activities of macrophages, PMNs, 
and NK cells, but is also capable of enhancing the specific immune 
response (e.g., antibody production by B cells and helper T-cell 
activation). 

Lentinan A new class of biological response modifiers is 
attracting increasing attention among Western scientists, namely 
mushroom-derived polysaccharides and proteoglycans. In the late 
1960s, Japanese researchers, spurred by folklore indicating that 
mushrooms had medicinal properties, began studying mushrooms, 
then fractionating and eventually isolating substances with antitu
mor activities (98). Lentinan is a polysaccharide isolated from the 
fruit body of the shiitake mushroom (Lentinus edodes). It is a 
single, fully purified substance, more specifically a ~(1-3) glucan 
with ~(1-6) branches. Its molecular weight is variously reported 
as between 600,000 and 1,000,000 Da. In mouse studies, it is 
almost always injected intraperitonally or, occasionally, intrave
nously. In humans, it is almost invariably injected intravenously. 
The properties and activities of lentinan have been studied for 
almost 30 years. The available research up until 1982 was reviewed 
by two of the leading investigators in the field (99) and will be 
only briefly summarized here. 

In 1969, lentinan was discovered to be effective against mouse 
sarcoma 180 inoculated into Swiss albino mice (100). In the 
following years, it was shown to have antitumor effects in alloge
neic, syngeneic, and autochthonous tumors in various species of 
mice (99, and references therein). Lentinan increased the phago
cytic activity of mouse macrophages in vitro (101) and increased 
their cytotoxic response in vitro (102) and in vivo, although consid
erable differences were observed among the various mouse strains 
tested (103-105). 

The suppression of the antitumor effect of lentinan by antilym
phocyte serum indicated early on that T cells played an important 
role in the antitumor mechanism of lentinan in mice (106). This 
was confirmed by the lack of effect by lentinan on tumor growth 
in thymectomized mice, as opposed to the almost complete regres
sion of tumors in lentinan-treated mice that had not undergone 
thymectomies (107). In tumor-bearing mice with impaired T-cell
dependent antibody responses by B cells, yet unimpaired T
cell-independent antibody responses, lentinan restored the T-cell
dependent B-cell activity. This pointed to the involvement of 
helper T cells in the anticancer activity of lentinan (108). On the 
other hand, enhanced generation of cytotoxic T lymphocytes 

(CTL) induced by lentinan treatment both in vitro and in vivo 
suggested that the lentinan antitumor mechanism also depends on 
cytotoxic T cells (109,110). Since then, experiments involving 
the depletion of T-cell subsets have confirmed that both helper 
and cytotoxic T cells participate in the antitumor mechanism of 
lentinan in mice (111,112). However, in nude mice who are almost 
completely devoid of T cells and in whom, therefore, lentinan 
alone does not exert its usual antitumor effect, a tumor-specific 
helper-T-cell clone alone was able to restore the antitumor effect 
of lentinan (112). 

In addition to its effects on macrophages and T cells, lentinan 
also augmented the humoral response in oxazolone-sensitized 
mice compared to mice that had not received lentinan. Both the 
total antibody response and the IgG levels were higher in lentinan
treated mice than in controls, both 7 and 14 d after sensitiza
tion (113). 

Further effects of lentinan on the murine immune system 
include the ability to activate the alternative pathway of the com
plement system (114,115) and to induce several acute-phase pro
teins (116). These two activities do not, however, correlate with 
the antitumor activity of lentinan. 

Numerous clinical studies with lentinan are mentioned in the 
literature; most of them, however, are in Japanese. In most accessi
ble studies, lentinan is given in combination with some form of 
chemotherapy and is injected intravenously at doses of either 1 
or 2 mg/patient once a week. In a randomized controlled clinical 
trial involving a total of 285 patients with advanced or recurrent 
gastric cancer, the combination of lentinan with either 5-fluoro
uracil or tegafur significantly prolonged the survival time com
pared to treatment with one of the chemotherapeutic agents alone 
(117). In another randomized controlled study with a total of 
145 patients with inoperable or recurrent gastric cancer, lentinan 
combined with tegafur significantly increased the survival time 
and rate compared to tegafur alone (118). 

In two studies involving 13 and 39 patients, respectively, with 
various advanced (stage ill or IV) cancers, lentinan in combination 
with one of several chemotherapeutic agents significantly pro
longed the survival time in some patients. Those patients who 
responded to lentinan treatment had a significantly greater increase 
(about 2.5-fold) in their killer-T-ceillsuppressor-T-cell ratio in 
peripheral blood than those patients in whom lentinan was ineffec
tive (119,120). 

There are some indications, however, that lymphocyte subset 
changes in peripheral blood do not necessarily correlate with the 
lymphocyte subset changes actually occurring in the tumor (121). 
Twelve out of a total of 24 gastric cancer patients received iv 
administration of lentinan twice before surgery. Inexplicably, the 
first injection was given anywhere from 9 to 3 d before surgery. 
The second injection, however, was received the day before the 
surgery by all treated patients. In the lentinan-treated group, there 
was increased infiltration of NK cells and monocytes into the 
tumor tissue compared to the control group. In the peripheral 
blood and the lymph nodes, however, there were no differences 
in the distribution of these two cell types between the lentinan
treated and the control groups. 

Thirty-three gastric cancer patients in various stages of the 
disease participated in another study at least 6 mo after they had 
undergone gastrectomy (122). In contrast to the most commonly 
used dosage regime, these patients received 2 mg of lentinan iv 
either at 2- or 4-wk intervals. An increase of more than 50% 
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above baseline in IL-l P production by their macrophages was 
observed in about 70% of the patients. It took longer for this 
increase to achieve significance in those receiving lentinan only 
every 4 wk than in patients treated with lentinan every 2 wk. 

Taken together, these results suggest that lentinan affects every 
aspect of the immune system either directly or indirectly (i.e., by 
stimulating cells, which, in tum, contribute to the activation of 
other cells, resulting in the ultimate destruction of the target tumor 
cells). Whereas the cells involved in the antitumor mechanism 
of lentinan have been studied quite extensively, research on the 
cytokines involved is still somewhat sparse. 

Another line of investigation is almost completely absent from 
research not only on lentinan but also on Echinacea and ginseng, 
namely their absorption, tissue distribution, and metabolism. In 
the case of lentinan, at least one English publication exists on the 
lentinan concentrations in the blood of 10 healthy human volun
teers and 3 patients with advanced gastric (123). Twenty-four 
hours after the iv administration of a dose of 4 mg of lentinan to 
five volunteers, 7l±21 ng/mL were detected in their blood by the 
Limulus Colorimetric Test. In five further volunteers, a dose of 
2 mg of lentinan resulted in blood levels of 53±11 ng/mL 24 h 
later. In the three cancer patients who received 1 mg of lentinan, 
peak concentrations of 51, 73, and 71 ng/mL, respectively, were 
reached at the end of a 2-h drip infusion. Their 24-h level was 
approximately 20 ng/mL. In all three groups, lentinan was still 
detected in the blood even 3 d after the infusion. 

Two other p(1-3) glucans isolated from mushrooms, GRN 
from Grifola frondosa and SSG from Sclerotinia sclerotiorum, 
with structures and antitumor activities similar to those of lentinan 
have been used in studies on blood clearance and tissue distribution 
of p(1-3) glucans in mice (124-126). Two iv injections of meta
bolically labeled 3H-SSG given on successive days were cleared 
quite rapidly from the blood and deposited mostly in the liver, 
kidney, and spleen, where the label remained high for at least 5 
wk, even though Kuppfer cells in the liver metabolized the 3H_ 
SSG into fragments of much lower molecular weight than the 
native 3H-SSG (126). 3H-SSG injected intraperitoneally also was 
distributed mostly to the liver, kidney, and spleen within 48 h 
after its administration and remained constant in those tissues for 
at least 4 wk (125). Interestingly, 3H-SSG was not effectively 
incorporated into PEC even after ip injection, and the majority 
of the 3H-SSG recovered from the spleen and liver also was in 
the extracellular fraction. After multiple dosages over periods of 
up to 35 wk, both SSG and GRN remained high in the blood, 
although significant amounts of glucans were also found in the 
liver and spleen (124). Such results agree with the finding that 
weekly administration of lentinan is sufficient to see an effect and 
that even intermittent injections (every 2 or 4 wk) still produce 
some measurable results. 

Some of the research available on lentinan addresses yet 
another issue that appears to be ignored in the studies done with 
Echinacea and P. ginseng, namely the fact that different mouse 
strains as well as different people might not respond equally to 
medicinal botanicals. Numerous reports on the differences in the 
way various mouse strains and also people respond to lentinan 
are found in the literature ( 102,103,119,120). Two biological activ
ities of lentinan, the induction of acute-phase proteins (APP) and 
particularly the induction of a vascular dilatation hemorrhage 
(VDH) response, appear to correlate with the host responses to 
lentinan (127). Tests on the Fl hybrids obtained by crosses of 

strains either sensitive or resistant to lentinan as well as on back
cross progeny indicated that both the APP and the VDH response 
were controlled by a single gene. Resistance to induction of APP 
but sensitivity to induction of VDH by lentinan were the dominant 
traits (116,128). 

SHORTCOMINGS OF RESEARCH ON MEDICINAL 
BOTANICALS The preceding examples illustrate some of the 
problems in the existing research on medicinal botanicals. These 
problems arise, on the one hand, from the different chemical 
composition of botanical preparations due to the use of (1) different 
plant species, (2) different plant parts (e.g., whole plant, root, 
aerial part), and (3) different extraction methods (e.g., alcohol, 
hot water, pressed juice). On the other hand, further complications 
are created by the fact that botanicals are administered by various 
routes (e.g., oral, intraperitoneal, intravenous, intramuscular, sub
cutaneous) and to numerous different animal strains that might 
be more or less responsive to the botanical studied. 

One of the leading scientists in Echinacea research, Hildebert 
Wagner, and his colleagues accurately wrote: "Without knowing 
a preparation's chemical composition, extrapolation of the results 
obtained with that preparation to others is impossible" (129). 
Reproducibility, of course, also becomes severely limited. The 
research team headed by Wagner, therefore, has long urged the 
use of high-performance liquid chromatography fingerprints in 
order to document the exact chemical composition of an extract 
so as to be able to correlate specific chemical constituents with 
observed immunomodulatory activities and to obtain reproducible 
results (42,43,67). Questions such as how the route of administra
tion and characteristics of the animal model impact the effective
ness of a particular botanical will have to be addressed by research 
as extensive and detailed as that performed with lentinan. 

More extensive research is also needed in several other areas. 
Although occasionally animal studies, at least, are conducted over 
fairly long periods of time (e.g., ref. 124), data, especially clinical 
data, on the effects of long-term use of medicinal botanicals are 
still mostly unavailable. It would seem particularly urgent to 
address the question of whether the long-term use of immunostim
ulatory compounds is advisable for healthy people or even for 
people with compromised immune function as a result of old age 
or actual disease. The use of such immunostimulatory preparations 
in people with autoimmune diseases is unwise. 

Research on the absorption, blood clearance, tissue distribution, 
metabolism, and excretion of botanical extracts are also urgently 
needed. Difficult as it might be, it is by no means impossible to 
obtain metabolically labeled plant components, as was shown with 
SSG. Even an entire Ginkgo biloba tree has been grown in an 
environment enriched with radioactive 14C-acetate in order to 
obtain a metabolically labeled extract from its leaves (130). The 
identification of metabolites of substances from botanical extracts 
is equally important. It is entirely possible that metabolites of 
certain chemical constituents in botanical extracts, and not those 
constituents themselves, are the proximate mediators of one or 
several of the botanical's biological activities. The identification 
of such metabolites would be helpful in furthering our understand
ing of the modes of action of the particular botanical. 

SUMMARY 
Medicinal botanicals have been used for thousands of years by 
cultures around the world and continue to be one of the main 
therapeutic approaches in, for example, Chinese medicine. They 
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are also rapidly gaining popularity in the United States, where 
their status as dietary supplements and the concomitant lack of 
regulation and/or lack of enforcement of existing regulation have 
raised numerous concerns. These concerns center around the issues 
of the efficacy and safety of medicinal botanicals and are the 
result of such findings as (a) the complete absence of active 
ingredients in some samples, (b) the adulteration of some products 
with either other botanical or pharmaceutical substances, (c) the 
actual toxicity of either the botanical itself or contaminants intro
duced during its manufacture, and (d) potential for interaction 
with pharmaceutical agents. 

Standardization of extracts is often proposed as a solution to 
the problem of lack of acti ve ingredients. We hope to have shown, 
however, that standardization itself is not devoid of problems. 
Ultimately, all these concerns need to be addressed either by the 
increased enforcement of existing regulations by the FDA or the 
creation of new, more stringent laws-which then also have to 
be enforced in order to be effective. 

Equally as important as an appropriate legal framework within 
which to ensure the safety of medicinal botanicals in terms of 
their purity and potency is the creation of a solid basis of scientific 
knowledge that determines safety and efficacy in terms of their 
biological activities. The OAM has been created in order to not 
only facilitate such research, but also to disseminate the knowledge 
gained thereby to the interested public. 

Examples of studies conducted with Echinacea purpurea, 
Panax ginseng, and lentinan show that at least three medicinal 
botanicals used for millennia by Native Americans and several 
Asian cultures, respectively, for their "tonic" qualities indeed have 
immunomodulatory activities. The examples further show that 
scientific research with medicinal botanicals is not only possible 
but has already led to clinical applications of at least one com
pound. Nonetheless, the obvious lack of kinetic data on absorption, 
blood clearance, tissue distribution, metabolism, and excretion, 
as well as of data concerning the long-term effects of medicinal 
botanicals, underscores the need for further intensive research. 
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PAUL A. DAVIS AND JUDITH S. STERN 

INTRODUCTION 

Obesity is defined as an excessive accumulation of body fat stores 
caused by a mismatch between energy intake and energy expendi
ture. A clinical definition of obesity is a body mass index (weight! 
height2) exceeding 30. A major consequence of obesity and, there
fore, a major reason for the intense efforts to understand it are 
the increased health risks associated with obesity (see Fig. I for 
risk stratification by weight and height). Obese subjects have been 
reported to be significantly more susceptible to coronary heart 
disease, hypertension, and diabetes mellitus relative to normal 
nonobese subjects. Unfortunately, data from national surveys indi~ 
cate that the prevalence of obesity in the United States has mark
edly increased (Fig. 2). 

As obesity and resultant attempts at weight reduction are an 
increasingly significant public health concern not only in the 
United States but other developed countries, a great deal of 
research has focused on obesity. The majority of this research has 
centered on the finding and then detailing of the mechanisms 
responsible for body weight control, weight gain, and, finally, the 
mechanisms responsible for the negative associations between 
obesity and health. The nature and identity of both the short-term 
and long-term mechanisms that match energy in to energy out 
over a lifetime and their failure or absence in obesity have been, 
as noted above, the subject of intense scrutiny. The results of 
these studies have thus far indicated that multiple mechanisms 
exist that monitor, regulate, or influence body weight. Moreover, 
it is recognized that not only is our inventory of weight regulatory 
systems incomplete, but the nature of their interactions that ulti
mately lead to the development of obesity is far from completely 
understood. For example, an as-yet incompletely resolved question 
regarding all forms of obesity is the extent to which obesity is a 
result of overeating versus reduced energy expenditure (1). The 
relative importance of these two factors is as yet undefined and 
only very incompletely addressed in many forms of human obesity 
(2,3). One reason for the difficulties encountered in obesity 
research is our incomplete inventory of systems involved, com
bined with only a rudimentary understanding of how the mecha
nisms by which the pathways that have been identified participate 
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in the regulation of body weight work. In addition, there is increas
ing evidence that these signaling pathways as well as effectors 
serve multiple functions, not just body weight regulation alone. 
Disentangling these has been and will continue to be a formida
ble challenge. 

One area of potentially great importance, which reflects the 
potential complexity that results from the crosstalk between sys
tems, is the interrelationship between obesity and the immune 
system. The recent explosion in the identification of the signaling 
systems involved in body weight has opened a new era in obesity 
research. As will be detailed later, this explosion has also presented 
us with exciting new opportunities in the field of obesity and its 
interaction with the immune system. The literature on obesity and 
its effect on/interaction with the immune system is relatively small. 
In general, studies of immunologic function in obese humans 
and experimental animals have indicated that excess adiposity is 
associated with impairments in host defense mechanisms. We 
will review several studies that have sought to characterize these 
differences. This chapter will be divided into several sections. 
One section will very briefly introduce the immune system. 
Another section will then deal with experimental studies using 
human beings as subjects. A following section will discuss experi
mental studies that have employed animals. We will end with a 
section that summarizes several exciting observations and findings 
in disparate fields that represent potentially major opportunities 
or directions for moving not only studies of obesity and its effects 
on the immune system but also the overall field of nutrition and 
health forward. 

BRIEF OVERVIEW OF THE IMMUNE SYSTEM 

The immune system represents a exceedingly diverse and dynamic 
collection of cells that provide a defense system to protect the 
host body from biologically based attacks. The fundamental role 
of this system is to identify and then to either neutralize and or 
kill those entities that the systems identify/perceive as foreign or 
nonself. These include bacteria, viruses, and fungi as well as host 
cells that have damaged or suffered a mutation. As the field of 
immunology represents a burgeoning literature, we will make no 
attempt to describe in any detail the current state of understanding 
regarding the multiplicity of pathways and cells involved in pro
viding immunoprotection. A simplified approach to the immune 
system suggests that it can be viewed as consisting of two parts. 
One part consists of those mechanisms that provide passive and 
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Fig. 1. The relationship between BMI (weight/heightz) and health 
risk. As BMI increases, risk increases with BMI's between 26 and 
27 (_) carrying moderate health risks and those above (0) increasing 
with further increases in BM!. 

or generic defense against the nonself. These include phagocytic 
cells such as polymorphonuclear leukocytes as well as those struc
tures and components that provide a barrier to entry of foreign 
material such as the skin and the various different mucous mem
branes. Another part encompasses those cells that provide an 
active, recognition-based defense system. This active system relies 
on a prior exposure to an invader to elicit an initial response and 
then, upon re-exposure, the "memory" of this invader provokes 
a rapid and massive mobilization of cells that either directly and 
specifically recognize or secrete molecules that do so and these 
processes then rapidly neutralizelkill the nonself entity. The cells 
composing this active immune defense system are predominantly 
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lymphocytes. The lymphocytes can be further subdivided into two 
types of lymphocytes. One family is the B cell that, upon suitable 
stimulation and/or exposure, secrete antibodies directed at epi
topes, recognition sites, on the nonself entity that are recognized 
as foreign. The other lymphocyte type are the T cells, which 
provide cell-based defense mechanisms as well as being intimately 
involved in the process of generating the B-Iymphocyte-derived 
antibody responses. This multiplicity of systems provides multiple 
potential targets for examining/quantifying changes in or the 
response to various alterations. However, the linkage of these 
markers to the overall status of the immune system or immunocom
petence remains an area of ongoing and active research and debate. 
Thus, the interpretation of any study that makes use of a marker 
or markers to demonstrate alterations as a function of obesity 
must be done with caution. 

HUMAN STUDIES ON IMMUNITY AND OBESITY 
Several reports have indicated that obesity results in immune 
dysfunction. Obese subjects have been reported to have a greater 
incidence of infections as well as infection-related mortality. These 
reports have led to efforts to characterize the nature of these 
defects and/or to overify and examine them in various animal 
models of obesity. For example, MacMurray et al. (4) studied 
aspects of humoral, secretory, and cell-mediated immunologic 
status in a group of 22 adults with severe, uncomplicated obesity. 
Normal concentrations of serum immunoglobulins (IgG, IgA, IgM, 
IgD) and complement components (C3, C4) were found. Levels 
of secretory IgA and lysozyme in the tears of obese patients did 
not differ from normal-weight controls. The obese individuals had 
circulating subpopulations of T and B lymphocytes that were the 
same as controls. No effect of obesity was detected on the response 
of lymphocytes to stimulation in vitro with polyclonal T- and B
cell mitogens. All but two of the obese patients responded to one 
or more of the recall skill test antigens employed. These authors 
concluded that severe overweight alone, uncomplicated by diabe
tes or hyperlipidemia, is not associated with significant immuno-
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logic dysfunction. In another study, Nieman et al. (5) studied the 
effect of moderate energy restriction (4.19-5.44 MJ or 1200-1300 
kcal/d). They measured body composition and immune function 
before and after a l2-wk diet intervention period for 13 obese 
(42.3 ± 0.8% body fat) and 10 nonobese (21.2 ± 1.0%) healthy, 
normoglycemic, premenopausal females. Measures of both innate 
and adaptive immune function measures (mitogen-stimulated lym
phocyte proliferative response, monocyte and granulocyte phago
cytosis, and oxidative burst) indicated that despite large differences 
in body fat mass between the obese and nonobese groups, immune 
function, as measured in this study, was similar between groups. 
Noteworthy was finding that relatively moderate weight loss (9.9 
± 1.4 kg) appeared to cause significant immune system functional 
decreases relative to the nonobese in several measures of T, B, 
monocyte, and granulocyte function. The authors reported that 
these data did not support any association of mild-to-moderate 
obesity with alterations in immune function. In contrast, in a study 
not designed to look directly at the issues of obesity and immunity, 
the immune response to immunization against the hepatitis B virus 
was decreased by increasing age, obesity, smoking cigarettes, and, 
not surprisingly, having a medical condition that compromises 
the immune system. 

Another study, with the purpose of exploring the nature of the 
effect of anorexia nervosa on the immune system, examined T 
lymphocytes, including CD4+ and CD8+ phenotypes, in patients 
with anorexia nervosa, and, for comparison, in dieting obese sub
jects (6). Fink and co-workers reported that CD8+ counts were 
low in anorectics, both before and after weight gain, and in obese 
subjects after (but not before) dieting. 

In a different type of study examining another aspect of the 
cellular immune process, the in vitro release of macrophage migra
tion inhibitory factor (MIF) by lymphocytes was examined in 
nonhyperglycemic obese patients (7). The authors reported that 
MIF release by cells from nonhyperglycemic obese subjects was 
36 ± 17% of control values. 

Tanaka and co-workers directly investigated whether obesity 
affects immunity by studying obese subjects body mass index 
([BMI] > 30 kg/m2) whose health was uncomplicated by any other 
disorder, including hyperglycemia (8). They compared mitogen
induced blastogenic response of peripheral blood lymphocytes in 
34 obese subjects (mean ± S.E.; BMI: 38.4 ± 2.0 kg/m2) and 35 
nonobese controls (BMI: 21.3 ± 0.4 kg/m2) who were matched 
for age and sex. Mean (± S.E.) intracellular incorporation of 
[3H]-thymidine, upon stimulation of T lymphocytes with either 
phytohemagglutinin (PHA) or concanavalin-A (Con A) and B 
lymphocytes with pokeweed mitogen, was significantly dimin
ished in obese subjects compared to nonobese controls, suggesting 
that obese subjects have underlying immune impairment in respon
siveness of lymphocytes. 

Zalevskaia and Blagosklonnaia also examined the influence of 
obesity and a decrease of the body weight in the patients when 
treated with a low-calorie diet on several indices of cellular immu
nity (9). Absolute and relative T- and B-Iymphocyte content, 
monocyte lysosome content, and granulocyte phagocytic activity 
were examined in the peripheral blood of 27 obese patients and 
30 normal subjects. They also reported that an impairment of 
cellular immunity was present in the obese patients that was 
reversed upon body weight reduction. 

Finally, Chandra and Kutty (10) in a study involving obese 
children reported that 38% of obese children and adolescents 

showed a variable impairment of cell-mediated immune responses 
in vivo and in vitro and reduction of intracellular bacterial killing 
by polymorphonuclear leukocytes. However, the authors found 
that the obese group had a higher incidence of iron deficiency 
and moderately lower serum zinc concentrations and that the 
immunologic changes correlated with the presence of subclinical 
deficiencies of trace minerals. 

In summary, the bulk of the studies in humans seem to suggest 
that a variable and apparently modest immune system impairment 
exists in obese humans. However, the evidence is diffuse and 
rendered less convincing because, as has been noted by Chandra 
and Kutty (10), obese subject groups are much more likely to 
have subclinical deficiencies which may, in fact, be driving the 
immunologic changes noted. It is likely that the variations in 
immunocompetence are also significantly influenced by the differ
ing definitions of obesity employed to stratify and/or recruit the 
subjects examined. 

ANIMAL STUDIES ON IMMUNITY AND OBESITY 
A large part of the data that link obesity to immune system 
alterations has been derived from animal studies. The obvious 
differences between animal models and humans combined with 
the difficulties in extrapolating results obtained in an animal model 
versus the case in humans makes a suggestive but nonconclusive 
case for alterations in the immune system in obesity. 

In a direct test of the obesity-immune system interrelationship, 
Conge et al. studied the ability to resist infections by Salmonella 
typhimurium and Klebsiella pneumoniae upon inoculation in mice 
that were obese via potentially different mechanisms (11). They 
employed three different models of obesity: gene-based obesity 
(i.e., ob/ob and db/db mutants), obesity induced by a high-fat 
diet, and obesity caused by gold thioglucose (aurothioglucose) 
injection. Kebsiella infection was aggravated in all types of obe
sity, whereas Salmonella infection was aggravated only in geneti
cally diabetic and dietary-obese mice. Thus, the two kinds of 
genetically obese mice showed an important functional decrease 
in splenic lymphocytes, but the third model of obesity (i.e., aurothi
oglucose-obese mice who were more resistant than controls) indi
cated that the etiology of the obesity plays a determining role in 
the nature of its effect on the immune system. 

In another study using a mouse genetic model of obesity (db/ 
db), Bennett and co-workers reported that the steady-state levels 
of peripheral blood B cells and CD4-expressing T cells were 
dramatically reduced (12). Colony assays performed using marrow 
from db/db indicated that db/db marrow had a deficit in lympho
poietic progenitors. Moreover, db/db mice were also unable to 
fully recover the lymphopoietic population following irradiation 
insult. 

In an animal study that did not directly address the issue of 
obesity and immunity, Moriguchi et al. studied the ability of food 
restriction to alter several indices of immune competence in young 
(11 wk old) and adult (33 wk old) female lean (+/?) and obese 
(ob/ob) C57BLl6J mice (13). Food restriction in the obese mice 
had a greater effect on body weight accumulation, tail length 
accretion, and organ weight than in lean mice. Splenocyte mitogen 
responses as an indicator of the status of the immune system were 
generally not altered with age in lean or obese mice fed ad libitum. 
However, food restriction augmented these responses in lean mice, 
but had no effect or reducing them in obese mice. The authors 
concluded that genetic obesity largely eliminates the immunopo-
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tentiating effects of food restriction, indicating that the immune 
system differs in some manner between lean and obese subjects. 

Thus, the animal-model-based studies provide evidence that 
there exists an alteration in the immune system in obese animals. 
Again, the limitations of the studies reported preclude a firm 
conclusion that obesity alters immunocompetence. 

IMMUNITY AND OBESITY: POTENTIAL 
INTERRELATIONSHIPS VIA OVERLAPPING 
SIGNALS AND SYSTEMS 
LEPTIN The mechanisms that could potentially link obesity and 
immunity appear to be mediated by a variety of molecules and 
receptors. A major recent finding in obesity is the discovery of 
the leptin/leptin receptor system and its involvement in weight 
control (14). As the obesity-associated increased incidence of 
infection, diabetes, and cardiovascular disease account for most 
obesity-related morbidity and mortality, the potential exists that 
altered expression of leptin or of functionalleptin receptors may 
initiate and/or promote these conditions. Loffreda et al. have indi
cated that exogenous leptin upregulated not only phagocytosis 
but the production of pro-inflammatory cytokines as well (15). 
Moreover, levels of leptin thought to reflect adipose tissue mass 
have recently been demonstrated to have effects on cells that do 
not appear to be directly connected to body weight. In particular, 
leptin appears to be involved in the production of multiple blood 
cell lineages by acting on the regulated expansion and differentia
tion of hematopoietic precursors that originate from self-renewing 
hematopoietic stem cells. Expression analysis by Bennet et al. has 
revealed that the leptin receptor is expressed in both human and 
murine hematopoietic stem cell populations and that leptin is 
expressed by hematopoietic stroma (12). Furthermore, they have 
demonstrated that leptin provides a proliferative signal in hemato
poietic cells. The proliferative effects of leptin seem to be at the 
level of a multilineage progenitor, as shown by leptin's ability to 
increase myelopoiesis, erythropoiesis, and lymphopoiesis. Further 
support for leptin and the leptin receptor's involvement comes 
from an analysis of db/db mice, in which the leptin receptor is 
truncated. These mice have steady-state levels of peripheral blood 
B cells and CD4-expressing T cells that are dramatically reduced 
and their marrow has a deficit in lymphopoietic progenitors. The 
deficit in lymphopoiesis in db/db mice was further illustrated by 
this mouse's inability to fully recover the lymphopoietic popula
tion following irradiation insult. In other studies, Mikhail and co
workers (16) have also shown that leptin significantly stimulates 
the proliferation and differentiation of yolk sac cells and fetal 
liver cells, and leptin alone increased the number of macrophage 
and granulocyte colonies. Losato et al. have demonstrated a direct 
linkage between leptin and the immune system by using anti
leptin monoclonal antibodies to show that leptin receptors are 
present in the plasma membrane of immune cells located in the 
lamina propria of the small intestine (17). Finally, in a different 
animal model of obesity, Yamashita and others (18) have shown 
that the leptin receptor in the obese Zucker fatty (fa/fa) rats not 
only exhibits a slightly reduced leptin-binding affinity but also 
exhibits a reduced ability for signal transduction. This alteration 
may account for the immune system defects found, as noted in 
the Zucker rat. 

Weigle has suggested that adipocyte via leptin release is a 
major unrecognized participant in not only energy balance and 

insulin action but host defense and reproduction, and he has sug
gested that this new insight may provide new approaches for 
understanding several important human diseases (19). However, 
as cautioned by Sinha and Caro in their review of the clinical 
aspects of leptin, in spite of the strong correlation between body 
fat and leptin levels, there is great heterogeneity in leptin levels 
at any given index of body fat (20). This heterogeneity presumably 
reflects the complexity and mUltiple-organ systems linked by the 
leptin-signaling system and makes any demonstration of a leptin
level function linkage difficult. 

GROWTH HORMONE Another bridge connecting obesity 
and immunity is provided by the growth hormone (GH) system. 
In vivo studies in experimental animals and in vitro studies using 
human lymphocytes have indicated that GH is important for the 
development and function of the immune system. Evidence for a 
relationship between GH and immunity can be seen in an animal 
model, the dwarf Snell mice, which has been shown to exhibit 
an underdevelopment of the thymus along with severe immunode
ficiencies that are preventable by GH treatment (21). In humans, 
the evidence is not so clear. In growth-hormone-deficient children, 
contradictory data on the immune status have been reported. Span 
et al. have investigated indices of cellular immunity in 22 adult 
patients with proven growth hormone deficiency in comparison 
to those in 100 healthy volunteers (22). Cellular immunity as 
assessed using total leukocyte count, percentage lymphocytes, and 
percentage and absolute numbers of CD3, CD4, CD8, CDI9, and 
CD3- CD56+ (NK) cells revealed a statistically significantly lower 
percentage and absolute number ofNK cells (p < 0.001). Except for 
a trend toward an increased CD4/CD8 ratio, no other statistically 
significant differences for Band T lymphocytes could be observed. 

Leidy et al. examined the development and sex-related changes 
in the hypothalamic-pituitary GH axis in lean and obese Zucker 
male and female rats (23). They reported that GH content at 10 
and 12 wk was decreased in obese male rats relative to lean rats. 
Spontaneous GH secretion was dramatically reduced in obese 
animals when compared to sex-matched lean rats. The GH peak 
amplitude and mean GH concentration were decreased in obese 
male rats, whereas in obese female rats, the number of GH peaks, 
peak amplitude, baseline GH, and mean GH concentration were 
all decreased compared to lean female rats. 

Aging in humans is associated not only with diminished 
immune responsiveness but also decreased lean body mass and 
increased percent body fat. Spontaneous and stimulated GH secre
tion, as well as circulating IGF-I and IGFBP-3 levels, are signifi
cantly decreased with advancing age. The extent to which these 
age-related changes in GH and IGF-I contribute to alterations in 
body composition and function remains an area of active investiga
tion. For example, GH treatment of GH-deficient adults or elderly 
men with reduced IGF-I levels with exogenous GH increases 
plasma IGF-I, nitrogen retention, and lean body mass while 
decreasing percent body fat. GH secretion is markedly blunted in 
obesity. In humans, metabolic changes such as obesity and fasting 
can modulate pulsatile GH release. Riedel et al. have reported 
that 24-h mean GHs are basically higher in normal subjects (1.1 
± 0.6 mUlL) relative to overweight subjects (0.4 ± 0.2, p < 0.01 
vs. normal) and that the GH pulse amplitudes were increased by 
fasting in normal subjects but not in obese subjects (24). 

Finally, Wu et al. have demonstrated that GH is synthesized and 
secreted by mononuclear leukocytes by identifying the presence of 
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GH messenger RNA (mRNA) in both normal and abnormal human 
lymphoid tissues by reverse transcription-polymerase chain reac
tion (RT-PCR) and nonisotopic in situ mRNA hybridization (25). 

ALPHA-MELANOCYTE STIMULATING HORMONE An
other example of findings that support a close relationship between 
obesity and immunity are the data regarding the mouse gene in 
which the agouti (A) coat color gene produces not only hairs that 
are entirely yellow but also a syndrome of juvenile-onset obesity, 
insulin resistance, and premature infertility (26). A clue to the 
mechanism of agouti-induced obesity came from another mouse 
coat color mutation, extension, which results from an inactivation 
of the receptor for alpha-melanocyte stimulating hormone (a
MSH) (27). Further studies subsequently demonstrated that agouti
induced obesity is caused by interference with signaling pathways 
activated by a-MSH or related ligands (28). Melanocortins, mela
nocyte-stimulating hormones (MSH), and adrenocorticotropic 
hormones (ACTH) are homologous natural peptides derived from 
pro-opiomelanocortin that modulate fever, inflammation, and 
immunity (29,30). For example, during fever, endogenous melano
cortins exert antipyretic effects by acting on melanocortin recep
tors located within the brain, suggesting a protective counterregu
latory role of the central melanocortin system. Melanocortin 
receptors (MCR), a group of five G-protein-associated subtypes, 
are also found in myelogenous and lymphoid tissues, various 
endocrine and exocrine glands, adipocytes, and autonomic ganglia. 
Of most relevance here is the fact that the agouti protein represents 
an endogenous inhibitor of MCI-R as well as potentially other 
MCR SUbtypes. 

UNCOUPLING PROTEINS The recent discoveries regard
ing the identification of a family of uncoupling proteins that appear 
to be involved in body weight regulation has energized the field of 
obesity research. The family of mitochondrial uncoupling proteins 
play important roles in generating heat and burning calories by 
creating a pathway that allows dissipation of the proton electro
chemical gradient without coupling to any other energy-consum
ing process. This pathway has been implicated in the regulation 
of body temperature, body composition, and glucose metabolism. 
Compared to the limited distribution of UCP1, which makes it 
unlikely to be involved in body weight management in large 
mammals, the UCP2 gene is widely expressed in adult human 
tissues, including lymphoid tissues (in particular, macrophages). 
These findings suggest that UCP2 has a unique role not only in 
body weight regulation but also in the immune response (31). 
Again demonstrating the complexity of the system, leptin appears 
to modulate UCP2 expression. Zhou et al. have reported that in 
animals infused with a recombinant adenovirus containing the 
leptin cDNA, the levels of mRNAs encoding enzymes of mito
chondrial and peroxisomal oxidation rose twofold to threefold, 
whereas leptin overexpression increased UCP-2 mRNA by more 
than lO-fold in epididymal, retroperitoneal, and subcutaneous fat 
tissue of normal, but not of leptin-receptor-defective obese 
rats (32). 

SLEEP As a final integrative section, the combination of two 
data sets suggests an interrelationship between the immune system 
and obesity. The two differing sets of observation that provide 
this evidence are (1) the set of observations that indicate that there 
exists an increased level of sleep disturbances in the obese (33,34) 
and (2) other studies that have linked sleep disturbances with 
immune system and cytokine changes (35,36). 

The primary observation lending credence to this association 
is the report by Vgontzas and co-workers examining sleep distur
bance subjects. Sleep-disturbed subjects when examined showed 
a significantly elevated TNF-a in sleep apneics and narcoleptics 
compared to that in normal subjects (37). Plasma IL-l ~ concentra
tions were not different between sleep-disorder patients and con
trols, whereas IL-6 was markedly and significantly elevated in 
sleep apneics compared to normal controls. The primary factor 
influencing TNF-a values was the extent of nocturnal sleep distur
bance, whereas the determinant for IL-6 levels was body mass 
index (37). 

Other studies have shown that sleep disturbances are very 
prevalent in obese subjects. For example, Kronholm et al. (38) 
have reported that obese twins had higher nocturnal motor activity 
levels, less quiet sleep, and more habitual snoring than did their 
nonobese cotwins and that the differences in sleep were associated 
with obesity-related factors. They concluded that relatively moder
ate obesity is associated with the disruption of the physiological 
structure of sleep that cannot be attributed to either snoring or 
breathing disturbances. Veldhuis and Iranmanesh (39) have stud
ied interrelationship of sleep and obesity with an emphasis on GH 
secretion by the pituitary gland. They were particularly interested 
in its regulation by the dominant hypothalamic regulatory peptides, 
GH-releasing hormone (GHRH), and somatostatin. They reported 
strongly negative correlation with obesity (+ 1.5 kglm2 BMI 
increase, -50% in the amount of GH secreted per day) and that 
deep sleep (stages 3 and 4) is accompanied by a markedly increased 
pulsatile GH secretion. They felt that the combined defects in 
GHRH release and somatostatin excess were the most plausible 
pathophysiology of sleep disturbances accompanying obesity. As 
noted earlier, GH levels are intimately involved in immune sys
tem function. 

SUMMARY AND CONCLUSIONS 

In summary, this review has sought to provide an examination of 
the state of the existing literature in terms of both animal models 
and human subjects dealing with the interaction of obesity and 
the immune system. The evidence in toto provides only modest 
support for a downward effect of obesity on the immune system, 
immunocompetence. Given the multiple, redundant systems that 
appear to be involved, the defects that result from the interaction 
of body weight and immunity are unfortunately likely to be subtle. 
However, the recent and ongoing explosion of discoveries that 
have provided insights at a molecular level into the identity of the 
pathways that comprise the body's regulatory system(s) provide 
suggestive evidence of a tight interdigitation of body weight con
trol and the immune system. The current lack of solid evidence 
in this area, obesity's status as a major public health concern, is 
combined with what appears to be an area on the verge of revolu
tion in the understanding of its regulation and interaction (i.e., 
signaling systems for immune and body weight systems). These 
factors should lead to an increasing scrutiny and understanding 
of the interrelationships between immune system and body weight. 
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25 Diabetes and Immunity 

MANUEL E. BALDEON AND H. REX GASKINS 

INTRODUCTION 
Diabetes mellitus is a metabolic disease characterized by alter
ations in insulin production, insulin action, or a combination of 
both, leading to abnormal hyperglycemia (1-3). Diabetes is a 
chronic disease that has no cure and is an increasing major public 
health problem (4). The chronic nature of diabetes frequently leads 
to debilitating complications resulting primarily from nonenzy
matic glycation of nerves and blood vessels supplying organ sys
tems (1-3). For example, diabetes is the main cause of blindness 
in the United States and accounts for approximately 25% of 
chronic renal failure (3). Diabetes has also been associated with 
premature death from cardiovascular diseases (4,5). Total social 
and medical costs in the United States for people with diabetes 
exceeds $92 billion per year (3). Over 90% of the cases of diabetes 
are thought to be genetically encoded and are classified as either 
type 1 (insulin-dependent diabetes mellitus) or type 2 (non-insulin
dependent diabetes mellitus) diabetes. Type 2 diabetes comprises 
the majority of cases and is typically late in onset, associated with 
obesity, and characterized by insulin resistance (1-3). Approxi
mately 15.3 million North Americans have type 2 diabetes (3). 

Type 1 diabetes, accounting for approximately 10% of all cases 
of diabetes, is characterized by the destruction of insulin-producing 
pancreatic ~ cells and has two major forms. Immune-mediated 
type 1 diabetes results from selective autoimmune destruction of 
~ cells with disease onset typically between 5 and 15 yr of age, 
although disease can also arise in adults of any age (3). Idiopathic 
type I diabetes refers to rare forms of the disease that have no 
known cause (3). The incidence of autoimmune diabetes varies 
by geographic location and is most common among people of 
northern European descent (2,4). For example, disease incidence 
ranges from I to 2 cases per 100,000 persons per year in Japan 
to more than 40 cases per 100,000 persons per year in Finland. 
In the United States, approximately I million individuals have 
type 1 diabetes (3). 

The etiology of type I diabetes remains elusive, with both 
genetic and environmental risk factors (viral infections, diet) being 
associated with the development of the disease. The genetic com
ponent appears to consist primarily of genes controlling immune 
responsiveness. For example, disease is associated with certain 
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allelic variations of genes in the major histocompatibility complex 
(MHC) of humans and rodents (6-8). Intensive research is under
way to define the mechanisms by which MHC susceptibility genes 
influence diabetes pathogenesis. Viral infections, toxins, and 
dietary components have each been implicated as putative environ
mental risk factors (1,2). Precisely how these ubiquitous risk fac
tors contribute to either onset or progression of disease is not 
known. However, both genetic predisposition and exposure to 
environmental risk factors appear to be necessary for disease 
onset (2,3). 

The recognition that diet might modulate onset or progression 
of type 1 diabetes opens exciting possibilities of preventing and 
potentially treating this disease. However, a much better under
standing of the relationship between diet and the autoimmune 
process is required. Herein, available evidence demonstrating the 
modulatory effects of diet in the natural history of autoimmune 
diabetes is summarized. That body of research forces consideration 
of intestinal responses to lumenal antigens, especially during 
development, and possible mechanisms by which protective or 
deleterious dietary components might modulate the autoimmune 
process. Accordingly, the latter half of the chapter considers unan
swered mechanistic issues, with the goal of providing a conceptual 
framework to experimentally clarify the relationship between diet 
and type 1 diabetes. 

THE AUTOIMMUNE NATURE OF 
TYPE 1 DIABETES 
Autoimmune ~-cell destruction is thought to begin long before 
clinical presentation of hyperglycemia and to progress through 
distinct stages (9). The temporal pattern of ~-cell loss is not 
precisely defined and likely varies among individuals. 

Although the insults that initiate ~-cell destruction are 
unknown, there is abundant evidence that inflammatory T lympho
cytes and macrophages mediate the autoimmune attack (Fig. 1; 
refs. 10-13). Similar to other autoimmune diseases, it has been 
proposed that an imbalance between T-helper (Th)-cell cytokine 
profiles leads to the development of ~-cell reactive inflammatory 
Thl cells (Fig. 1; refs. 14 and 15). Thl cytokines (e.g., interferon
gamma [IFN-y], interleukin-2 (IL-2), and IL-12) are thought to 
promote inflammation and Th2 cytokines (e.g., 1L-4, 1L-5, and IL-
10) are thought to antagonize inflammation (15). Soluble proteins 
~ynthe.sized and secreted by islet-infiltrating inflammatory cells, 
mcludmg cytokines (interferons, interleukins), perforin, and prote
ases, have been implicated as mediators of ~-cell destruction (2). 
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Fig. 1. Schematic representation of the autoimmune process underlying the selective destruction of insulin-producing pancreatic ~ cells in 
type I diabetes. Beta-cell antigens are processed and presented by macrophages in the context of MHC class II molecules to T helper cells 
bearing T-cell receptors specific for ~-cell antigens. In susceptible individuals, T helper cells would promote a diabetogenic Thl cell response 
characterized by the secretion of inflammatory interleukin-2 (IL-2) and interferon-gamma (IFN-y). Thl cytokines inhibit Th2 cell production 
of IL-4, IL-5, and IL-lO. Activated Thl cells target ~-cell autoantigens complexed with MHC class I molecules, leading to ~-cell destruction. 

Further research is needed to conceive molecular-based therapeu
tic strategies to prevent immune-mediated alterations and preserve 
~-cell integrity during prediabetes. 

DIET AND TYPE 1 DIABETES: 
AVAILABLE EVIDENCE 

The importance of diet as a possible environmental modulator of 
type I diabetes has been supported by human studies and by 
research with rodent models of autoimmune diabetes (16-19). 
Consideration of the role of diet in human type I diabetes has 
been primarily a debate on the possibility that early exposure to 
cow's milk may contribute to disease onset (20,21). Establishing 
a definitive link between infant and early childhood diets and 
disease is complicated by confounding issues such as the duration 
of breast-feeding, the effects of bioactive factors in breast milk, 
feeding patterns, and the nutrient composition of the diet. 

THE ROLE OF BREAST-FEEDING Short duration of breast 
feeding and early infant exposure to alternative milks or foods 
have been identified as significant risk factors for type 1 diabetes 
in epidemiological as well as time-series studies (21,22). Patients 
with type I diabetes were more likely to have been breast-fed for 
less than 3 mo and to have been exposed to cow's milk before 4 
mo of age (19). Early cessation of breast-feeding was correlated 
with early introduction of cow's milk; however, the weaning diet 
was not always specified (19). In a single study that controlled 
for ethnicity, birth order, and family income, people with type I 
diabetes were exposed earlier (before 3 mo of age) to cow's milk 

or solid foods than were control subjects (23). This association 
was observed only in high-risk individuals harboring a human 
leukocyte antigen (HLA, human MHC) DQB I genetic marker 
(23). However, the percentage of breast-fed individuals and the 
duration of breast-feeding were similar between control subjects 
and persons with type I diabetes (23). 

Despite evidence that breast-feeding may protect against diabe
tes, limited research has examined the effects of breast milk or 
its absence on the development of either systemic or intestinal 
immune responsiveness in infants. Breast milk provides cellular 
and immune factors that protect the newborn against infection, and 
nursing delays exposure to potential diabetogenic diet components 
(24). Immune-related factors are typically abundant in "early 
milk," when the neonatal immune system is functionally immature 
(25). For example, breast milk contains macrophages, immuno
globulin-secreting B lymphocytes and immunoglobulins, T lym
phocytes and cytokines (Table I ; refs. 26-37). Maternal cells have 
been detected in neonatal intestinal mucosa, mesenteric lymph 
nodes, blood, lungs, liver, and spleen (27). Not understood are 
mechanisms whereby maternal cells gain access into the intestinal 
mucosa or how these cells might influence the neonatal immune 
system (27). 

In addition, growth factors in breast milk, including epidermal 
growth factor, insulin, insulin-like growth factors, polyamines, 
and glucocorticosteroids, promote intestinal development and the 
formation of effective mucosal barrier function (25,38). Thus, 
infants who are weaned early are deprived of key developmental 
signals as well as immune-related bioactive factors, and they have 
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Table 1 
Immune-Related Components in Human Breast Milk 

Approximate numbers 
Components or concentrations Refer. 

Cells 1 x 1Q6/mL 
Macrophages 75% of mononuclear cells 28 
Lymphocytes 25% of mononuclear cells 

B cells: IgG, IgA, IgM 20% of lymphocytes 29 
T cells 80% of lymphocytes 
a~ T cells 30 
yo T cells 31 

Cytokines 
Interleukins 

IL-l~ 1130 pg/mL 32 
IL-6 150 pg/mL 33 

Interferons 
IFN-y 400 ng/mL 34,35 

Others 
TGF-~ 1300 ng/mL 36 
TNF-a 600 pg/mL 37 

Note: Total cell yield, proportion of individual cell types, and cytokine 
production vary among donors (35). 

the added burden of precocious exposure to antigenic or perhaps 
diabetogenic dietary components. Endocytosis and protein uptake 
are characteristically enhanced in immature enterocytes (39). 
Exposure to protein antigens at a time when gastrointestinal muco
sal barrier functions are immature could predispose to disturbances 
in intestinal immune responsiveness or alter the development of 
oral tolerance (25,40). These considerations expose numerous 
potentially critical questions that have not been addressed ade
quately or at all in the context of diet and type 1 diabetes. 

COW'S MILK AND TYPE 1 DIABETES IN HUMANS The 
"milk hypothesis" postulates that early exposure to cow's milk 
proteins may trigger diabetes (41-45). Abnormal immunity to 
cow's milk protein has been reported for humans and for the 
common rodent models of autoimmune diabetes, the diabetes
prone BioBreeding (BBdp) rat, and the nonobese diabetic (NOD) 
mouse (44,46,47). For persons with type 1 diabetes, both humoral 
and cellular immune responses to cow's milk antigens have been 
reported (reviewed in Ref. 21). Based on these studies, The Ameri
can Academy of Pediatrics has recommended avoidance of intact 
dietary cow's milk in infants genetically at risk to develop type 
1 diabetes and has asked for prospective trials to study the role 
of diet in disease prevention in at-risk children (48). 

The "milk hypothesis" has been controversial (20,21). Several 
epidemiological studies from various research groups support a 
possible link between early cow's milk consumption and diabetes, 
whereas others fail to find such a relationship (19-21,49-51). 
Recall bias and differences in laboratory methods (e.g., measure
ment of diabetes-associated serum bovine albumin antibodies) 
have been cited as major reasons for the conflicting results (21,50). 
In a meta-analysis of 17 case-control studies, a moderate effect 
was observed for exposure to breast milk substitutes or cow's 
milk before 3 mo of age and the development of type 1 diabetes 
(50). Fourteen of those studies were retrospective and relied on 
long-term maternal recall and only three studies used existing 
infant diet records. When evaluated separately, none of the three 
studies that used existing infant diet records supported an associa-

tion between milk and diabetes (52-54). The authors of that meta
analysis conclude that the moderate relationship between infant 
diet and risk of type I diabetes could be explained by bias in the 
long-term recall of the infant diet (50). 

Uniequivocal documentation that diet influences the develop
ment of type I diabetes in genetically susceptible individuals 
would require the identification and recruitment of suitably 
matched groups of prediabetic individuals (at-risk population and 
controls) who could be asked to consume defined diets over a 
period of years (55). The Trial to Reduce IDDM in the Genetically 
at Risk (TRIGR) was designed to determine if avoidance of intact 
cow's milk protein during the first 6 mo oflife reduces the develop
ment of type 1 diabetes in children with MHC alleles associated 
with diabetes or first-degree relatives of people with diabetes 
(56). This study, now underway in Finland and other European 
countries, is a blinded, randomized, and prospective trial that uses 
the casein hydrolysate-based infant formula Nutramigen® (Mead
Johnson Inc., Evansville, IN, USA) for weaning of exclusively 
breast-fed infants at risk for diabetes. Nutramigen prevents diabe
tes in NOD mice, possibly by promoting the development of 
regulatory T cells that hinder the destructive autoimmune pro
cess (57). 

RODENT MODElS OF AUTOIMMUNE DIABETES The 
availability of rodent models for autoimmune diabetes has facili
tated greatly studies to define the role of diet in the onset or 
progression of disease. However, BBdp rats (58,59) and NOD 
mice (60-63) have certain immunologic alterations that have not 
been identified in patients with type 1 diabetes. For example, 
BBdp rats are severely lymphopenic and lack normal cytotoxic 
T-Iymphocyte activity (58,59). NOD mice have elevated numbers 
of T lymphocytes and exhibit antigen-presenting cell and suppres
sor T-cell abnormalities (60,61). In addition, inbred rodents are 
typically maintained in pathogen-free environments. Intestinal 
antigens, including dietary components, may provoke immune 
responsiveness more readily under pathogen-free versus conven
tional environmental conditions. Despite these and perhaps other 
yet -to-be-defined features that distinguish disease in rodent models 
and humans, inbred animals that spontaneously develop autoim
mune diabetes are extremely valuable and offer outstanding advan
tages to evaluate the catalytic role of diet in autoimmune diabetes. 

COW'S MILK AND AUTOIMMUNE DIABETES IN 
RODENT MODElS Overall, dietary inclusion of intact or 
hydrolyzed casein, a major protein fraction of cow's milk, appears 
to prevent or delay the onset of diabetes development in BBdp 
rats and NOD mice (Table 2; ref. 64-68). For example, a semipuri
fied diet containing 10% skim milk powder and 20% casein inhib
ited the development of diabetes in NOD female mice (64). Simi
larly, skim milk powder and several other milk components, 
including lactalbumin and hydrolyzed lactalbumin, have variable 
and generally low diabetogenic effects in the BBdp rat (17,20). 
Because of their protective nature, casein or hydrolyzed casein
based diets are often used as negative control diets when evaluating 
diabetogenic plant-based diets in rodent models of diabetes (16-
18,64). 

PLANT-BASED DIETS AND AUTOIMMUNE DIABETES IN 
THE DIABETES-PRONE BIOBREEDING RAT The most con
clusive evidence for a direct modulatory role of diet in the develop
ment of autoimmune diabetes comes from studies of animals fed 
plant-based diets. Cereal-based standard diets such as the NIH-
07 diet (Ziegler Brothers, Gardner, PA, USA) promote diabetes 
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Table 2 
Comparative Effects of Diabetogenic and Nondiabetogenic Diets on the Natural Course 

of Autoimmune Diabetes in Diabetes-Prone Biobreeding (BBdp) Rats and Nonobese Diabetic (NOD) mice 

BBdp rat NOD mouse 

Cereal-based diet Casein-based diet Cereal-based diet Casein-based diet 

0-12% 
Late 

0-44% 
Late 

Diabetes incidence 
Time of onset 
Degree of insulitis 

62-80% 
Early 
Severe Mild to absent 

30-95% 
Early 
Severe Mild to absent 

Note: Data summarized from refs. 17, 18, 64, 69, and 71. 

development in both BBdp rats and NOD mice (Table 2). BBdp 
rats fed cereal-based diets exhibited earlier onset of diabetes and 
a greater degree of islet inflammation than did BBdp rats fed 
diabetes-protective casein- or hydrolyzed casein-based diets (69). 
A clear cause-and-effect relationship between diet and diabetes 
is further demonstrated by dose-response studies with BBdp rats 
fed diabetogenic cereal-based diets. Beginning at 30% inclusion 
to a hydrolyzed casein-based diet, increasing doses of the cereal
based NIH-07 diet increased diabetes incidence and the degree 
of insulitis in BBdp rats (69). Dietary control of diabetogenesis 
is not restricted to a period early in life in BBdp rats, as long
term daily exposure to either NIH-07 or hydrolyzed casein-based 
diets from early puberty to late adolescence (50-100 d) is impor
tant for either the development or prevention of diabetes, respec
tively (17,18,69). Delaying the time of exposure of hydrolyzed 
casein-fed rats to a diabetogenic cereal-based diet decreased both 
diabetes incidence and the severity of insulitis (69). Similarly, 
rats fed a diabetogenic cereal-based diet early in life and then 
switched to a protective hydrolyzed casein-based diet exhibited 
a lower incidence of diabetes, with insulitis severity being similar 
to that of BBdp rats fed the hydrolyzed casein-based diet through
out the study (69). 

Diabetogenic cereal-based diets such as NIH-07 contain as 
much as 82% plant materials (71). Feeding hydrolyzed casein
based diet supplemented with individual components of the NIH-
07 diet to BBdp rats demonstrated that wheat bran, com, brewer's 
yeast, and fish meal are low diabetogens, whereas whole ground 
wheat, wheat gluten, soybean meal, soy flakes, and soy flour are 
moderate-to-high diabetogens (17). 

PLANT-BASED DIETS AND AUTOIMMUNE DIABETES IN 
THE NONOBESE DIABETIC MOUSE Studies with the NOD 
mouse also clearly demonstrate a modulatory role of diet in the 
development of autoimmune diabetes (Table 2). Similar to the 
BBdp rat, NOD female mice maintained on a complex natural
ingredient, cereal-based diet (diet 86, New Zealand Stockfoods) 
exhibited a higher diabetes incidence than did animals fed Preges
timil® (Mead-Johnson Inc.), a hypoallergenic infant formula con
taining casein hydrolysate and lacking vegetable meal (70). Sup
plementation of diet 86 with vitamin E, polysaturated sardine oil, 
or saturated coconut oil did not affect its diabetogenic effects (70). 

Coleman and co-workers (64) demonstrated that NODlLt 
female mice fed a natural-ingredient, cereal-based diet (Old Guil
ford 96W, OG96W; Emory Morse, Guilford, CT, USA) exhibited 
a significantly higher incidence of diabetes compared to NOD 
females receiving either of two semisynthetic, casein-based diets, 
AIN -76 (71) or Pregestimil. Pregestimil also completely abrogated 

insulitis in OG96W-fed and AIN-76-fed mice. Chloroform
methanol extractions of the 96W diet indicated that the diabetes
promoting factor(s) in this diet may be lipid or peptide (64). As 
observed with BBdp rats, delaying exposure to diabetogenic 
dietary components delayed the onset of diabetes in NOD mice 
(64). 

In summary, it is clear from studies with the BBdp rat and 
NOD mouse that diet composition is a critical determinant of 
diabetes development, with cereal-based diets generally promoting 
disease and semipurified diets based on cow's milk proteins pre
venting or delaying the onset of diabetes (Table 2). Wheat- or 
soy-derived proteins are candidate diabetogens in the plant-based 
animal diets. The animal-model studies also demonstrate the 
important finding that the age interval critical for exposure to 
diabetogenic dietary components may extend through puberty 
(64,69). Given our current knowledge base, it remains necessary to 
fully consider the unique genetic and environmental characteristics 
that typify rodent models when comparing results from those 
studies to the human situation (Table 3). 

DIET AND TYPE 1 DIABETES: 
MECHANISTIC CONSIDERATIONS 
Most of the research relating diet as an important environmental 
modulator of type 1 diabetes has focused on identification of 
diabetogenic foods. Much less research has evaluated possible 
mechanisms by which dietary factors could modulate the immune 
system to either target or protect pancreatic ~ cells. Experimental 
evidence to date, primarily from rodent models, favors at least 
three putative mechanisms of dietary modulation of autoimmune 
diabetes-molecular mimicry, dietary modulation of cytokine pro
files, or direct effects of diet on pancreatic ~-cell growth or metabo
lism (Table 4). Several other mechanistic issues, including antigen 
sampling by the intestine, trafficking of lymphocytes in gut and 
pancreas, and oral tolerance, deserve further experimental consid
eration relative to the relationship between diet and type 1 diabetes. 

MOLECULAR MIMICRY A frequently considered mecha
nism by which dietary factors could trigger autoimmune diabetes 
is antigenic or "molecular" mimicry between environmental and 
host-cell proteins. For example, an antigenic determinant from a 
dietary protein resembling a component of the pancreatic ~-cell 
could elicit an immune response against self, leading eventually to 
~-cell destruction (76). The molecular mimicry hypothesis implies 
that autoreactive lymphocytes remain present even in the absence 
of the originating antigen and that the mimicking epitope is suffi
ciently similar to allow cross-recognition but different enough to 
break tolerance (20,21). 
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Table 3 
Current Information Regarding Dietary 

Modulation of Autoimmune Diabetes Development 

Human data 
Possible association between short duration of breast-feeding or early cow's milk consumption with type 1 diabetes development is 

controversial. 
Most human studies focus only on early exposure to cow's milk proteins. 
Mechanisms underlying dietary modulation of diabetes development are poorly understood. 

Animal studies 
Diet greatly regulates diabetes development in genetically susceptible inbred animals. 

Cereal-based diets promote high diabetes incidence. 
Semipurified diets based on casein or hydrolyzed casein prevent or delay the onset of diabetes. 

Exposure to diabetogenic foods as late as puberty still induces diabetes. 
Mechanisms underlying dietary modulation of diabetes development are poorly understood. 

Note: Data summarized from refs. 19, 20, 64, and 69. 

Table 4 
Putative Mechanisms of Dietary Modulation of Autoimmune Diabetes 

Molecular mimicry 
Milk-based diet 

Immune response modulation Direct effects on pancreatic ~-cells 

Cereal-based diet Casein-based diet Cereal-based diet Casein-based diet 

Evidence for crossreactivity 
between milk protein 
epitopes and ~-cell antigens 

Inflammatory Th 1 cytokine 
profile (see Fig. I) 

Anti-inflammatory Th2 
cytokine profile 

Lower total islet mass 
Greater MHC class I 

expression in islets 

Greater total islet mass 
Lower MHC class I 

expression in islets 

Note: Data summarized from refs. 24, 69, and 72-75. 

There are several examples of the role of molecular mimicry 
in animal models of autoimmune diseases, including experimental 
allergic encephalitis in rabbits, adjuvant arthritis in rats, and Theil
er's murine encephalitis (76). Similarly, in humans, molecular 
mimicry has been implicated in rheumatic fever, Chagas' disease, 
celiac disease, myasthenia gravis, and type 1 diabetes (76). 

Five pancreatic ~-cell proteins have been identified as impor
tant target antigens primarily in rodent autoimmune diabetes: insu
lin, glutamic acid decarboxylase, heat-shock protein 65, and islet
cell cytoplasmic autoantigens ICA5l2IIA-2 and ICAp69 (77). Of 
these, ICAp69 has been associated with dietary antigenic mimicry 
in autoimmune diabetes. Islet-cell antigen p69 is a neuroendocrine 
protein of unknown function (23). High ICAp69 mRNA and pro
tein expression has been detected in pancreatic ~ cells, the brain, 
and testis in humans and rodents (78). 

Autoreactivity to ICAp69 has been demonstrated in North 
American and European persons with type 1 diabetes as well as 
in rodent models (73,77,79,80). Both humoral and cellular immune 
responses against ICAp69 have been detected in newly diagnosed 
diabetic children, and anti-ICAp69 autoantibodies have been 
detected in diabetic and prediabetic subjects (73,80,81). 

Islet cell antigen p69 shares sequence homology with bovine 
serum albumin (BSA), a dietary milk protein of possible impor
tance to the development of type 1 diabetes (42,45,46). Homolo
gies span regions at amino acid positions 151-157, 198-203, and 
397-404 of BSA (80). The structural similarities between BSA 
and ~-cell ICAp69 underlie the hypothesis that the autoimmune 
process triggered by dietary milk results from crossreactivity to 
these proteins (74). In susceptible individuals, exposure to cow's 
milk proteins could generate BSA-reactive T lymphocytes with 

the potential to target ~ cells expressing ICAp69. In support of 
this idea, T lymphocytes from children with recent onset diabetes 
exhibit specific sensitization to BSA and to the BSA-encoded 
epitope ABBOS peptide (amino acids 152-169 of BSA; ref. 75). 
However, abnormal humoral and cellular immune responses to 
BSA and specifically to the ABBOS epitope in patients newly 
diagnosed for type 1 diabetes has not been confirmed in all stud
ies (82-84). 

DIETARY MODULATION OF CYTOKINE PROFILES 
Dietary antigens may influence the cytokines synthesized by T 
cells with specificities for ~-cell antigens and, thus, generate either 
diabetogenic or protective T-cell clones. Studies with BBdp rats 
demonstrate that cytokine profiles in islets can be modulated by 
diet (69). BBdp rats fed a diabetogenic cereal-based diet exhibited 
high IFN-y and low IL-lO and T-cell growth factor (TGF)-~ 
mRNA expression within islets, characteristic of a Thl-cell cytok
ine profile, whereas BBdp rats fed a protective hydrolyzed casein
based diet exhibited low IFN-yand high TGF-~ expression, char
acteristic of a Th2-cell-mediated response (69). Oral administra
tion of insulin to 6-wk-old female NOD mice has been associated 
with the generation of IL-4-secreting regulatory Th2 cells and 
diabetes prevention (85). 

DIETARY MODULATION OF (3-CELL GROWTH AND 
FUNCTION In regard to possible direct effects of diet on ~
cell functions, there is evidence indicating that the degree of 
metabolic stimulation exerted on ~ cells by diet may alter ~-cell 
antigenicity. For example, treatment of BBdp rats early in life 
with agents that directly affect ~-cell activity, such as insulin or 
glucose, decrease diabetes incidence (86,87). The protective effect 
observed with prophylactic insulin in BBdp rats and NOD mice 



306 PART IV / CLINICAL ISSUES 

has lead to the "~-cell rest" hypothesis, which states that insulin 
therapy induces a "quiescent" functional state in the ~-cell charac
terized by a reduced expression of cellular autoantigens (88-90). 
This phenomenon may also be evoked relative to the metabolic 
demands exerted by specific diets. 

A more direct effect of diet on pancreatic pathology is demon
strated by decreases in total islet mass provoked by diabetogenic 
diets. Total islet area was lower in NIH-07-fed BBdp rats than in 
hydrolyzed casein-fed rats prior to insulitis onset (19,69). That 
this diet-islet interaction occurs before classic insulitis likely indi
cates a direct effect of diet on islet growth that is independent of 
the presence of autoreactive immune cells. 

Another indication of possible direct effects of diet on islet 
pathology is the modulation of MHC class I expression observed 
in BBdp rat islets. At 5 d of age, islet MHC class I expression 
was similar in cereal-fed BBdp rats and hydrolyzed casein-fed 
rats (91). However, beginning at 25 d of age, islet MHC class I 
expression was significantly elevated in cereal-fed BBdp rats but 
not in hydrolyzed casein-fed BBdp rats (91). Upregulation oflocal 
MHC class I expression reached a plateau by 50 d of age when 
the number of normal islets began to decline (91). Enhanced MHC 
class I expression in cereal-fed BBdp rats apparently occurred 
independent oflymphocytic infiltration, as administration of silica, 
an agent known to deplete macrophages and halt insulitis, did 
not abrogate enhanced MHC class I expression (91,92). Dietary 
modulation of islet MHC expression would likely lead to local 
infiltration of reactive leukocytes. Because MHC class I cell
surface expression is generally dependent on the inclusion of 
peptide antigens (93), ~-cell "self' proteins would presumably be 
the only source of class I peptides in noninfected animals respond
ing to diabetogens in cereal-based diets. 

ANTIGEN SAMPLING BY THE INTESTINE The first step 
in the induction of a mucosal immune response is the regulated 
transport of antigens across the epithelial barrier (Fig. 2). Con
trolled uptake of macromolecules enables the mucosal immune 
system to sample antigens present in the gut lumen. The primary 
physiologic route of antigen sampling is through specialized epi
thelial cells that line the Peyer's patches, the membranous epithe
lial cells (M cells; Fig. 2; ref. 94). This process mediates the 
production of secretory IgA, the predominant component of adap
tive immunity at mucosal surfaces (95). 

Intestinal enterocytes are also able to take up and transport 
antigens by endocytosis and vesicular trafficking (96); however, 
neither the functional role of this process nor the molecules 
involved are well defined. Although considerable evidence indi
cates that intestinal epithelial cells are capable of presenting anti
gens in the context of MHC class I or class II molecules, it is not 
clear if or how endocytosis contributes to the process (97,98). 
Likewise, the functional consequences of epithelial antigen pre
sentation are poorly understood (97,98). 

Under normal conditions, nonimmune and immune factors limit 
nonspecific transport of antigens across the epithelium (Fig. 2). 
Intestinal enterocytes, for example, are sealed by tight junctions 
that normally exclude antigenic molecules (Fig. 2). The pore size 
at tight junctions has been estimated to be approximately 5 nm, 
allowing passage of small peptides while preventing the passage 
of large macromolecules (99). Under pathologic conditions such 
as infection and acute inflammation, tight junctions could open 
sufficiently to allow the passage of luminal antigens (100,101). 

The state of functional maturity also appears to affect the degree 
of both intracellular and intercellular antigen transport through 
the epithelium (96,102). For example, nonspecific transport of 
horseradish peroxidase through vesicular compartments of entero
cytes, and ovalbumin through tight junctions have been observed 
(96). The efficacy of nonimmune factors limiting epithelial antigen 
transfer, including gastric acidity, proteolytic digestion, mucus 
secretion, and peristalsis, is also subject to the state of intestinal 
development (96,102). Nonspecific transport of luminal antigens 
either through epithelial cells or between tight junctions would 
expose these antigens to antigen-presenting cells in the lamina 
propria and thereby potentially elicit humoral or cellular immune 
responses (Fig. 2). Further characterization of antigenic transport 
in the developing intestine may warrant particular attention relative 
to the generation or breakdown of intestinal tolerance, prior to 
diabetes development. 

A finite window of susceptibility early in life is characteristic 
of autoimmune diabetes in humans and in animal models of disease 
(18,19,103,104). Similarly, food-related intestinal diseases appear 
more common during early developmental periods. For example, 
food protein enteropathy is a disease of infancy and childhood in 
which a hypersensitivity reaction to food proteins produces vary
ing degrees of damage to the intestinal mucosa, resulting in muco
sal dysfunction (105,106). Cow's milk enteropathy early in infancy 
is one of the best examples of food protein enteropathy (105). 
Milk protein enteropathy usually resolves with increasing age, 
indicating that immaturity of the intestine could have an important 
role in this disease. It has been suggested that macromolecules 
present in cow's milk may be more adherent to the surface of 
immature epithelial cells than to mature cells, thus facilitating 
their uptake in infants (107). Other immune-related enteropathies 
such as celiac disease, allergic enteropathy, and autoimmune enter
opathy are also characterized by the presence of immature epithe
lia (108). 

TRAFFICKING OF lYMPHOCYTES IN GUT AND PAN
CREAS Lymph, containing activated intestinal immune cells, 
flows through lymphatic vessels toward the mesenteric lymph 
nodes for further division and differentiation (95). Lymphatics 
from the upper gastrointestinal tract are intimately connected with 
pancreatic lymphatics (Fig. 3; ref. 109). Some of the duodenal 
lymphatic channels pass through the pancreas and are indistin
guishable from the lymph vessels of the pancreas itself (109). 
This contiguous arrangement could facilitate the mixture of intesti
nal and pancreatic lymph, thereby providing immune cells com
mon exposure to inductive microenvironments, perhaps leading 
to common phenotypes. Related to this possibility, a human "dia
betogenic" T-cell line from the pancreas bound specifically to 
both pancreatic and intestinal mucosal endothelium (110). Further 
studies demonstrated induction of mucosal vascular addressin 
(MadCAM-I) and peripheral vascular addressin (PNAd) on ves
sels in inflamed islets of NOD mice, and accumulation within 
islets of lymphocytes expressing the a4~7 mucosal and L-selectin 
homing receptors (Ill). Those observations point to the possibility 
that vascular addressins and lymphocyte homing receptors, which 
are normally involved in lymphocyte trafficking to mucosal sur
faces, may also mediate the infiltration of leukocytes into pancre
atic islets (110,111). 

The anatomical proximity and shared lymphatic systems of the 
intestine and pancreas could facilitate intestinal modulation of 
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Fig. 2. Routes of antigen translocation through the small intestinal epithelium. Antigen uptake is normally limited by immune and nonimmune 
factors present in the gut lumen and by the distinct anatomical structure of the intestinal epithelium. Selective antigen sampling is carried out 
by membranous epithelial cells (M cells) covering the Peyer's patches. M cells are in close contact with immune cells like macrophages (M<I» 
present in the Peyer's patches. Abnormal nonspecific antigen uptake during inflammation or intestinal immaturity can also occur through 
enterocytes and tight junctions. 

insulitic cytokine profiles. For example, the characteristic insulitic 
Thl cytokine profile observed in the BBdp rat can be shifted 
toward a Th2 cytokine profile by the oral administration of lipo
polysaccharide (LPS) or an endotoxin-free glycoprotein prepara
tion from Escherichia coli (112). A similar, but less pronounced 
shift in cytokine secretion was observed with parenteral bacterial 
vaccines such as diphtheria toxoid or tuberculosis, indicating that 
mucosal-induced modulation of autoreactive immune cells was 
greater than the modulation induced by the parenteral route (112). 
Systematic studies addressing the physiology and the molecular 
and cellular biology of lymphocyte trafficking in the gut and 
pancreas are needed, specifically as affected by diet and intesti
nal antigens. 

ORAL TOLERANCE Distinguishing harmful and innocuous 
external agents is a critical function of the intestinal immune 
system. This function is particularly important early in life when 
antigenically complex foods begin to challenge the intestinal 
immune system. Animal studies indicate that humoral- or cell
mediated immune unresponsiveness can be induced by enteral 

administration of antigens (113). For example, feeding of myelin 
basic protein (MBP) to an inbred rat model of experimental auto
immune encephalomyelitis generated regulatory T cells that were 
able to suppress autoimmune responses in the brain (114). Simi
larly, oral administration of insulin to NOD mice suppressed diabe
tes (85,115). Oral administration of insulin has been associated 
with the generation of regulatory T cells that migrate to the pan
creas and pancreatic lymph nodes where they secrete IL-4, leading 
to the suppression of autoreactive Thl cells (85). Further, it has 
been suggested that the enhanced cell-mediated immune response 
to ~-lactoglobulin present in newly diagnosed type I diabetes 
patients is the result of a generalized failure to develop tolerance 
to dietary antigens (116). Whether tolerance or immune respon
siveness develops in response to particular intestinal antigens 
depends on several variables, including animal type, age at feeding, 
amount of antigen fed, frequency of feeding, and the presence or 
absence of adjuvants (113,117). Several recent review articles 
provide thorough discussions of the important topic of oral toler
ance (118-120), another area of research that needs to be expanded 



308 PART IV / CLINICAL ISSUES 

\ .-
V'" 

Celiac 

Duodenal 
lymphatics 

Mesenteric 
nodes 

Stomach 

Pancreatico-duodenal 
anastomoses 

reas 

Fig. 3. Lymphatic drainage of the upper gastrointestinal tract and pancreas. Duodenal lymphatics and those from the pancreas are intimately 
related forming frequent anastomoses (94). This proximity facilitates the flow of lymphocytes from the lamina propria in the intestine to the 
pancreas and vice versa. 

to better understand the relationship between diet and type 1 dia
betes. 

SUMMARY 
The realization that diet might modulate type 1 diabetes onset or 
disease progression generates promise for novel approaches to the 
prevention or treatment of this disease. However, the identification 
of diabetogenic foods has proven difficult and the topic is contro
versial. Although certain diabetogenic plant-derived components 
have been identified in rodent models of autoimmune diabetes, 
the role of specific dietary antigens as modulators of type 1 diabetes 
in humans is less clear. Several issues associated with feeding 
patterns and precocious exposure to oral antigens must be consid
ered when assessing the role of diet in the development of tolerance 
in infants at risk for type I diabetes. For example, early cessation 
of breast-feeding simultaneously removes breast milk bioactive 
factors critical for normal intestinal maturation-both morpho
logic growth and immunologic development-and introduces 
novel antigens present in breast milk substitutes such as cow's 
milk. Immature epithelial barrier function may allow abnormal 
translocation of luminal antigens, including dietary proteins or 
peptides, and result in the generation of autoreactive lymphocytes 
that target pancreatic ~ cells expressing self proteins with cross
reactive epitopes. Further studies are clearly needed to identify 
and characterize potential food diabetogens. In addition, with gut-

associated lymphoid tissue harboring the cells that primarily 
respond to and mediate the effects of diabetogenic foods, it is 
necessary to experimentally determine how the mucosal immune 
system may contribute to onset or progression of autoimmune dia
betes. 
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INTRODUCTION 
Diet therapy for autoimmune diseases generally has been consid
ered quackery; yet an overwhelming number of patients, namely 
those suffering from autoimmune rheumatic diseases, spend nearly 
one billion dollars annually on this and related unconventional 
therapies (1). Food and drink have had enormous psychological 
and even ritualistic importance in virtually all cultures. For no 
other reason, the potential role of specific foods and dietary thera
pies has swung in and out of medical fashion for centuries. 
Although in the past few years, an increasing number of well
conducted studies emerged reporting favorable results using 
dietary manipulation in animal models of autoimmune disorders, 
the grounds for its clinical application are still being paved. Nota
bly, as its potential benefits are currently being investigated, the 
unrestrained use of dietary manipulation in a clinical setting is 
not invariably harmless. Following folk-belief, many patients will 
tum to fad diets when faced with chronic and long-term diseases. 
Besides substantial economic hardship, many of them may develop 
or aggravate nutritional deficiencies by limiting food intake to 
what is regarded as a "miracle food." It is therefore time for 
the combined efforts of the scientific community-such as the 
establishment of the National Institutes of Health Office of Alter
native Medicine-to objectively investigate these issues, pursuing 
ways to expand available health care resources while protecting 
our patients from unnecessary hazards. Herein, available evidence 
demonstrating the modulatory effects of diet in the natural history 
of selected autoimmune disorders is discussed. 

SPECIFIC NUTRIENTS AND THEIR 
RELATIONSHIP TO AUTOIMMUNE DISEASES 
TRACE MINERALS 

Iron It is generally accepted that iron deficiency is the most 
common nutritional insufficiency in the world, for which iron 
deficiency anemia is one of the most prevalent presentations. 
Anemia is a frequent finding in patients with chronic inflammatory 
autoimmune diseases and may arise from different mechanisms. 

From: Nutrition and Immunology: Principles and Practice (ME 
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Although autoimmune mediated hemolysis might be the cardinal 
factor in some patients with systemic lupus erythematosus (SLE), 
shortened erythrocyte survival accounts for most cases of the 
usually mild anemia seen in patients with rheumatoid arthritis 
(RA). The latter, usually defined as anemia of chronic disease 
(ACD), has abnormalities of iron handling, but the anemia is 
usually not one characteristic of iron deficiency. Although also 
marked by decreased serum iron and total iron-binding capacity, 
unlike true iron deficiency states, iron stores are normal or even 
increased. Studies have also disclosed that a cytokine-mediated 
failure of the bone marrow to increase red blood cell production 
in response to erythropoietin, associated with an impaired release 
of iron from the reticuloendothelial system, are the most likely 
underlining mechanisms (2). Less commonly, true iron deficiency 
anemia resulting from poor dietary intake or gastrointestinal blood 
loss secondary to medication might occur in such patients. Distin
guishing a true iron deficiency anemia from ACD has important 
therapeutic implications because the latter only seldom improves 
by iron administration alone. Likewise, erythropoietin can correct 
anemia in A CD but cannot overcome the anemia of iron deficiency. 
The more reliable ways of demonstrating iron deficiency in 
patients with chronic inflammatory diseases, such as RA, include 
showing the absence of stainable iron in bone marrow aspirates 
and correction of the anemia following iron therapy. Serum levels 
of transferrin receptor, which are commonly increased in patients 
with iron deficiency but only rarely in patients with ACD, might 
also help to distinguish between ACD and iron-deficiency anemia 
and to identify iron deficiency in subjects with chronic inflam
mation. 
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Numerous investigators have observed the deposition of large 
amounts of iron in the synovial tissue of patients with RA and 
have associated them with the occurrence of persistent joint 
inflammation (3,4). It has been hypothesized that excessive iron 
deposits may catalyze the formation of reactive oxygen species 
and, therefore, contribute to inflammation and tissue i~ury in RA 
(5). The body of evidence to support this contention includes 
the following: 

1. Intravenous infusion of iron has been shown to produce 
synovitis in murine models (6) and to precipitate flares of 
joint inflammation, with evidence of oxygen free-radical 
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reaction products in serum and synovial fluid, in patients 
with RA (7,8). 

2. Degradation of hyaluronate in RA synovial tissue can be 
completely inhibited by iron chelators (9). 

3. Proliferation of fibroblasts, a major finding in rheumatoid 
synovial tissue, appears to be mediated by cytokines pro
duced by infiltrating immune cells (10). It has been shown 
that ferric nitrilotriacetate increased the production of col
lagenase and prostaglandin (PG) E2, as well as the number 
of rabbit synovial fibroblasts in vitro (11). 

4. Iron stimulates in vitro DNA synthesis by synovial cells 
and exerts an additive effect on the activity of human 
cytokines (interleukin-l~ [IL-I~], IL-7, tumor necrosis 
factor-a [TNF-a], interferon-y [IFN-y]) for RA synovial 
cell proliferation (12). 

5. Suppression of fibroblasts growth parallels increased syn
thesis of PGE2 and is reversed by the addition of inhibitors 
of PGE2 synthesis (13). PG endoperoxide synthetase is an 
iron-dependent enzyme critical for the generation of PG 
species (14). As PGE2 is an endogenous mediator ofIL-l 
production, it is conceivable that impaired PG production 
secondary to iron deficiency could also affect the produc
tion of this cytokine. 

Altogether, these studies provide compelling evidence that exces
sive quantities of iron in the synovium may play a role in the 
pathogenesis of RA. 

Zinc Zinc is an essential cofactor in approximately 200 
enzymes that are known to participate in many metabolic pro
cesses, including synthesis and degradation of carbohydrates, pro
tein, lipids, and nucleic acids. This element has also been shown 
to play an important role in antioxidant protection and immunity. 

Plasma zinc levels were found to be reduced in patients with 
many chronic inflammatory autoimmune diseases, including RA 
(15). The modifications in zinc status produced by inflammatory 
processes, however, appear to be different from the one observed 
in zinc-deficient subjects, like those with alcoholic cirrhosis, diabe
tes, or renal insufficiency. Recent data point toward to the occur
rence of a redistribution of this element within the body compart
ments, characterized by a decrease in plasma zinc concentrations, 
and an increase in zinc concentrations in mononuclear leukocytes, 
urine, and synovial fluid (15). These modifications significantly 
correlate to the degree of inflammation, and the zinc status in 
patients with chronic inflammatory diseases is rather insensitive to 
zinc nutritional intake. Because of its pharmacological proprieties, 
zinc administration has also been proposed for the treatment of 
immune and inflammatory disorders. The use of supplementation 
in these instances is based on the assumption that there is at least 
a functional deficiency of zinc in these diseases. 

The clinical effects of zinc supplementation in RA were first 
examined by Simkin in 1976 (16). This author reported clinical 
improvement in patients suffering from chronic refractory RA by 
using 660 mg/d of zinc sulfate. These results, however, could not 
be confirmed by several subsequent trials (15,17-19). Noteworthy, 
the fad of zinc supplementation has proved not to be exempt from 
side effects. Significant impairment of lymphocyte and neutrophil 
functions (20) and a potentially harmful increase of the low- to 
high-density lipoprotein (LDLIHDL) ratio (21) have been 
described in healthy adults under excessive intake of zinc (~150 
mg/d, a lO-fold excess of the recommended dietary allowance). 

Copper Copper is an essential nutrient for a large number 
of critical metabolic and immunologic functions. Most free copper 
is rapidly complexed in the plasma to ceruloplasmin, an acute
phase reactant that increases nonspecifically in response to 
inflammation. Copper, along with zinc, is also a constituent in 
cytoplasmic superoxide dismutase (SOD). Both ceruloplasmin and 
SOD possess antioxidant proprieties and have been shown to play 
an essential protective role against the free-radical-mediated tissue 
damage observed in inflammatory states (22). In this context, it 
is interesting to note that copper bracelets were used by the ancient 
Greeks to relieve aches and pains and, for the present, as a folk 
remedy for RA. Although uncontrolled observations account for 
mild improvement in some of these patients, many side effects 
have been reported and it is unlikely that copper compounds would 
play any relevant role in RA therapy (23). Elevated copper levels 
have been observed in both serum and synovial fluid in patients 
with RA, with most studies showing a positive correlation with 
disease activity (24,25). Normalization of levels along with acute
phase reactants have also been reported following pharmacological 
control of disease (25). Hence, data thus far indicate that increased 
serum copper values in patients with RA are most likely to be 
determined by the activity and extent of the inflammatory process, 
rather than by dietary factors. 

Selenium Selenium is involved in several important biologi
cal pathways relevant to autoimmune diseases. In RA, for instance, 
part of the destructive process that takes place in the inflamed 
joint space is related to neutrophil activation and, consequently, 
pathological generation of oxygen-derived free radicals. A protec
tive role of selenium against pathology characterized by free
radical injury has been reported. This property is attributed to 
its involvement in the enzyme glutathione peroxidase (GSH-Px), 
which is active in the detoxification of damaging oxygen deriva
tives, and reduction oflipid hydroperoxides in cellular membranes 
(26). Selenium also participates in several steps of both the cyclox
ygenase and lipoxygenase pathways of the arachidonic acid cas
cade; GSH-Px contributes in the reduction of PGG2, enhancing 
the production of comparatively less potent inflammatory media
tors such as prostacyclin and tromboxane A2 (27). In platelets 
and, perhaps in polymorphonuclear (PMN) leukocytes, GSH-Px 
mediates the conversion of 12-hydroperoxyeicosatetraenoic acid 
(l2-HPETE) to the inactive metabolite 12-hydroeicosatetraenoic 
acid (l2-HETE) (28). 

Immunomodulatory proprieties of selenium have been reported 
on both humoral and cell-mediated responses. In animal models, 
selenium deficiency has been shown to reduce the ability of T 
and B cells to proliferate in response to stimulation with various 
rnitogens and antigens, whereas selenium supplementation 
increases these responses (29). Accordingly, in vivo studies in 
humans demonstrated enhancement of cell-mediated immune 
response by selenium supplementation in elderly subjects and in 
patients requiring total parenteral nutrition (30,31). 

The antiinflammatory and immunomodulatory proprieties of 
selenium prompted studies in RA, juvenile RA, psoriatic arthritis, 
and SLE. Most selenium-supplementation trials, however (usually 
using organic selenium compounds), failed to demonstrate any 
significant improvement in any of these diseases, even when their 
deficient selenium status was corrected (32,33). Interestingly, 
although selenium supplementation (250 Ilg/d) significantly 
increases selenium concentration in serum and red blood cells of 
both RA and control subjects (32,33), it does not increase selenium 



CHAPTER 26/ NUTRITIONAL MODULATION OF AUTOIMMUNE DISEASES 315 

levels in PMN leukocytes from patients with RA, as it does in 
PMN from control subjects (34). Moreover, although selenium 
supplementation has been shown to substantially increase GSH
Px activity in serum, red blood cells, and platelets from RA 
patients, in PMN leukocytes the increase was not sufficient to 
reach the levels of controls (26). Given the important role of PMN 
leukocytes in the inflammatory process observed in RA, these 
findings are in consonance with the lack of beneficial effect of 
selenium supplementation in controlled studies among patients 
with RA. 

VITAMINS 
Vitamin C (Ascorbic Acid) Ascorbic acid is essential for the 

synthesis of collagen, the main extracellular protein of connective 
tissue. Its deficiency, such as seen in patients with scurvy, accounts 
for inadequate synthesis of collagen and consequent impairment 
of wound healing and capillary fragility. Scurvy lesions in the 
skin can, at times, mimic those seen in autoimmune-mediated 
cutaneous vasculitis, highlighting the importance of a proper dif
ferential diagnostic (35). Decreased synthesis of collagen, how
ever, is not a key feature in any of the autoimmune diseases. 

Low levels of ascorbic acid, in plasma, blood cells, and synovial 
fluid have been described in patients with RA, irrespective to drug 
therapy. In the 1 940s, vitamin C was used to treat RA; nevertheless, 
no effects were seen on the clinical course of RA or on laboratory 
parameters of inflammation when large vitamin C supplements 
were given to normalize its serum levels (36). Therefore, there is 
no evidence to support this form of therapy in patients with RA. 

Vitamin 86 (Pyridoxine) Low vitamin B6levels in the circu
lation is a well-described metabolic abnormality in patients with 
RA (37). Low plasma levels of pyridoxal-5 f -phosphate (PLP), the 
metabolically active form of B6, has also been described in these 
patients (38) and appear to be related to the degree of inflammation 
and the levels of inflammatory cytokines, such as TNF-a (37). 
Given its role as a cofactor in numerous enzymatic reactions, an 
altered availability of B6 has been hypothesized to have an impor
tant effect on the balance of protein synthesis and degradation. 
Low levels of vitamin B6 have also been postulated to impair the 
immune response (39). 

Reduction in muscle mass, the main storage compartment for 
PLP, is well known to occur in RA (40) and animal data suggest 
that the PLP level in plasma is a good reflection of the PLP in 
the muscle. Nevertheless, there are not conclusive data on whether 
lower plasma levels of B6 and PLP truly reflect cellular deficiency. 
Vitamin B6 administration in patients with RA, including those with 
low serum levels ofPLP, failed to show any clinical improvement 
in disease (38). Today, there is little reason to suspect that vitamin 
B6 might be of any help in the treatment of RA or other autoimmune 
disease, especially in the light of potential toxicity (41). 

Vitamin E In addition to the damage mediated on cartilage 
and other joint components, oxygen-derived species can also cause 
peroxidation of cell membrane lipids. Vitamin E (a-tocopherol) 
is the major lipid-soluble antioxidant found in the sera and within 
the cells. By donating its phenolic hydrogen atom to peroxyl 
radicals and converting it to a hydroxiperoxide, a-tocopherol may 
terminate the chain reaction of free-radical damage to the cell 
membrane. By virtue of this property, vitamin E is critical for the 
proper function of the immune system. Although peroxidative 
damage has been associated with the loss of certain T -cell-receptor 
activities (42), human lymphocytes have been shown to be pro
tected from lipid peroxidation when cultured with vitamin E (43). 

Data from studies assessing the plasma levels of vitamin E in 
patients with RA are not uniform. Some studies found a normal 
baseline (44,45), whereas others reported significantly lower levels 
(46,47) when compared to normal individuals. Significantly, lower 
concentrations of a-tocopherol in the synovial fluid, relative to 
those of paired serum samples, have been observed in patients 
with RA (45,48). In one study, multiple-regression analysis indi
cated that the depletion of a-tocopherol was largely independent 
of the concomitant lower concentrations of cholesterol, triacyl
glycerol, and low-density lipoprotein in the inflamed joint (48). 
At least in vitro, the antioxidant activity of vitamin E is regenerated 
by electron donation from vitamin C (49). Because vitamin C 
levels are low in RA joint fluid, it has been hypothesized that this 
is caused by local consumption of a-tocopherol. Nonetheless, the 
question on whether low levels of a-tocopherol in the synovium 
contributes to oxidative damage of the joint or are an indirect 
marker of the local oxidative stress remains to be properly 
addressed. 

Fish oil preparations utilized in clinical trials of RA (discussed 
later in this chapter) are enriched in a-tocopherol, which prevents 
the peroxidation of its polyunsaturated fatty acids (PUFA). 
Because the degree of unsaturation of the cell membrane increases 
the risk for lipid peroxidation and generation of toxic-free radicals, 
the a-tocopherol requirement depends on the amount of PUF A 
consumed. Data from several studies, however, demonstrate that 
despite the substantial increase in the consumption of fish oil 
PUFA, the amount of a-tocopherol added to fish oil capsules is 
usually sufficient to prevent deficiencies in cellular and plasma 
levels of vitamin E (44,49, 50). The clinical beneficial effects of 
dietary fish oil supplementation in RA does not depend on the 
antioxidizing properties of the low dose of a-tocopherol (10.3-
12.9 mg daily) in fish oil capsules (44,50). In fact, aside from 
subjective parameters, no significant clinical improvement could 
be observed even when patients with RA were supplemented with 
1200 mg of a-tocopherol a day (51). 

It has been recently postulated that excessive production of 
free radicals may also play a role in the pathogenesis of 
autoimmune-mediated systemic sclerosis (SSc) (52). Oxidized 
low-density lipoproteins (LDL) is highly immunogenic and can 
(1) activate T lymphocytes, (2) increase the release of IL-II3, 
(3) enhance the proliferation of smooth-muscle cells by enlarg
ing the expression of platelet-derived growth factor by these 
cells, and (4) induce the expression of genes for cellular adhesion 
molecules in endothelial cells [216]. Alpha-tocopherol is the 
main antioxidant of normal LDL. In one study, LDL from 
patients with SSc were shown to be more susceptible to oxidation 
than those from healthy control subjects (53). This difference, 
however, could not be attributed to the a-tocopherol content of 
LDL. In accordance to previous studies, the endogenous concen
tration of a-tocopherol was not reduced in the plasma of SSc 
patients (54). 

HISTIDINE Several studies have demonstrated a selective 
low level of serum histidine in the serum of patients with RA 
when compared with normal subjects (55). The extent of reduction 
of histidine levels has been shown to correlate with the degree of 
disease activity as assessed by clinical and laboratory parameters. 
Available in health food stores, L-histidine has empirically been 
used to treat patients with RA. Placebo-controlled trials, however, 
failed to demonstrate any convincing benefits of a dietary supple
ment of L-histidine in RA (56). 
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FOOD CONSTITUENTS: DO THEY TRIGGER 
OR IMPROVE AUTOIMMUNE DISEASES? 
Diet has been hypothesized to affect selected autoimmune diseases 
by two possible mechanisms that are not mutually exclusive (57). 
First, food-related antigens might induce hypersensitivity 
responses leading to autoimmune-related symptoms. Second, 
nutritional factors might alter inflammatory and immune responses 
and, consequently, modulate the course of selected autoimmune 
diseases. 

FOOD HYPERSENSITIVITY The belief that food-related 
antigens might provoke hypersensitivity responses leading to auto
immune-disease-related symptoms is not a recent one (58). This 
thesis has gained some support from sporadic but convincing case 
reports of the reproducible onset of a selected rheumatic syndrome 
shortly after ingestion of certain aliments. 

For a response to food to be linked plausibly to a hypersensitiv
ity reaction, food antigens would have to cross the gastrointestinal 
barrier and circulate in antigenic form until recognized by effector 
or intermediary cells in the immune system. Although large mole
cules with antigenic proprieties are known to have very limited 
access to the circulation, some food antigens do cross the gastroin
testinal barrier and circulate not only as food antigens but also as 
immune complexes. The M cell, a specialized epithelial cell that 
covers the intestinal lymphoid tissue, being free from glycocalyx, 
is in direct contact with the intestinal contents. These cells, by 
active pinocytosis, randomly pick up foreign antigenic material 
from the intestinal lumen and present it to macrophages and lym
phocytes beneath them (59). Antigenic molecules may also suc
ceed in passing through the intestinal mucosa in a less controlled 
manner through gaps in the epithelium caused by allergic, infec
tious, or toxic processes. Noteworthy, nonsteroidal anti-inflamma
tory drugs (NSAIDs), largely used for symptomatic management 
of pain, might lead to a loss of intestinal integrity, thus facilitating 
food-antigen absorption. Because no reliable laboratory test is 
available, the diagnosis of food hypersensitivity still rests mostly 
on clinical grounds. A particular food antigen is believed to be 
the cause of arthritis or other autoimmune-related symptom if a 
double-blinded oral provocation results in a flare up of the clinical 
symptom within 48 h of the challenge. In this chapter, food hyper
sensitivity is used as an umbrella term for adverse reactions to food. 

Food Hypersensitivity Associated with Inflammatory 
Arthritis Several clinic observations suggest an association 
between food intake and inflammatory (rheumatoid or rheumatoid
like) arthritis. Most of these studies, however, lack a rigorous 
control and, for that reason, definitive conclusions cannot be drawn 
from them. In the few adequately controlled studies available, 
only a minority of patients with alleged food-induced rheumatic 
symptoms could be confirmed. In a series of 16 patients who 
claimed to have food-related arthritis, only 3 convincingly demon
strated objective symptoms following a double-blinded, encapsu
lated food challenge (60). In one patient, the particular symptoms 
triggered by ingestion of milk or dairy products were accompanied 
by increased levels of IgG4 anti-a-Iactalbumin, and delayed skin 
and cellular reactivity to milk. The other two patients had their 
symptoms triggered by ingestion of shrimp and exposure to 
nitrates, respectively. All three patients had nonerosive, rheuma
toid factor negative disease. The exact prevalence of this syndrome 
is largely unknown. It is possible that many of these cases are 
llnnprrpnortpn in th<Jt n<Jtipnt~ mllV not nere~~llrilv he llWllre of 

possible sensitivities to commonly ingested foods in the diet. The 
small number of documented cases in the literature, however, 
suggests that the syndrome is probably rare. 

Food Hypersensitivity Associated with Systemic Lupus Ery
thematosus In the late 1970s, alfalfa meal was shown to signifi
cantly reduce plasma cholesterol levels and induce regression of 
atherosclerotic lesions in cholesterol-fed monkeys and rabbits. 
Subsequent studies indicated that ingestion of alfalfa seeds was 
also associated with reduction in plasma cholesterol in humans. 
In one study, however, after a prolonged ingestion of alfalfa seeds, 
one human volunteer developed clinical and serologic features of 
SLE (61). Following the cessation of the dietary supplement of 
alfalfa seeds, these abnormalities reverted to normal. Because 
alfalfa sprouts had become an increasingly popular diet constituent 
in humans, further studies were undertaken to investigate potential 
side effects of their ingestion, in particular the induction of autoim
munity. These studies confirmed the effect of alfalfa in triggering 
an SLE-like syndrome in normal monkeys fed with alfalfa seeds 
and in reactivating disease in susceptible animals (62). Isolated 
reports also suggest a similar role of alfalfa in inducing or reactivat
ing human SLE. A nonprotein amino acid, L-canavanine, has been 
proposed as the alfalfa component for the triggering SLE-like 
syndrome. Canavanine is the principal free amino acid of a number 
oflegumes such as clover and alfalfa, and it has also been reported 
to be a constituent of several food crops, including onions and 
soybeans. Interestingly, most of the toxic proprieties of L-canava
nine appear to be destroyed by heating or cooking, which might 
explain why humans have not been affected more adversely by 
its toxicity (63). Altered synthesis of messenger RNA and resultant 
altered protein transcription have been hypothesized as the mecha
nisms by which L-canavanine induces the generation of autoanti
bodies (63). Nevertheless, the exact pathogenic mechanism by 
which L-canavanine induces or exacerbates SLE is yet to be eluci
dated; it is also conceivable that the available data may be nothing 
more than an epiphenomenon. 

Food Hypersensitivity Associated with Other Autoimmune 
Diseases Walnut extracts have been shown to conspicuously 
exacerbate Beh~et's syndrome within 48 h of its ingestion (64). 
In ex vivo studies, lymphocytes from these patients exhibited 
significantly decreased reactivity to both walnut extract and Can
dida antigens, which were associated with an increase in frequency 
and severity of their symptoms. Although it has been suggested 
that this transient suppression of lymphocyte reactivity may be 
responsible for the deleterious effects on the course of the disease, 
the mechanism by which English walnuts induce exacerbation of 
Beh~et's syndrome remains unknown. Hypersensitivity to differ
ent foods has been hypothesized to be the cause of at least some 
cases of palindromic rheumatism and, in one instance, has been 
documented to occur secondary to sodium nitrate present in food 
preservatives (65). Very seldom, mostly through anecdotal reports, 
food hypersensitivity has been also implicated as a cause of vascu
litis. In 1929, Alexander and Eyermann reported six cases of 
Henoch-Shoenlein purpura, which improved when certain foods 
were excluded and recurred when those foods were reintroduced 
(66). Clearly, much more data are needed to prove these assertions. 

Eosinophilia-Myalgia Syndrome L-Tryptophan (LT) is an 
essential amino acid found in meats, dairy products, and some 
vegetable protein sources. Marketed as an over-the-counter food 
supplement in the United States since 1974, this preparation 
llrhieverl increasin!J nonlllaritv amon!J health nrofessionals and 
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nutrition enthusiasts as a natural remedy for depression, insomnia, 
and premenstrual symptoms. However, the clinical data that sup
port its use are scant and, at times, conflicting. In fall 1989, an 
outbreak of eosinophilia and severe myalgia was recognized and 
associated with the ingestion of tryptophan (67); this syndrome 
became known as eosinophilia-myalgia syndrome (EMS). Within 
6 mo after the initial description, 1511 cases (including 38 fatal 
cases) were reported to the Centers for Disease Control and Pre
vention (CDC). Intensive epidemiological investigation estab
lished that all traceable EMS cases were linked to the ingestion of 
adulterated LT produced by a single manufacturer. From chemical 
analysis of the implicated LT, it is likely that identified contami
nants such as 1,1'-ethylidenebis (tryptophan) playa role in the 
pathogenesis of EMS, although the mechanism of action remains 
unclear (68). 

In the acute phase, most patients present with features common 
to autoimmune disorders, particularly SSc; they include debilitat
ing myalgia, severe fatigue, arthralgia, sclerodermalike skin 
changes, pulmonary infiltrates with cough, or dyspnea. Several 
therapeutic interventions, including the use of corticosteroids, ami
triptyline, acetaminophen, methotrexate, cyclosporine, colchicine, 
and plasmapheresis, have been used with variable results. Overall, 
although improvement of most of the symptoms has been reported 
in more than 60% of the patients 2 yr after the onset of the 
syndrome, a significant number of patients continue to have symp
toms of moderate to extreme severity (69). 

DIETARY THERAPY Although a few autoimmune diseases 
are believed to be primarily caused by a B-cell dysfunction, most 
destructive organ-specific autoimmune diseases are probably initi
ated by Th-l cells. The cytokines produced by them activate 
macrophages and stimulate the production of complement-fixing 
antibodies, actions that can mediate inflammation and tissue injury. 
Because Th-2 cells produce anti-inflammatory cytokines that 
inhibit macrophage functions and delayed-type hypersensitivity 
reactions, it has been hypothesized that such cells may function 
as natural regulators of autoimmune diseases (70). Although glu
cocorticoids and cytotoxic drugs have been important agents in 
improving the outcome and survival of patients with autoimmune 
diseases, they carry their own risk of drug-induced morbidity and 
mortality. It has also become apparent that these medications are 
not the final answer in disease management because some forms of 
autoimmune diseases have the potential to relapse or be treatment 
resistant. For these reasons, the pursuit of effective, less toxic 
therapeutic alternatives is critical. Part of such efforts relies on 
the potential use of dietary intervention as an adjuvant strategy 
to allow for lower drug doses and shorter periods of treatments. 
Diet therapy for autoimmune diseases can be divided in two 
modalities: (1) elimination therapy, which includes both removal 
of selected foods from the diet and fasting, and (2) supplementation 
therapy, in which foods are added to the diet. 

Elimination Therapy 
Animal Studies Calorie restriction (CR) is known to increase 

the life-span and diminish histological evidence of tissue damage 
in different models of autoimmune diseases. For instance, it sig
nificantly ameliorates the immune-complex-mediated glomerulo
nephritis and prolongs the life-span in the lupus prone (NZB x 
NZW)F\ (BIW) mice (71). Recently, an increasing number of 
studies begun to shed light on the potential mechanisms for CR 
modulating autoimmunity. Calorie restriction increases glucocor
ticoid levels in calorie-restricted mice in a circadian manner (72), 

which presumably drives an increase of IL-2R and T-cell growth 
factor (TGF-~) expression. Also, glucocorticoid receptor 
responses to stress has been shown to fall steadily with age, and 
this decline is attenuated by CR, which also maintains higher free
plasma corticosterone (CORT) during aging (73). Together with 
the observation of elevated dexamethasone (DEX)-stimulated pro
grammed cell death (PDC or apoptosis) in lymphocytes from 
calorie-restricted (or ro-3-fed) animals, these studies provide a 
new working hypothesis in which <0-3 and/or CR increases CORT 
levels and synthesis ofCORT in thymic tissue, enhancing negative 
selection of CD4-CD8- (potentially autoreactive cells) (74). 

The survival of lymphocytes is carefully regulated in order to 
maintain a dynamic balance between host defense and aggression 
toward self. The termination of a physiological immune response, 
like the deletion of autoreactive T cells during their maturation, 
is achieved by virtue of a tightly regulated PDC process. Triggered 
by a variety of external stimuli (such as crosslinking of the T
cell receptor or the fas/APO receptor), this process leads to the 
activation of catabolic intracellular enzymes, consequent degrada
tion and disintegration of the cell, and, eventually, its ingestion 
and elimination by adjacent normal cells (75). Several lines of 
evidence indicate that a defect in the ability to eliminate self
reactive T or B cells, caused by dysregulated PDC, is an important 
common denominator in autoimmune disorders. Nevertheless, the 
way toward which this disarrangement progresses is still difficult 
to be determined. From one direction, it has been shown that 
transgenic mice that constitutively express Bcl-2 (which prevents 
or delays PDC in response to a number of apoptotic stimuli) 
show clinical signs of human autoimmune disease; likewise, SLE 
patients present increased expression of Bcl-2, which parallels the 
severity of clinical symptoms (76). Converse to such indication 
of deficient apoptosis, increased expression of the soluble form 
of the fas cell-surface receptor and accelerated rate of apoptosis 
in vitro have also been associated to disease activity in human 
SE (77). In this respect, a relevant aspect placing PDC in the core 
of pathogenic interest is its possible role in the generation of 
autoantibodies. Antigenic forms of DNA have been demonstrated 
to participate in the pathogenesis of SLE by reacting with circulat
ing antibodies and, eventually, causing immune-complex-medi
ated tissue injury, such as glomerulonephritis. However, the mech
anism by which macromolecular DNA and other autoantigens 
become available in the extracellular space, and therefore accessi
ble to circulating antibodies, is not thoroughly understood. Consis
tent evidence indicates that nuclear proteins targeted in autoim
mune diseases are cleaved and released during apoptosis (78-80), 
which may thus provide the source of extracellular antigens to 
drive the immune response and, ultimately, the formation of poten
tially pathogenic immune complexes. Although this puzzling sce
nario remains to be clarified, it has been shown that a number of 
dietary manipulations can improve the course of experimental 
autoimmune disease while modulating PCD. To some extent, CR 
normalizes PDC in MRLlbp mice (which have markedly reduced 
PDC) and increases the expression of fas in calorie-restricted 
&W mice (81). The elucidation of the operating role of PDC in 
maintaining a balanced ratio between Th-l and Th-2-like T cells 
is of capital importance. illtimately, it will solidify the conceptual 
framework to implement nutrition strategies designed to produce 
both anti- and pro-inflammatory cytokines, avoiding increased 
susceptibility to infection while preventing the rise of autoim
mune disorders. 
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Human Data The utilization of different diets as a strategy 
to treat autoimmune diseases has been the subject of numerous 
studies and endless speculation in both the lay and the scientific 
literature. The role of dietary manipulations, such as the use of 
foods free of additives, preservatives, fruit, red meat, herbs, dairy 
products, and alcohol, remains controversial partially because 
existing trials are not able to provide clear-cut results (82-85). 
The impediment of such trials is that not only is compliance 
difficult to achieve, but "blinding" of the trial and placebo diets 
poses a major problem. Moreover, the trial design might be inap
propriate if the population in the study is heterogeneous and only 
a small number of patients are capable of being improved. In this 
context, studies with individual patients who have exacerbations 
of their symptoms on a sufficient number of occasions when 
exposed to the alleged offending food provides more compelling 
evidence that, in fact, selective patients might experience the 
benefits of certain dietary manipulations in which the offending 
food is excluded. In general, however, especially until method
ological impediments can be overcome, patients should be encour
aged to follow balanced and healthy diets and to avoid elimination 
diets and fad nutritional practices that can lead to, or increase, 
pre-existent nutritional deficiencies (J). 

Since ancient times, fasting has been used as part of religious 
rites and as an attempt to treat a variety of diseases. Although 
anecdotal reports that fasting can improve arthritic conditions have 
been made for several decades, it has been only in the last 15 yr 
that controlled studies have yielded results that support this claim. 
In 1979, SkOldstam et al. reported objective improvement in RA 
in 5 of 15 patients fasting for 7-10 d, whereas only 1 of 10 control 
subjects improved (86). Equivalent results were subsequently pre
sented by several other investigators (87,88). There has been evi
dence suggesting that such improvement might have been gener
ated by reduced gastrointestinal permeability to food and/or 
bacterial antigens, decreased neutrophil function, depressed lym
phocyte response to antigenic stimuli, or increased cortisol concen
trations during fasting (89-92). However, the exact mechanism 
by which fasting improves RA symptoms is yet to be fully under
stood. In a controlled trial conducted by Kjeldsen-Kragh et aI., 
7 -10 d of fasting, followed by an individually adjusted vegetarian 
diet for a year, resulted in a sustained advantage for the diet 
group (88). Nonetheless, in the vast majority of the studies, the 
antirheumatic effects obtained from fasting disappears shortly after 
eating is reinstated, irrespective of the diet that the patients return 
to, whether ordinary Western diet, lactovegetarian diet, or strict 
vegetarian diet (vegan) (86,90,93,94). Complete fasting for periods 
beyond 1 wk is considered unsafe (even for patients with no 
complicating disorders), with potential risk for protein-energy 
malnutrition and renal and cardiac complications. The absence of 
convincing evidence that sustained benefit can be achieved after 
resuming normal diets, together with the lack of any data support
ing that long-lasting antirheumatic effects can be achieved by 
repeated periods of fasting, precludes this modality of therapy 
from being recommended. 

Supplementation Therapy Among dietary supplements, the 
most extensively investigated in autoimmune diseases are the 
omega-3 (00-3) and omega-6 (00-6) polyunsaturated fatty acids. 
Recently, there has been also increasing experimental and clinical 
data supporting the use of oral feeding antigens as an attempt to 
treat autoimmune disorders. These strategies will be the focus of 

discussion in the following subsections. The use of vitamins and 
trace elements as an attempt to treat autoimmune disorders were 
discussed earlier in this chapter. 

Polyunsaturated Fatty Acids The fatty acids found in the 
cellular membranes are substrates for the production of prostaglan
din (PG) and leukotriene (LT) species fundamental for many 
biological activities, including modulation of the inflammatory 
and immune responses. Omega-3 (00-3) and omega-6 (00-6) fatty 
acids can only be originated from diet and are considered essential 
because their deficiency can result in growth retardation and death. 
It is now well established that the comparison of phospholipids 
in cellular membranes is determined by nutritional intake and that 
alterations in dietary lipids can cause major changes in the synthe
sis of lipid-derived mediators of inflammation. By far, the most 
common fatty acid constituents in the Western diet are the 00-6 
fatty acids, predominantly from terrestrial sources. This represents 
a great departure from the nutritional habits throughout most of 
human evolution, which were characterized by consumption of a 
higher percentage of polyunsaturated fat, more 00-3 fatty acids 
(derived from plants or fish oil), more fiber, and less total fat than 
the present Western diet (95). This relatively recent change in 
dietary patterns has been speculated to be an important factor on 
the development of some major chronic diseases of the industrial
ized society. Epidemiological studies, for example, have shown 
a reduced incidence of myocardial infarction, asthma, diabetes 
mellitus, and psoriasis in Greenland Eskimos compared with Euro
pean controls (96). In a recent study from the Faroe Islands, it 
was reported that RA takes a milder course in this population 
than the one seen in other Nordic countries (97). A continuously 
evolving amount of evidence suggest that these findings are, at 
least in part, attributed to a high dietary intake of marine oils 
containing 00-3 polyunsaturated fatty acids (PUFA). 

In Western societies, arachidonic acid (AA) [20 : 4, 00-6] is 
predominantly present in cellular membranes, and leads to the 
formation of the most potent PGs ("2" series: via the action 
of cyclooxygenase), and LTs ("4" series: via the action of 5-
lipoxygenase). Marine polyunsaturated 00-3 fatty acids, such as 
eicosapentaenoic acid (EPA) [20 : 5, 00-3] and docosahexaenoic 
acid (DHA) [22 : 6, 00-3], competitively inhibits the utilization 
of AA and becomes a substrate for the production of alternative 
biologically active products through the cyclooxygenase and 5-
lipoxigenase cellular metabolic pathway. As a result, an increase 
generation of PGs of the "3" series and LTs of the "5" series 
occur, both of which with considerable less pro-inflammatory 
effects than the corresponding AA metabolites. L TB5, for instance, 
which is usually undetectable in humans consuming a Western 
diet, has only approximately 10% of potency of LTB4• Platelet
activating-factor-acether (PAF-acether) generation of stimulated 
monocytes is also significantly diminished after fish oil (FO) 
ingestion (98). This is of considerable interest in the context of 
inflammation because PAF can stimulate endothelial cell genera
tion of TNF and is 1000 times more potent than histamine in 
inducing vascular permeability (99). Alteration of the cell-mem
brane composition by PUF A may also result in changes in the 
signaling pathways critical for regulation of immune responses, 
and cell adhesion. Of particular interest, eicosanoids modulate the 
immune system by either directly by stimulating target cells or 
indirectly by modulating the production of other soluble regulatory 
factors such as cytokines (l00). Normal individuals given a diet 
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enriched with fish oil have been shown to exhibit significantly 
reduced monocyte production of IL-I and, to some extent, TNF 
(101). 

Omega-3 Fatty Acids 
ANIMAL STUDIES The beneficial effects of dietary supplemen

tation with marine 0)-3 fatty acids has been demonstrated in some 
( 1 02), but not all, (103) models of chronic inflammatory autoim
mune diseases. The most striking results have been observed in 
New Zealand Black x New Zealand White FI hybrid mice 
(NZ&w), which spontaneously develop SLE-like features, such 
as hemolytic anemia, antinuclear autoantibodies, and glomerulo
nephritis. NZBIW mice fed a diet rich in EPA experience notably 
lower levels of proteinuria, significantly lower levels of antibodies 
binding native DNA, and a greatly improved rate of survival (103). 
The beneficial effect on glomerulonephritis has been observed 
even if dietary supplements are withheld until after the kidney 
disease is established (102). Importantly, FO reduction of autoim
mune disease severity in NZBIW mice does not result in the 
reduction of immune competence, at least not in terms of suscepti
bility to bacterial, yeast, or viral attack (104). 

The immune system is exquisitely sensitive to chronic changes 
in dietary micronutrient and macronutrient levels, and a correlation 
between increased life-span and maintenance of naive T cells has 
been demonstrated. Unlike naive T cells, memory T cells have 
previously been exposed to antigenic stimulation and generally 
display an immune response of greater magnitude. Relative to 
calorie-restricted animals, ad libitum feeding increases inflamma
tory cells such as macrophages, as well as memory T cells, which 
are an important source of inflammatory cytokines (e.g., IL-l, 
IL-6, TNF-a, and IL-lO) in RA and SLE. The T cell plays an 
important role in both the type and magnitude of immune response. 
Specifically, the CD4+ T cell can be functionally divided in two 
subsets: Th-l and Th-2. The Th-l cells produce IL-2 and inter
feron-y (INF-y), which enhances cell-mediated immunity, and Th-
2 cells produce IL-4, IL-5, IL-6, and IL-lO, which favor humoral 
(antibody-mediated) immunity. It is not yet established whether 
0)-3 lipids are able to modify the development of either Th-l or Th-
2-like cells. Nonetheless, fish-oil-fed BIW mice (another animal 
model of SLE) showed decreased IL-I~, IL-6, and TNF-a mRNA 
in kidney tissue when compared to polyunsaturated vegetable-fat 
(com oil)-fed mice (81). In addition, TGF-~l, TGF-~2, and TGF
~3 isoform mRNA, as well as fibronectin and ICAM-I mRNA, 
were also found to be significantly decreased in the kidney of 
FO-fed mice relative to com-oil-fed mice with renal disease (81). 

Clearly, in both healthy humans and rodents, dietary FO sup
presses immune function (105). At least some of these immuno
suppressive/anti-inflammatory properties have been directly linked 
to the 0)-3 and fatty acids EPA and DHA. Both EPA and DHA, 
fed for 10 d to younger healthy C57B1I6 mice, suppressed mitogen
induced T-cell IL-2 secretion and subsequent lymphoproliferation, 
which was preceded by blunted diacylglycerol and ceramide for
mation (106). This is important because both diacylglycerol and 
ceramide are positive regulators of T-cell proliferation. Also, the 
prolonged survival and amelioration of disease in 0)-3 fed BIW 
mice is accompanied by increased antioxidant enzyme levels and 
decreased free-radical formation in both liver and kidney tis
sues (107). 

HUMAN DATA Because the murine strains discussed herein 
provide a good model for SLE in several respects, the use of 

marine lipids has been postulated to be of therapeutic value for 
human SLE. This assumption, unfortunately, has been only sel
dom, and inadequately, tested to date. A placebo-controlled study 
of 39 patients with lupus failed to demonstrate significant improve
ment in disease activity after 12 mo of fish oil administration 
(108). Nonetheless, the heterogeneous population enrolled in this 
study make the results difficult to interpret. In another study, using 
a double-blind, crossover design, the effect of EPA was evaluated 
in 17 patients with moderately active SLE for a period of 6 
mo (109). Significant improvement of clinical and serological 
parameters were observed in the treated group after 3 mo, but at 
6 mo no differences could be observed between this and the group 
control, suggesting a short-lived effect of EPA on SLE. The small 
number of patients in this study along with a relatively short-term 
follow-up precludes definitive conclusions from being drawn. 

The extraordinary spectrum of anti-inflammatory and immuno
modulatory effects exerted by 0)-3 fatty acid supplementation in 
animals and humans justifies, in great part, the excitement shared 
by researchers in this field with regard to its potential use in the 
management of human autoimmune diseases. Nevertheless, the 
establishment of the practical usefulness of essential fatty acids 
in the treatment of human SLE will wait until prospective, long
term, adequately controlled studies are conducted. 

In 1985, Kremer et al. pioneered the systematic study of PUF A 
supplementation (EPA and DHA) in patients with RA, showing 
a significant improvement in the number of tender joints and 
morning stiffness in the treated group (110). Since then, several 
other studies have been carried out, most of them reporting similar 
findings to Kremer's original study (111-119). The details of 
these studies are summarized in Table 1. Altogether, they indicate 
that 0)-3 fatty acid supplementation exerts significant, albeit mod
est, anti-inflammatory effects in patients with RA. These beneficial 
effects appear to be dose dependent, more consistently observed 
after 18-24 wk of fish oil administration and, in some instances, 
accompanied by a decrease of L TB4 and/or IL-I and an elevation 
of LTBs. In the studies in which the stated outcome measured 
was the ability of patients to reduce or discontinue their NSAID 
therapy, a modest sparing effect was observed. 

Dietary supplementation with 0)-3 fatty acids in the doses 
utilized in most clinical trials is a fairly expensive modality of 
treatment. Although not associated with significant toxicity, large 
amounts of fish oil consumption carries potential risk for obesity, 
vitamin A and D toxicity, and vitamin E deficiency. These consid
erations acquire particular relevance in the light of the fact that 
the benefits of this therapy have not been clearly established. If 
the NSAID-sparing effect observed in some studies is confirmed 
by further well-designed clinical trials, the use of 0)-3 fatty acids 
might represent a safer alternative than NSAIDs in RA, specially 
for patients with gastric irritation or renal impairment. Raynaud's 
phenomenon, a condition marked by increased vascular reactivity 
to cold exposure, can exist as a primary disorder or as part of the 
constellation of symptoms observed in the autoimmune-mediated 
systemic sclerosis (scleroderma). Episodes of blanching or cyano
sis of the fingers are the most characteristic clinical features. 
Infarction of tissue at the fingertip, however, may also lead to 
digital pitting scars or frank gangrene. DiGiacomo et al. observed 
that some of the biological effects of 0)-3 fatty acids in cardiovas
cular disease could potentially benefit such patients (120). These 
effects include decrease plasma viscosity, a more favorable 
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vascular response to ischemia, a reduced vasospastic response to 
catecholamines and angiotensin, increase levels of tissue plasmin
ogen activator, and increased endothelial-dependent relaxation of 
arteries in response to bradykinin, serotonin, adenosine diphos
phate, and thrombin. A single prospective, double-blind controlled 
study of the effect of dietary supplements of 3.96 g of EPA and 
2.64 g of DHA was conducted in 32 patients with primary or 
secondary Raynaud's phenomenon for 3 wk (120). Significant 
improvement in the patients with primary, but not secondary, 
Raynaud's phenomenon was observed in the group ingesting fish 
oil supplementation, with regard to the time interval to the onset 
of Raynaud's phenomenon triggered by hand immersion in cold
water baths. The mechanism of these benefit was not clarified in 
this study and, clearly, much more controlled trials are needed 
before (0-3 could be recommended for this condition. 

Omega-6 Fatty Acids Besides (0-3, other fatty acids have 
been found to exhibit anti-inflammatory and immunomodulatory 
effects in experimental models and in preliminary clinical trials. 
Gamma-linoleic acid (GLA) [18 : 3, (0-6], a fatty acid found in 
seeds from the evening primrose (EPO) and borage plants, has 
been the focus of substantial investigation. GLA is a precursor 
of other (0-6 fatty acids, including AA, and may be converted by 
an elongase enzyme to dihomogamma-linoleic acid (DGLA) [18 : 
3, (0-6]. In humans, the delta 5 desaturase that converts DGLA 
to AA is inefficient. In view of the fact that GLA is rapidly 
converted to DGLA, concentrations of AA do not increase appreci
ably. Hence, DGLA competes with AA for cyclooxygenase, reduc
ing the generation of prostanoids derived from arachidonate. 
Whereas AA leads to the formation of PGs of the "2" series, 
DGLA, as a substrate for cyclooxygenase, generates prostaglan
dins of the "I" series, for which it has been shown to hold beneficial 
anti-inflammatory and antithrombotic properties. Although the 
biologic activities of corresponding members of the monoenoic 
("I" series) and dienoic ("2" series) are qualitatively similar in 
many instances, in some respects they differ considerably. For 
example, PGE1 inhibits aggregation of human platelets in vitro, 
whereas PGE2 does not influence this activity. Also, PGE1 is much 
more effective than PGE2 in increasing levels of cAMP in human 
synovial cells in culture and in suppressing synovial cell prolifera
tion (121). Along with the influence on PGs generation, it is 
of considerable importance that DGLA cannot be converted to 
inflammatory leukotrienes by 5-lipoxygenase. Instead, DGLA is 
converted to hydroperoxyl DGLA, which has the additional apti
tude to inhibit 5-lipoxygenase activity. Independent of its role as 
a prostaglandin precursor, DGLA may have an important role in 
regulating immune responses by suppressing IL-2 production by 
human peripheral blood mononuclear cells (PBMC) (122), and 
proliferation of IL-2-dependent T lymphocytes (123). 

ANIMAL STUDIES AND HUMAN DATA Gamma-linoleic acid 
dietary supplementation has been shown to suppress acute and 
chronic inflammation, as well as joint tissue injury, in a number 
of experimental animal models (124,125). In ex vivo studies, 
addition of DGLA to human synovial cells grown in tissue culture 
inhibits interleukin-l ~-stimulated growth fivefold, compared with 
cell growth in medium supplemented with AA (126). When mea
sured up against cells in control medium, those incubated with 
DGLA displayed a 14-fold increase in PGE1 and a 70% decrease 
in PGE2 levels. 

Studies of dietary supplementation with GLA in humans have 
yielded somewhat mixed results (Table 2). The use of EPO in 

short-term studies (12 wk), with a small number of patients with 
RA, have been conducted without any apparent clinical benefit 
(127,128). GLA, in the form of EPO, was also utilized in a 12-
mo placebo-controlled, double-blinded study (129). Forty-nine 
patients with active RA were randomly allocated in three groups 
receiving 540 mg of GLA, 240 mg of EPA, and 450 mg of GLA 
per day, or an inert oil as placebo. In both treated groups, reduction 
of pain, together with a reduction or even termination of NSAIDs 
therapy, was reported. Nevertheless, no significant objective 
changes in clinical or laboratory parameters were demonstrated. 
Pullman-Moore et al. (130) used a higher dose of GLA (1.1 gld), 
in the form of borage seed oil, to treat seven patients with active RA 
for 12 wk. The authors reported significant clinical improvement in 
morning stiffness and in the number of swollen and tender joints. 
Although it is possible that the larger dose of GLA utilized could 
explain the apparent favorable results, the lack of a placebo control 
in this study makes this assumption impossible to assess. More 
recently, two prospective double-blinded, placebo-controlled stud
ies observed significant clinical improvement in RA patients taking 
GLA (131,132). Although well conceived with regard to the study 
design, the limited number of patients and follow-up duration 
(131,132), possible interference by concomitant use of other medi
cations (132), and a high number of dropouts (132) underlined 
the necessity, as the authors of these articles state, of further 
controlled studies. 

Because phosphatidylinositol (PI), a critical source of AA, is 
remarkably insensitive to dietary modification of (0-3 PUFA, it 
has been hypothesized that alternative strategies to replace PI 
could displace a more significant amount of cell membrane AA 
and, therefore, exert a more potent anti-inflammatory and immuno
modulatory effect (133). It has been recently demonstrated that 
dietary Platycladus orientalis seed oil, which is rich in 5,11,14-
eicosatrienoic acid and 5,1l,14,17-eicosatetraenoic acid, alters the 
fatty acid composition of PI in the cell membrane (134), displacing 
a significant amount of AA (133). Moreover, P. orienta lis seed 
oil was shown to suppress antierythrocyte autoantibodies and to 
significantly prolong the survival of NZB mice, suggesting that 
the use of unique exotic oils might have a place in the nutritional 
therapy of autoimmune-mediated diseases. No clinical studies with 
such derivatives have been reported to date. 

In summary, convincing clinical evidence supporting the use 
of (0-6 fatty acids in autoimmune diseases is yet to be demon
strated. The choice of an appropriate placebo for clinical studies 
on both EPO and fish oil has been the focus of evolving dispute. 
Because some fatty acids, such as olive oil, are thought to have 
potentially significant immunologic effects (135), it has been 
hypothesized that some of the so-called "placebo fatty acids" 
utilized in different studies could produce beneficial effects. The 
controversial issue of the ideal placebo dietary intervention to 
compare with EPO or fish oil has not yet been settled. 

Mucosal Tolerance The observation that orally fed antigens 
can suppress immune responses was first recognized long before 
the era of modem immunology. As early as 1911, Wells described 
that systemic anaphylaxis in guinea pigs could be prevented by 
previous feeding of hen's egg proteins (136). Eighty-seven years 
later, mucosal tolerance by oral or nasal antigen administration has 
been successfully employed to prevent a number of experimental 
autoimmune disease models, including experimental allergic 
encephalomyelitis (137), experimental autoimmune uveoretinitis 
(138), experimental insulin-dependent diabetes mellitus (139), 
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experimental autoimmune myasthenia gravis (140), experimental 
autoimmune thyroiditis (141), and collagen-induced arthritis 
(142). Lately, it has also been used in clinical trials as an attempt 
to treat human multiple sclerosis (143), Hashimoto's thyroiditis 
(144), and rheumatoid arthritis (145). 

Oral tolerization takes advantage of an expedient the body uses 
to prevent immune reactions to the food we eat: foreign proteins 
that enter the body through the digestive system suppress immune 
responses to those proteins instead of provoking them. Two mech
anisms have been proposed to explain the immunologic basis for 
tolerance induction depending on the dose of antigen administered: 
Selective expansion of cells producing immunosuppressive cyto
kines (lower doses) and anergy/deletion of specific T cells (higher 
doses). Low doses of orally administered antigen are taken up 
by mucosal-associated antigen-presenting cell that preferentially 
stimulate regulatory T cells; these cells, in tum, mediate suppres
sion of the specific immune response in the target organ via the 
secretion of suppressive cytokines such as TGF-~, IL-4, and IL-lO 
(146). This process, termed antigen-driven bystander suppression, 
implies that an orally administered protein can downregulate 
organ-specific autoimmune disease as long as it is a constituent 
of the target tissue and is capable of inducing regulatory T cells 
(146). In other words, the regulatory T cells generated following 
oral tolerization are triggered in an antigen-specific fashion but 
are suppressed in an antigen-nonspecific fashion when they 
encounter the fed autoantigen at the target organ. Such a scenario 
poses an appealing conceptual answer to overcome a major prob
lem that hampers the designing of T -cell-specific therapy for auto
immune diseases; according to it, it is no longer necessary to know 
the specific nature of the disease-relevant autoantigen. Unlike low 
doses, high doses of orally administered antigen appear to pass 
through the gut and enter the systemic circulation, either as an 
intact or as a processed protein, thus inducing unresponsiveness 
of T-cell function primarily through clonal anergy/deletion (70). 

Rheumatoid Arthritis Among autoimmune diseases, RA has 
been one of the most scrutinized with regard to oral tolerance 
investigation. Type II collagen is the most abundant structural 
protein of cartilage and immunization of animals with the native 
protein causes an arthritis morphologically resembling rheumatoid 
arthritis (142). Patients with RA manifest immune responses to 
native type II collagen (147), but whether this reactivity partici
pates in the primary pathogenesis of the disease or reflects tissue 
degradation is currently unknown. Oral administration of native 
type II collagen has been shown to significantly ameliorate two 
animal models of rheumatoid arthritis induced by type II collagen 
or complete Freund's adjuvant (148). In these models, suppressor 
T cells triggered in rats by oral administration of collagen appear 
to travel to the joints, and there they prevent other types of T cells 
from being activated and causing inflammation. More recently, 
Trentham et al. reported dramatic improvement in a double-blind, 
placebo-controlled study of RA patients taking daily liquid doses 
of chicken collagen for 3 mo (145). Although providing encourag
ing results, the clinical design of this study demands cautious 
enthusiasm. This study lacked an initial drug-free period that 
would prevent misinterpretation with regard to the interfering 
effect of previous medications. Moreover, because the natural 
history of RA is notoriously remitting and exacerbating, studies 
with a longer follow-up and a larger number of patients should 
be performed in order to access whether these results are truly 
reliable. 

Experimental Autoimmune Encephalomyelitis Chronic 
relapsing experimental autoimmune encephalomyelitis (EAE) , 
induced in mice by the injection of myelin basic protein (MBP) 
or myelin proteolipid protein (PLP), is a T-cell-mediated autoim
mune demyelinating disease of the central nervous system (CNS) 
that serves as an animal model for multiple sclerosis (MS). A 
variety of tolerance regimens, using CNS myelin proteins, have 
been used to prevent development of acute EAE (149,150) and, 
occasionally, to improve its course once relapsing EAE is estab
lished (151). Interestingly, by means of bystander suppression, 
PLP peptide-induced EAE can be inhibited by feeding MBP, and 
MBP-specific T-cell clones from orally tolerized animals also 
suppress PLP-induced disease (70). This prevention has been 
shown to be accompanied by reduced antigen-specific T-cell pro
liferation and IL-2 and IFN-y production, with concomitant 
increased IL-4 production (152), indicating suppressed Th-l 
responses in tolerized rats. Accordingly, in tolerized rats, cells, 
upon restimulation with MBP in vitro, reveal increase levels of 
TGF-~ and IL-4 mRNA, reflecting an IL-4-mediated Th-l to Th-2 
switch (70). More recently, a novel mechanism for monocyte 
chemotactic protein (MCP)-l as a regulatory factor of oral toler
ance has been described (153). Oral administration of PLP 
increased MCP-I expression in the intestinal mucosa, Peyer's 
patch, and mesenteric lymph nodes; this resulted in downregula
tion of mucosal IL-12 expression with a concomitant increase in 
IL-4 mucosal expression. Functionally, MCP-I upregulation was 
shown to regulate oral tolerance induction by the ability of antibod
ies to MCP-I to inhibit tolerance induction. The anti-MCP abroga
tion of tolerance induction also resulted in restoration of mucosal 
IL-12 expression as well as peripheral antigen-specific T-helper
cell I responses. 

Based on the evidence that EAE pathogenesis is related to a 
tolerance failure to myelin components, bovine myelin has been 
used as an attempt to treat MS. In one study, T-cell lines were 
generated from patients with relapsing-remitting MS; the fre
quency of TGF-~-secreting T -cell lines after MBP and PLP stimu
lation was greater in myelin-treated patients than in nonfed patients 
( 154). In spite of showing that oral myelin antigen administration 
was able to modulate the cytokine secretion profile in patients 
with MS, these promising observations will have to be tested in 
large, double-blind studies in order to determine whether such 
findings are translated into clinical improvement of this disease. 

Experimental Autoimmune Uveoretinitis Experimental 
autoimmune uveoretinitis (EAU) is aT-lymphocyte-mediated 
inflammation of the uveal tract and retina that serves as an animal 
model of human autoimmune posterior uveitis. S-Antigen (S-Ag) 
and interphotoreceptor retinol-binding protein (IRBP) are the two 
major autoantigens within retinal extracts (RE) that are potent 
inducers of EAU. Tolerance to S-Ag-induced EAU has been 
achieved in susceptible animals by oral administration of milli
gram quantities of S-Ag (138) or via the upper respiratory tract 
with microgram doses of antigen (155). Intranasal administration 
of S-Ag and/or IRBP to Lewis rats prior to immunization with 
RE successfully suppresses both severity and incidence of clinical 
EAU and histopathological changes (155). This suppression is 
accompanied by reduced antigen-specific delay hypersensitivity 
response activity but maintained T-cell-dependent (IgG2a) anti
body responses. As expected, suppression of RE-induced EAU is 
not achieved with administration of a non-retinal-specific autoanti
gen such as MBP. Recently, it has been showed that mucosal 
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tolerance induction is also possible after immunization with RE 
in EAD (156). At the present time, no clinical trials investigating 
the oral or nasal administration of retinal antigens in human auto
immune posterior uveitis have been reported. 

Experimental Autoimmune Myasthenia Gravis Experi
mental autoimmune myasthenia gravis (EAMG) is a well-estab
lished animal model, which can be induced in various animal 
species and strains with the acethylcholine receptor (AChR) and 
represents an experimental counterpart of human myasthenia gra
vis (MG) (157). The abnormality in MG is a deficiency of AChRs 
at neuromuscular junctions due to an antibody-mediated autoim
mune attack. Oral and nasal administration of AChR to Lewis 
rats prior to immunization with AChR results in prevention or a 
marked decrease of the severity of EAMG and suppression of 
AChR-specific B-cell responses and AChR-reactive T-cell func
tion (158,159). 1n situ hybridization with radiolabeled cDNA 
probes has been used to identify mononuclear cells expressing 
mRNA for the proinflamatory cytokine IFN-y, the B-cell stimulat
ing IL-4, and the immunosuppressive TGF-p (158,160). Oral and 
nasal tolerance was accompanied by decreased numbers of AChR
reactive IPN-yand IL-4 mRNA-expressing cells and strong upreg
ulation of TGF-p mRNA-positive cells in lymphoid organs when 
compared to nontolerized EAMG control rats. These results sug
gest that although IFN-yand IL-4 are central effector molecules 
in the development of EAMG, induction of tolerance to EAMG 
is, at least partly, determined by TGF-P-producing cells. Presently, 
there are no available data on clinical trials using oral tolerance 
strategy to treat human MG. 

Experimental Insulin-Dependent Diabetes Mellitus Ex
perimental insulin-dependent diabetes mellitus (IDDM) is an auto
immune disease that is characterized by destruction of insulin
producing P cells in the pancreatic islets. Insulin is an autoantigen 
in human and selected animal model IDDM. It has recently been 
reported that islet-infiltrating cells isolated from nonobese diabetic 
(NOD) mice model of IDDM are enriched for insuline-specific T 
cells, with the epitopes on residues 9-23 of the B chain being 
immune dominant in this spontaneous response (161). Oral and 
nasal administration of insulin, insulin B chain or insuline peptide 
B (9-23) to some (162,163), but not all, animal models of IDDM 
(164) results in a marked delay or suppression of insulinitis and 
a decrease incidence of diabetes. When T-cell lines derived from 
a NOD mice model of IDDM are analyzed after insuline exposure, 
this protective effect is accompanied by reduced T-cell prolifera
tive response to insuline or insuline B chain, a decrease in IFN
yexpression, and an increase in IL-4, TGF-p, and IL-lO expression 
(162,163). Recently, it has been demonstrated that the ability 
of splenocytes from insuline-treated NOD mice to suppress the 
adoptive transfer of diabetes to nondiabetic mice by T cells of 
diabetic mice (162); this was shown to be caused by small numbers 
of CD8 y/D T cells. Although the benefit of mucosal tolerance 
induction has not yet moved from experimental disease into clini
cal grounds, these findings unfold a conceptual strategy in which 
induction of regulatory cells by nasal or oral insulin administration 
could be effective for the prevention or treatment of human IDDM. 

SUMMARY 
Autoimmune diseases are believed to be caused by the failure of 
the immune system to distinguish between self, for which there 
exists a state of natural immune tolerance, and nonself. The failure 

of immune tolerance often results in adverse consequences, includ
ing tissue and organ destruction dependent on abnormalities of 
both humoral and cell-mediated responses. The current therapy 
of autoimmune diseases is nonspecific and limited by drug toxicity 
and unpredictable relapses. In the lure of circumventing at least 
some of these constraints, nutritional strategies to modulate the 
course of autoimmune diseases has been under continuous and 
intense assessment. Although scant evidence suggests that certain 
food components may trigger or aggravate autoimmune-related 
symptoms, a continuously evolving body of data support the exis
tence of an important place for nutrition and diet as an auxiliary 
approach to treat autoimmune diseases. At the present time, calorie 
restriction, supplementation of 0)-3 and 0)-6 fatty acids, and orally 
fed antigens are known to exert an extraordinary range of anti
inflammatory and immunomodulatory effects in animal models 
for a number of autoimmune diseases, including a significant 
increase in the life-span and diminished histological evidence of 
tissue damage. The mechanism by which these is achieved is also 
continuously being unfolded as it becomes clear the nutritional 
influence on (1) PG and LT production, (2) cytokine gene expres
sion, (3) T - and B-cell apoptosis, and (4) free-radical damage to the 
cell membrane. Clinical trials applying nutritional strategies are, by 
far and large, less encouraging than experimental studies. These 
studies, however, have to be critically evaluated. For instance, the 
trial design might be inappropriate if the population in the study is 
heterogeneous and only a small number of patients are capable of 
being improved. Clearly, a larger number of well-conducted studies 
are needed before we can safely move from experimental disease 
into clinical grounds. Therefore, until more conclusive studies are 
available, patients with autoimmune diseases should be discouraged 
from "miracle diets" and self-administration of over-the-counter 
collagen, vitamins, and trace element pills-a practice that is more 
likely to cause frustration than provide relief. 
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INTRODUCTION 
Inflammatory bowel disease (IBD) comprises a group of clinical 
idiopathic entities that involve primarily the small bowel and/or 
colon and, less frequently, may involve any part of the gastrointes
tinal tract. Broadly speaking, the designation of IBD refers to any 
inflammatory process involving the luminal gastrointestinal tract. 
These disorders can be divided into specific diseases with known 
causes and an idiopathic group of diseases that embraces two 
conditions that mayor may not be related: ulcerative colitis (UC) 
and Crohn's disease (CD). Although the major idiopathic diseases 
are grouped in these two categories, they may represent multiple 
diseases. Other inflammatory bowel diseases exist, such as indeter
minate colitis, collagenous colitis, microscopic colitis, celiac dis
ease, nongranulomatous chronic idiopathic enterocolitis, tropical 
sprue, and celiaclike illnesses. Additionally, these conditions are 
overshadowed or masked by enteric infectious diseases that have 
similar presentations and manifestations. Interestingly, the fre
quency of the disease location correlates with the highest concen
tration of luminal biota. 

Soluble mediators of inflammation are the effectors of the 
disease process. The resulting mucosal edema, hyperemia, 
increased permeability, ulceration, altered motility, stricture, 
abscess, and fistula formation eventuate in the loss of absorptive 
capacity and other sequelae. Therefore, these diseases have sig
nificant nutritional importance that is much broader in scope than 
just the malnutrition and the mineral and vitamin deficiencies 
that result from the chronic inflammatory process. Ingested food 
substances have often been suspect in the etiology of IBD. 
Although not proven, they may contribute to causation. Conse
quently, modification of diet as a therapy has been proposed and 
is the subject of continuing studies. The chronic inflammatory 
process results in numerous disease complications and the poten
tial for repeat surgical resections that produce an altered physiol
ogy. As a result of these surgical necessities, short-bowel syn
drome, rapid transit syndromes, bacterial overgrowth, and 
gastroparesis frequently occur. Each of these conditions has 
important nutritional considerations. Short-bowel syndrome has 
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stimulated the science of intestinal adaptation and the specific 
roles of growth hormones, diet types, and glutamine. Finally, the 
seq~elae of the disease process and resultant surgery leave many 
patIents supported by total parenteral nutrition (TPN). Inflamma
tory bowel disease is the primary indication for parenteral nutrition 
in the United Kingdom and contributes to 15% of TPN recipients 
in the United States (1). 

EPIDEMIOLOGIC AND 
DEMOGRAPHIC FEATURES 

Ulcerative colitis and Crohn's disease share similar epidemiologi
cal and demographic features. They are worldwide in distribution 
with geographic tendencies and may be less common or underre
ported in less developed countries (2). The incidence of ulcerative 
colitis appears stable, perhaps even decreasing, whereas that of 
Crohn's disease is increasing. Patients commonly fall into the 
younger age groups and there is no sex predominance (2). 
Decreased intake of dietary fiber and excessive ingestion of refined 
sugars, food additives, and chemically processed fats (margarine) 
have been implicated, but the evidence is far from conclusive. 
Those affected by the disease tend to reside in urban and more 
industrialized areas and may be of any ethnic group (3). Whether 
the two diseases represent related responses to a common etiologi
cal agent or are totally unrelated remains to be determined. The 
annual incidence of ulcerative colitis varies from 1.5 to 13 per 
100,000 with an average prevalence of 80 per 100,000. An average 
annual incidence of 8 and a prevalence of 96 per 100,000 are 
consistently quoted as the midrange. The incidence of Crohn's 
disease varies from 4 to 8 per 100,000 population at risk. Midrange 
numbers are 5 for incidence and 60 for prevalence per 100,000 
population at risk. A combined incidence and prevalence of 13 
and 130 per 100,000, respectively, are obtained assuming that 
prevalence is 12 to 15 times the annual incidence. The national 
prevalence is 396,000 to 495,000 for the year 1990 (4). 

INDIRECT COST OF IllNESS Although there are no sys
tematic studies of the cost of these illnesses, if one uses third
party payer's cost and the midrange numbers for prevalence in 
the total 1990 US population, the estimated costs for both diseases 
is 1-1.2 billion dollars. When adjusted for productivity losses it 
is estimated that the 1990 annual economic cost of IBD is 1.8-2.6 
billion dollars (5,6). Several studies comparing UC patients with 
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control subjects have noted significant differences in work capac
ity. In other studies of ulcerative colitis, 20% of the patients had 
some level of work disability. At 5 yr or more after diagnosis, 
15-24% of the patients with Crohn's disease were disabled com
pared to 4.4% of the controls. Evidence from various sources 
indicates that 5-10% of inflammatory bowel disease patients expe
rience work disability annually (5,6). 

GENETIC INFLUENCES Ulcerative colitis and Crohn's dis
ease are not classic genetic disorders. However, multiple familial 
occurrences are noted in both idiopathic groups (7). The single 
strongest risk factor for Crohn's disease is having a relative with 
Crohn's disease. A relative, especially a sibling, increases the risk 
of developing the disease by 30-fold. First-degree relatives of 
patients with CD have approximately a 12-15 times greater risk. 
Patients with Crohn's disease are confronted with an offspring 
risk of 10.4% (8-11). Additionally, there is a strong statistical 
concordance for disease location and disease behavior (12). Ini
tially, a high degree of concordance in monozygotic twins was 
reported; however, recent studies cast doubt on this association 
(13). Ulcerative colitis is more common in families of probands 
with ulcerative colitis and Crohn's disease is more common in 
families or probands with Crohn's disease, but the two disorders 
are intermingled in approximately 25% of inflammatory bowel 
disease families (14). A Crohn's disease locus on chromosome 
16 has been identified and may show an association with families 
with two or more affected siblings (15). The human leukocyte 
antigen (HLA) locus has been the subject of multiple studies 
with controversial results. Recent studies suggest the susceptibility 
locus is outside this gene region (16). Ankylosing spondylitis is 
an established autosomal genetic disorder in inflammatory bowel 
disease patients with the HLAB27 haplotype (17). The association 
of IBD with such genetic disorders as psoriasis and Turner syn
drome as well as the familial occurrence of both ulcerative colitis 
and Crohn's disease with primary sclerosing cholangitis (PSC) 
further suggest genetically mediated mechanisms. 

DIAGNOSIS AND MANIFESTATIONS Because the etiolo
gies for these diseases are unknown and there are no serological 
or "gold standard" markers for the diseases, the diagnosis is made 
by clinical parameters after patterns of gastrointestinal involve
ment are established. These are commonly demonstrated by endos
copy or, in some cases, by contrast studies. Infectious etiologies 
are ruled out by conventional culture techniques. The endoscopic 
biopsy or surgically derived tissues demonstrate specific histologic 
findings. The endoscopic dogma for visualized mucosal involve
ment has limitations, with numerous exceptions, especially in 
colitis patients (18). 

Both diseases are recurrent throughout the life of the patient. 
There is no currently available cure and the diseases have both 
intestinal and extraintestinal manifestations. The clinical intestinal 
manifestations are abdominal pain, diarrhea, bleeding, weight loss, 
bowel obstruction, episodic fevers, fistula formation, toxic mega
colon, perforation, and the late development of carcinoma. Extra
intestinal manifestations include arthritis, erythema nodosum, ane
mia, vitamin B12 deficiency, iritis, episcleritis, growth retardation, 
addiction, depression, incomplete sexual maturation, sclerosing 
cholangitis, cirrhosis, metabolic bone disease, kidney stones, pyo
derma gangrenosa, vitamin deficiencies, and malnutrition. 

Ulcerative colitis is a superficial mucosal inflammatory process 
involving the colon and/or rectum. Microscopic findings are crypt 

abscesses, crypt distortion, depletion of mucus-secreting cells, 
ulceration, and acute and chronic inflammatory infiltration of the 
mucosa. The anatomic distribution of inflammation usually begins 
in the rectum and extends proximally for variable distances without 
skip areas. The clinical course is quite variable and may be acute, 
fulminant, recurrent, or chronic and indolent. It is usually charac
terized by periods of active disease and remissions. The terminol
ogy is based on its distribution (e.g., ulcerative proctitis or ulcera
tive proctocolitis). 

In Crohn's disease, the inflammation is transmural and may 
involve any or all of the luminal gastrointestinal tract or just the 
small bowel, colon, rectum, or perineum. Inflammation extends 
into the submucosa, producing edema, lymphoid hyperplasia, a 
tendency for granuloma formation, lymphangiectasia, fibrosis, and 
fistula and stricture formation. The earliest visible mucosal 
involvement is the aphthous-type ulcer, penetrating fissure ulcers, 
and linear "rake" ulcers. Dominant clinical manifestations are 
abdominal pain, diarrhea, fever, intestinal obstruction, fistula for
mation, and malnutrition. The terminology is based on disease 
distribution and the nature of the inflammatory reaction (e.g., 
regional enteritis, terminal ileitis, ileocolitis, granulomatous coli
tis, granulomatous proctitis, superficial inflammatory, fibrosing, 
and fistulizing. Commonly, Crohn's disease is segmental in distri
bution, involving, classically, the terminal ileum, isolated seg
ments of small bowel or colon, and rectum. The eponym, Crohn's 
disease, is most convenient; however, the first disease case series 
was reported by Dalziel in 1913. The clinical course is almost 
always chronic, at times punctuated by acute exacerbations. Spon
taneous remissions have been reported to be as high as 42% (19). 

Extraintestinal manifestations are frequently associated with 
both diseases. Many of these afflictions may precede the clinical 
onset of IBD by months or years. In the case of Crohn' s disease, so
called "miliary or metastatic" lesions involving other abdominal 
viscera, skin, and lung may also occur on rare occasions. 

AUTOIMMUNITY AND 
INFLAMMATORY BOWEL DISEASE 

Because enteric pathogens and toxin-producing bacteria cannot 
be demonstrated and the disease process has a chronic relapsing 
course, the inflammatory response is assumed to be inappropriate, 
a failure to downregulate or an autoreactive disease process. Con
sequently, the B- and T-lymphocyte functions in these diseases 
have attracted considerable attention. In spite of numerous studies 
to date, the assumed autoreactive or autoimmune disease process 
has not been conclusively demonstrated. 

ANTIBODIES Serum from patients with IBD contain anti
bodies to surface antigens from mucus-secreting colonic epithelial 
cells, allogeneic fetal colon tissue, colonic epithelium from germ
free rats, gastric parietal cells, small-bowel mucosal cells, milk 
proteins, the lipopolysaccharides from E. coli 014, and many 
human serum proteins. These antibodies are also found in normal 
individuals and in various other disorders. There is no correlation 
between the presence and titer of these antibodies and the presence 
or extent of IBD or the level of its activity. The antibodies are 
of low affinity and are difficult to demonstrate by blotting methods 
(20,21). Immunoglobulin levels follow no consistent pattern in 
IBD and serum concentrations of IgA, IgG, IgM, and IgE are 
generally normal. Furthermore, there is no consistent pattern of 
immunoglobulin production by immunocytes in the involved tis-



CHAPTER 27/ AUTOIMMUNE DISEASES OF THE DIGESTIVE TRACT 331 

sue in either Crohn's disease or ulcerative colitis, although muco
sal-derived antibodies have been shown to be directed to cyto
plasmic proteins of luminal microorganisms (22). 

It is of interest that ulcerative colitis and Crohn's disease occur 
in patients with IgA deficiency, common variable immune defi
ciency, primary acquired hypogammaglobulinemia, and thymic 
alymphosplasia, as isolated instances. Furthermore, patients with 
IBD are not exceptionally vulnerable to "exotic infections." It is, 
therefore, likely that humoral immune disturbances are secondary 
to the pathogenic process. 

Perinuclear antineutrophil cytoplasmic antibodies (pANCA) 
are increased in many patients with IBD, especially patients with 
the extraintestinal manifestations of sclerosing cholangitis (18). 
The putative target for these antibodies is the subject of numerous 
studies (24-28) and include cathepsin, histone, lactoferrin, and 
multiple other novel antigens. The potential utility of the pANCA 
antibody, despite its disease overlap, lies in the ability to define 
a subset of patients with IBD (28). 

In one family, a unique disease syndrome of autoimmunity 
manifest by autoantibodies to enterocytes, smooth muscle, thyroid 
and islet-cells was associated with an enteropathy, progressive 
diarrhea, and autoimmune hepatitis. Antibody reactivity to hemi
desmosomal protein was demonstrated by immunofluorescence 
and Western blotting. Treatment required TPN and continual 
immune suppression (29). 

T-CELL REPERTOIRE AND FUNCTION Large numbers of 
T cells infiltrate the mucosa in the areas of disease activity and 
are, therefore, likely to be important. In animal models of multiple 
sclerosis and in humans with multiple sclerosis, cloned infiltrating 
T cells demonstrating clonal expansion and a restricted T -cell
receptor (TCR) repertoire suggest a specific TCR-type association 
with the autoreactive disease. These cloned T lymphocytes have 
proven useful in defining the autoantigens and their epitopes (30). 
The peripheral blood lymphocytes and mucosal T cells from 
patients with IBD also demonstrate clonal expansion. However, 
individual patients differ in TCR expression, as do the different 
diseases (31-34). These diverse T-cell responses are predictable 
when one considers the nonobese diabetic (NOD) mouse model 
for diabetes in which T-cell responses are restricted early in life, 
but as the disease progresses, the expression is more diverse (35). 
Additionally, with the mucosal inflammatory disease, a general
ized leak exposes the immune system to multiple luminal microbes 
and by-products. The end result is a very complex mixture of 
reactive T cells. 

Cloned mucosal T -cell lines derived from IBD patients reveal 
low-grade autoreactivity and reactivity to a variety of bacterial 
antigens (31). T Cells reactive to bacteria were more frequent in 
IBD patients when compared to controls (36). Studies evaluating 
the responses of intestinal T cells from patients with IBD to 
putative food antigens have not been reported. 

Sequencing of the TCR variable region of similar T-cell fami
lies in cloned mucosal T cells from patients with Crohn's disease 
indicates sequence variation. These findings suggest a luminal 
superantigen response rather than clonal expansion to a specific 
antigen. 

An important role for lamina propria T cells is also supported 
by the predominance of activated CD4+, CD45RO+ cells in the 
tissue and reports of diminished inflammatory activity in IBD 
patients with AIDS as their CD4 count decreases (37). 

CYTOKINES Reviews of the various cytokines, their func
tion, inhibition, and genetics are significantly complex, volumi
nous, and important. These pro-inflammatory agents playa sig
nificant role as effectors of injury to the mucosa. Briefly, the 
cytokine profiles of activated mucosal lymphocytes suggest that 
ulcerative colitis and Crohn's disease are different diseases. 
Crohn's disease is characterized by high expression of interferon 
gamma and ulcerative colitis by increased interleukin-5. Interleu
kin-I, interleukin-6, and tumor necrosis factor-a are increased in 
the sera of patients with both diseases. Cytokine secretion from 
normal-appearing Crohn's tissue is likewise increased, suggesting 
a genetically determined abnormal cytokine response (38,39). 

EXPERIMENTAL MODELS 
DISEASE MECHANISMS Insights into possible mechanisms of 
disease in humans have come from several recent animal studies. 
Knockouts of the T-cell receptors, HLA class II, interleukin-2 
(IL-2), and IL-lO are associated with spontaneous development 
of colitis (40). Knockouts of T-cell growth factor (TGF)-a demon
strate an increased severity in experimentally induced colitis when 
compared to control (41). In animal models of disrupted cahedrin 
function, inflammatory bowel disease results, presumably from a 
resultant weakened barrier (42). HLA B27 transgenic mice develop 
intestinal inflammation and arthritis in a manner similar to patients 
with that phenotype (43). This model of disease is dependent on 
luminal microbial populations (44). Likewise, in other animal 
models of induced disease, a more severe and prolonged disease 
is associated with luminal bacteria as compared to germ-free 
animals (45). These studies emphasize the importance of the integ
rity of the epithelial barrier to luminal products and a protection 
from bacterial translocation. 

DIETARY STUDIES Animal models of inflammatory bowel 
disease have also demonstrated their utility in dietary studies. 
Tanaka et al. evaluated the beneficial effect of elemental diet in 
a rat model of granulomatous enteritis. Rats fed an elemental diet 
demonstrated less macroscopic and microscopic damage when 
compared to control rats. The elemental diet inhibited the numbers 
of macrophages and IL-2R positive T cells in Peyer's patches. 
NO levels and calcium-independent NOS activity was decreased, 
suggesting that the elemental diet decreases T-cell activation and 
reduces the production of nitric oxide and the generation of oxygen 
free radicals (46). 

The role of a glutamine-enriched elemental diet on gut epithe
lial proliferation and portal endotoxemia in an experimental model 
of IBD in guinea pigs was studied by Fujita and Sakuri (47). 
Portal vein endotoxin levels in the glutamine-enriched group were 
reduced by 60%. Tissue ornithine decarboxylase activities were 
the same, indicating that the reduced endotoxemia was not second
ary to a glutamine effect on epithelial proliferation. This beneficial 
effect was attributed to some other putative aspect of mucosal 
integrity. 

Prophylactic glutamine modulation of the inflammatory activi
ties of IL-8 and TNF-a was studied in TNBS-induced colitis. 
Glutamine-fed animals demonstrated less inflammation by micro
scopic examination. IL-8 and TNF-a concentrations in the gluta
mine groups were lower than the control. These beneficial effects 
were concentration dependent, with a 4% glutamine group demon
strating less disease severity and bacterial translocation than the 
2% glutamine group (48). 
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NUTRITIONAL ASPECTS IN 
INFLAMMATORY BOWEL DISEASE 

DIET AND THE RISK OF ISO Diet in IBD patients continues 
to generate significant interest. Epidemiologic studies of the effect 
of pre-illness diet demonstrate several potential risk factors. High 
sucrose consumption and high fat intake, especially animal fat 
and cholesterol, were associated with an increased risk of develop
ing IBD. Lactose had no effect; however, fructose, increased fluid 
intake, magnesium, vitamin C, and fruits had a negative associa
tion and an increased vegetable consumption was negative for 
Crohn's disease only (49). Other similar studies have demonstrated 
an association of increased intake of carbohydrates, starch, refined 
sugars, and fast-food ingestion with an increased incidence of 
IBD. Coffee and increased fiber ingestion were associated with a 
protective effect (50,51). Epidemiologic studies in Japan have 
revealed important findings because the incidence of the disease 
correlates with the changes in dietary preferences. The Western 
diet (bread for breakfast, butter, margarine, cheese, meats, ham, 
and sausage) has been linked to an increased incidence of IBD 
(52,53). 

Patients who have had repeated flares of their disease often 
lose function of significant areas of absorptive surfaces. Malnutri
tion and specific nutrient deficiencies occur in IBD patients sec
ondary to malabsorption, protein-losing enteropathy, decreased 
caloric intake, bacterial overgrowth, and rapid transit syndromes. 
General nutritional support and replacement of vitamin and min
erallosses are a significant component in management of patients 
with IBD. However, the use of diet as therapy for IBD is contro
versial. 

DIET AS THERAPY The universal problem with all studies 
of therapies for Crohn's disease is sample size, heterogeneous 
patient populations, and significant numbers of patient withdrawals. 
Because of the heterogeneous nature of the Crohn's population 
and high rate of spontaneous remission, it has been estimated that 
at least 480 patients would be necessary for a valid trial of any 
therapy in Crohn's disease. Because the precise cause is not 
known, it is unlikely that a shotgun approach consisting of various 
diets would demonstrate benefit. These problems are more pro
nounced in the use of elemental or polymeric diets as a therapy 
for the induction of remission in Crohn's disease patients. An 
additional problem is the variability in the diet composition. His
torically, patients were treated with various diets and TPN to 
prepare them for surgery; some patients responded with disease 
remission. Following these observations, initial diet studies were 
encouraging. These findings and the assumption that dietary fac
tors may play a role in pathogenesis have resulted in numerous 
studies for induction of disease remission. This approach has 
demonstrated the greatest utility in the pediatric population, where 
growth failure represents a common serious problem unique to 
this group. The etiology for growth failure is most likely inade
quate intake and enteral loss. Nutritional supplementation by either 
route restores body composition and reverses linear and ponderal 
growth failure (54-56). Growth failure and delayed sexual matura
tion are significant effects of IBD in the pediatric age group and 
may precede the diagnosis of IBD. The role of elemental diet in 
the management of Crohn's disease has its most beneficial effect 
in this setting. Several studies demonstrate the utility of elemental 
diets on growth and sexual maturation. Various strategies have 
been employed; TPN, supplemental liquid formula enteral feeding 

Table 1 
Meta-Analysis: Steroids Versus Diet in Crohn's Disease 

No. of No. of Significant 
Author Date trials patients benefit 

Grifiths 1995 8 413 Steroids > diet 
Fernandez 1995 16 419 Steroids > diet 
Messori 1996 7 353 Steroids> diet 

or intermittent nasogastric tube feeding at night, and elemental 
diet 1 mo out of every 4 mo, all demonstrated marked benefit. 
Although the mechanisms are unknown, both supplemental meth
ods have been shown to induce remission by CDIA scores. 

DRUG THERAPY IN ISO Drug therapy for induction and 
maintenance of remission in Crohn's disease is problematic. One 
could expect a similar scenario for the use of specialized diets as 
therapy of IBD. From the numerous drug trials that exist, several 
types of specific treatment protocols have been subjected to meta
analysis. In an evaluation of single-drug therapy that included 7 
trials for induction (767 patients) and 5 trials for maintenance 
(796 patients) of remission in Crohn' s disease, single-drug therapy 
demonstrated a 11-29% advantage (RD = 0.13-0.33) (57). How
ever, no therapeutic advantage was found for a single drug over 
placebo for maintenance of remission. Similar linear relapse rates 
were seen with time, 10% at 3 mo and 75% at 36 mo. 

Steinhart et al. evaluated trials that utilized sulfasalazine and 
mesalamine for maintenance of remission by meta-analysis. Ten 
randomized prospective trials of 1022 patients demonstrated a 
decreased risk after 12 mo of therapy and a less apparent effect 
at 6 mo. When individual drugs were evaluated, a benefit was 
found only for mesalamine (58). The beneficial effects of azothio
prine and 6-mercaptopurine were evaluated in a meta-analysis 
of nine randomized trials, four with active disease and two for 
maintenance of remission. A significant benefit was demonstrated 
compared to placebo odds ratio (OR) 3.09 (95% CI 2.45-3.91) 
and a steroid-sparing effect was demonstrated; active disease (OR 
3.69 CI 1-21.5) and quiescent disease (OR 4.64 CI 1.5-13.2) (59). 

DEFINED FORMULA DIET AS THERAPY FOR CROHN'S 
DISEASE Although many prospective randomized trials have 
evaluated the utility of elemental diets in Crohn' s disease patients, 
the efficacy of enteral nutrition as primary therapy of active 
Crohn's disease is controversial. Three meta-analysis studies 
reviewed all clinical trials and graded the quality of each total 
enteral nutrition trial that was compared to corticosteroids for 
induction of remission. The grading of remission by definition 
was quite variable, consisting of the reduction of a score or CDIA 
index; no studies verified mucosal healing. Rates of clinical remis
sion of active Crohn's disease, based on the intention-to-treat 
principle, were extracted from the studies by independent review
ers. The numbers of patients and studies evaluated are compared 
(Table 1). 

In all three meta-analysis studies corticosteroid therapy was 
more beneficial in inducing remission than any type of dietary 
therapy. The pooled odds ratio for remission for all types of 
enteral diets compared to steroids in one study was 0.35 (95% CI 
0.23-0.53), with the other two studies demonstrating similar odds 
ratios. The relative risk of treatment failure was significantly lower 
in the steroid group than in the diet group: (a) method of Mantel
Haenszel: resistance transfer factor (RTF) = 0.35, 95% confidence 
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interval, 0.23-0.53; P = 0.001; and (b) method of Der Simonian 
and Laird: RTF = 0.43; 95% confidence interval, 0-0.94; p = 0.03. 
A separate analysis was carried out in which only the subgroup of 
patients who were not intolerant to diet were evaluated; this analy
sis also showed a superiority of steroids over diet (60). 

Remission rates were 57.7% and 79.4% for nutrition therapy 
and corticosteroids, respectively. Although this exhaustive statisti
cal evaluation demonstrates the increased benefit of corticoste
roids, there was a high rate of remission in the nutritionally man
aged group. This remission rate was much higher than what has 
been noted in the placebo response rates of trials evaluating drug 
treatments (18-42%). Total enteral nutrition, therefore, does dem
onstrate a benefit. However, total enteral nutrition may be comple
mentary to steroids for induction of remission and may be more 
beneficial in preventing disease recurrence. These meta-analysis 
studies did not evaluate specific regions, such as colon compared 
to small-bowel disease, or specific disease behavior. It has been 
suggested that small-bowel disease is more responsive to enteral 
nutrition. From nonrandomized open-label studies, the remission 
induction rate of elemental diet therapy in Japan is approximately 
80%, demonstrating radiographic and mucosal healing. The differ
ences between these studies and the meta-analysis studies are 
considered to be the result of duration, composition, and criteria 
for remission. To prevent relapse and rehospitalization, home 
enteral nutrition is now widely used in Japan. The therapeutic 
effect is observed in patients with ileal involvement, and over 
1200 kcal/d is more effective than a lower amount (61). 

NONELEMENTAL DIET FOR THERAPY IN CROHN'S DIS
EASE Elemental diets are unpalatable compared to nonelemental 
diets. Theoretically, the benefit of elemental diets is less antigenic
ity overall and lower fat content. The effects of purified and 
complex diets were studied in an animal model of methotrexate
induced enteritis. The complex diet resulted in less diarrhea and 
reversed the morphologic effects of methotrexate on the small 
bowel. These data support the beneficial effects of complex diets 
in small-bowel inflammation (62). The meta-analysis study by 
Griffiths, in which 134 patients were compared, showed no differ
ence in the efficacy of elemental versus nonelemental formulas 
(pooled odds ratio, 0.87; 95% confidence interval, 0.41-1.83). 
This study was limited by sample size; however, no advantage 
of elemental feedings compared with a polymeric formulation 
could be demonstrated (63). 

In the Fernandez meta-analysis study, subgroup analyses were 
conducted on the basis of the type of diet administered. Peptide
based diets were significantly inferior to steroids (pooled OR, 
0.32; CI, 0.20-0.52). There was a trend toward lower remission 
rate after elemental diets than after steroids (pooled OR, 0.44; CI 
0.17-1.12). Pooled OR for whole-protein-based diets compared 
with elemental diets was 1.28 (CI 0.40-4.02). The benefit of 
steroid therapy is more demonstrable when peptide-based diets 
are administered, and less so with either elemental or whole
protein-based diets (63). 

Prospective randomized controlled trials of diet therapy com
pared to placebo or mesalamine have not been conducted. 

FISH OIL, OMEGA-3 FATTY ACIDS The beneficial role of 
fish oils in maintaining intestinal epithelial integrity in experimen
tal models for IBD has been studied by several investigators. 
Marotta et al. evaluated the mucosal lipid composition in a hamster 
model of colitis treated with a supplemental fish oil diet. The diet, 
rich in eicosapentaenoic acid, attenuated the colitis. The mucosal 

lipid profiles were similar to normal control animals (64). The 
protective effect was attributed to maintaining this profile and the 
integrity of the mucosal cell membranes, and, possibly, a reduction 
of the pro-inflammatory arachidonic acid metabolites or an unde
termined anti-inflammatory effect. 

The effect of enteral diets supplemented with either fish oil or 
indigestible oligosaccharides with sulfasalazine was studied by 
Grisham et al. (65). All forms of elemental diets reduced mucosal 
injury and inflammation as compared to control. The reductions 
were comparable to animals treated with sulfasalazine. The use 
of indigestible oligosaccharides induced the production of short
chain fatty acids by bacteria. The magnitude of improvement was 
not statistically significant (65). 

A complementary human study evaluated the effects of omega-
3 fatty acids on the production of TNF and IL-1~. A diet of cx
linolenic acid was associated with significant reductions of periph
eral blood lymphocyte (PBL) TNF and IL-I~ production. The 
exact mechanism of action of this beneficial effect of omega-3 
fatty acid in this animal model of IBD has not been elucidated 
(66). The benefit of a fish-oil (eicosapentaenoic acid)-enriched 
diet was demonstrated in a study by Empey et al. (67). An eicosa
pentaenoic-acid-enriched diet was compared with saturated and 
polyunsaturated fatty-acid-enriched diets in an animal model of 
colitis. The protective effect of the fish-oil-enriched diets occurred 
in the presence of enhanced prostaglandin E (PGE) synthesis and 
was manifest by returning ileal fluid absorption to control levels. 
The other diets did not demonstrate this effect. Eicosapentaenoic 
acid competition with arachidonic acid and altered biosynthesis 
was the proposed mechanism (67). 

Eicosanoids have been proposed as modulators of inflammation 
by several lines of evidence. Increased levels of prostaglandins 
and leukotrines in IBD correlate with disease activity (68,69). The 
effect of omega-3 fatty acid is to partially displace arachidonic 
acid from cell-membrane phospholipids and impair arachidonic 
acid formation (70). Additionally, they reduce the synthesis of 
pro-inflammatory cytokines and interfere with membrane signal 
transduction (71,72). Furthermore, omega-3 fatty acid decreases 
mucosal arachidonic acid in patients with Crohn's disease (73). 
In animal models of IBD, this putative beneficial effect involves 
enhanced membrane integrity, cytokine downregulation, competi
tion with arachidonic acid, and altered eicosanoid biosynthesis. 

Fish oil has a high concentration of eicosanoids (omega-3 
fatty acids). Several prospective studies have compared fish oil 
to standard therapy in patients with Crohn's disease. The results 
are controversial, with one study reporting effective therapy and 
the other no benefit (74,75). Although both studies randomized 
patients to placebo and fish oil, there were many differences 
that may account for the findings. Significant differences in the 
patient's disease status at the initiation of the therapy existed. One 
study evaluated patients that were immediate postcorticosteroid 
suppression, whereas in the other, patients were required to have 
at least 3 mo remission prior to therapy. The types of fish oils 
were different: (1) Verum (2 capsules three times a day) 1 gram 
of an ethylester fish oil concentrate (50% eicosapentaenoic acid, 
30% docosahexaenoic acid); (2) A time-release capsule three times 
a day containing 500 mg of a marine lipid concentrate in free-fatty
acid form (40% eicosapentaenoic acid, 20% docosahexaenoic acid, 
the remaining 40% was a mixture of omega-7 fatty acids [17%], 
omega-O fatty acids [16%], and omega-6 fatty acids [7%]). The 
high dose (6 g) was compared to the low dose (3 g). Relapse rates 
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Table 2 
Omega-3 Fatty Acids in Ulcerative Colitis 

No. of 
Author Year Typea patients Duration Washout Duration Effect 

McCall 1989 PS 

Solomon 1990 OT 

10 3 mo 

10 2 mo 

1 yr 

Improved symptoms, improved histology score, steroid 
sparing 

Improved symptoms, improved histology score, steroid 
sparing 

Hawthorne 
Asian 
Stenson 
Loeschke 

1991 
1991 
1992 
1996 

RBC 
RBPCC 
RBPCC 
RBPC 

87 
11 
18 
64 

3 mo 2 mo 3 mo 
Modest steroid sparing; no benefit as maintenance therapy 
J,Disease activity 56% fish oil versus 4% placebo, p < 0.05 
Improvement histology score, steroid sparing 4mo 1 mo 4mo 

2 yr Did not prevent relapse 

aps = pilot study; OT = open trial; RBC = randomized blind control; RBPCC = randomized blind placebo control crossover; RBPC = randomized 
blind placebo control. 

were 70%, 70%, and 28%, 59% in the fish oil and placebo groups, 
respectively. Both trials were conducted for 1 yr and studied 
responses in 204 and 78 patients, respectively. The distribution 
of disease location in the two populations were not comparable. 
The groups of patients responding to the fish oil diet consisted of 
a higher percentage of small-bowel disease (51 %,58% compared 
to 11 %, 19%) and a higher percentage of combined small-bowell 
colon disease (89%, 85%, compared to 68%, 61 %). 

ULCERATIVE COLITIS AND OMEGA-3 FATTY ACIDS 
THERAPY Randomized prospective drug-therapy trials in 
groups of patients with ulcerative colitis were evaluated by a 
recent meta-analysis study. This evaluation included 11 trials for 
induction and 5 trials for maintenance of remission. Patient popula
tions were 468 and 343 for induction and maintenance, respec
tively. Induction of therapy with drugs was accomplished in 37-
48% of patients. Maintenance of remission was 21 % at 6 mo and 
46% at 1 yr (76). Prospective clinical trials designed to demonstrate 
the potential beneficial effects of omega-3 fatty acids in patients 
with ulcerative colitis are displayed in Table 2 (77-82). 

With the exception of one trial, the beneficial effects were not 
convincingly favorable and benefit was generally expressed as 
steroid sparing. These studies involved small numbers of patients 
with the longest study interval of 2 yr duration, demonstrating no 
benefit in preventing disease relapse (82). 

In the small study by AsIan et al. in which the remission rate 
of 56% was seen in the fish oil group compared to 4% for placebo, 
the beneficial effects were determined by symptom score and 
visualized healing (80). 

In ulcerative colitis, the use of fish oil has demonstrated a 
steroid-sparing effect and a moderate decrease in disease activity. 

SHORT-CHAIN FATTY ACIDS Bacteria in the lumen pro
duce short-chain fatty acids from undigested carbohydrates. The 
colon epithelial cells actively take up and convert the short-chain 
fatty acids through beta lipolysis and the Krebs cycle for energy 
utilization. Short-chain fatty acids are the preferential fuel of 
colonocytes. A defective utilization has been suggested as a cause 
of epithelial cell dysfunction and a metabolic basis for ulcerative 
colitis (83). This theory was evaluated by prospective trials 
designed to demonstrate the benefit of administered short-chain 
fatty acids in patients with ulcerative colitis. Uniformly, these 
trials reveal no benefit in ulcerative colitis (84-88). These data 
suggest that the theory for a metabolic defect as a cause for 
ulcerative colitis may be incorrect. Alternately, the supply of short-

chain fatty acids may be adequate and the problem may be the 
cellular uptake or metabolism. Subsequently, the uptake and 
metabolism of short-chain fatty acids by isolated colonocytes 
derived from patients with ulcerative colitis was evaluated and 
found not to be impaired (89). Additionally, short-chain fatty acids 
have been evaluated as a therapy of pouchitis and found to have 
no demonstrable beneficial effect (90). 

NUTRITIONAL THERAPY OF CROHN'S FISTULA Pro
spective randomized studies of the effects of TPN and bowel rest 
on the closure of fistulas have not been conducted. Data derived 
from retrospective studies demonstrate lower mortality rates. Fis
tulas that arise from active Crohn' s lesions have lower spontaneous 
closure rates and much lower sustained closure at 3 mo (17%) 
(91). However, postoperative fistulas at anastamotic sites respond 
with higher spontaneous closure and permanent closure rates (92). 

ACUTE FULMINANT COLITIS The effect on cytokine and 
insulinlike growth factor (IGF) in the fasting state was evaluated by 
comparing fed and fasted states in a mouse-induced experimental 
model of inflammatory bowel disease. In the fasted group, the 
colitis activity score was reduced. IL-ll3 mRNA and IGF-l mRNA 
were elevated in the fed animals. Tumor necrosis factor-u mRNA 
was not significantly different in the groups. The demonstrated 
beneficial effect of fasting is attributed to a decreased expression 
of IL-ll3 and IGF-l mRNA in the colon (93). 

Patients hospitalized for severe acute flares of ulcerative colitis 
and Crohn's disease are managed by restricted oral intake. Two 
prospective randomized trials have evaluated this clinical practice 
by comparing use of TPN and bowel rest with regular diet. No 
differences in duration of hospital stay and surgery rates were 
demonstrated (94). 

Another study compared enteral nutrition and TPN with similar 
findings. Adverse events were less common in the enteral-treated 
group (95). These trials demonstrate that bowel rest as a treatment 
modality for the management of acute fulminant inflammatory 
bowel disease is not necessary. 

BONE DISEASE The effect of circulating inflammatory 
mediators on linear growth was studied in a nutritionally controlled 
rat colitis model. Experimental colitis resulted in decreased linear 
bone growth independent of nutritional intake. Circulating inter
leukin-6 derived from intestinal inflammation was elevated and 
may have contributed to the suppression of bone growth (96). 

Decreased linear bone growth complicates chronic inflamma
tory bowel disease in children, and in adults, significant osteopenia 
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and an increased fracture rate are noted. Deficiencies in vitamin 
D are usually common in patients with IBD and these deficiencies 
are not related to inadequate absorption of vitamin D (97). How
ever, supplementation with oral vitamin D (lOOOIU/d) reduces 
loss of bone density when compared to patients not receiving 
supplementation (98). Intake of oral calcium has been studied in 
IBD patients compared to a control population revealing a moder
ate decrease in calcium uptake that was not associated with a 
decreased bone density (99). Calcium hemostasis has been found 
to be normal and there was no correlation with current or past 
steroid use. Bone markers of osteoclastic activity, specifically, 
urinary levels of pyridinoline, deoxypyridinoline, and type 1 colla
gen carboxy terminal peptide were elevated, supporting selectively 
increased bone reabsorption (100). Other investigators have also 
concluded that the decreased bone density did not correlate with 
steroid use or length of resected bowel (101). Differences in the 
magnitude of bone disease have been noted in metabolic studies 
comparing ulcerative colitis and Crohn's disease that seem to be 
related to steroid use and sex but not the length of bowel resection 
(102). Evaluation of circulating factors by culturing fetal rat pari
etal bone with sera from patients with IBD demonstrated signifi
cant differences with Crohn's disease sera when compared to con
trol and ulcerative colitis sera. Decreased bone dry weight and 
calcium content did not correlate with IL-6Ievels, disease activity, 
or measures of bone metabolism. Other, yet to be identified, circulat
ing pro-inflammatory cytokines appear to affect osteoblasts and 
bone formation (103). 

EFFECTS OF DIARRHEA ON LUMINAL NUTRITION 
Protracted diarrhea has significant morphologic effects on the 
mucosal surface in IBD patients, which is associated with low 
serum albumin, increased bacterial translocation, and increased 
mortality. Many of the mucosal morphological effects of pro
tracted diarrhea are abrogated with parenteral nutrition (104). 
Severe protracted diarrhea in young children can be attributed to 
agents, epithelial defects, and autoimmune mechanisms, which 
appear to be distinct when compared to adult inflammatory bowel 
disease (105). Chronic diarrhea results in low serum zinc levels. 
Zinc supplementation has demonstrated significant beneficial 
effects in a randomized controlled trial in children with chronic 
diarrhea (106). Additionally, levels of vitamin A are decreased 
in children with chronic diarrhea (107). In experimental animals 
with induced zinc deficiency, the levels of inducible nitrous oxide 
synthetase was increased and diarrhea occurred when challenged 
with IL-I a injections (108). 

In experimental guinea pig models of malnutrition, the role of 
zinc was evaluated by studying the response of the host to milk 
allergens. Malnutrition was associated with increased milk 
immune responses that were abrogated by zinc administration 
(109). 

ZINC DEFICIENCY IN IBD Zinc deficiency results from 
diarrhea and contributes to continual diarrhea. Zinc supplementa
tion results in restoration of intestinal morphologic characteristics, 
restores brush border hydrolases, and results in increased secretory 
antibody responses and enhanced T-cell responses (110). 

In a large retrospective study, vitamins and trace elements were 
found to be deficient in 85% of patients with Crohn' s disease and 
68% of patients with ulcerative colitis. The predominant deficien
cies, in order, were iron, calcium, protein, zinc, cyanocobalamine, 
and folic acid (111). Zinc is necessary for all human growth and 
for transcription of all genetic material. Zinc deficiency has been 

incriminated in multiple-disease entities that result in increased 
bacterial mucosal translocation, malnutrition, growth failure, 
decreased secretory immunoglobulin production, and altered cellu
lar immunity. Zinc deficiency is found in patients with inflamma
tory bowel diseases, malabsorption, protein-losing enteropathy, 
and steatorrhea (112). Zinc deficiency in IBD patients results in 
alopecia, eczematoid, and psoriaform skin lesions (113). Oral 
manifestations of zinc deficiency in patients with Crohn's disease 
are oral ulcers, chelitis, fissures, cobblestone plaques, polypoid 
defects, perioral erythema, and pyostomatitis vegetans. Zinc sup
plementation resolves these problems (114). Compared to control 
patients, zinc absorption has been found to be significantly 
decreased in patients who were malnourished with moderate dis
ease activity. These effects were attributed to the malnourished 
state ( 115). Zinc metabolism was studied in pediatric IBD patients 
and significant occurrences of low zinc levels, abnormal zinc 
loading tests, and decreased urinary excretion were detected. These 
abnormalities were more commonly seen in children with growth 
retardation; however they were also found in children with normal 
growth (11 6). 

GROWTH FACTORS Intestinal growth factors are involved 
in mediating the healing and recovery process in the inflamed 
bowel. Increased keratinocyte growth factor mRNA is present 
in IBD patients (11 7). Likewise, administration of keratinocyte 
growth factor in animal models decrease the severity of inflamma
tion (118). Transforming growth factors a and ~ mRNAs are both 
increased in active IBD (119,120). The role of these transforming 
growth factors on epithelial cell proliferation and maintenance of 
the epithelial barrier have important implications for future ther
apies. 

SURGICAL RESECTION AND THE SHORT-BOWEL SYN
DROME The malabsorptive state that exists after extensive 
bowel resection is referred to as the short-bowel syndrome 
(121,122). Important variables are the extent of resection, the 
region resected, and the age of the patient. Resection of the ileoce
cal valve in altered intestinal motility with increased small-bowel 
transit, gastroparesis, and a tendency for bacterial overgrowth 
( 123). Resection of 40-50% of the small bowel is usually tolerated. 
However, when the terminal ileum and ileoceocal valve are 
removed, short-bowel syndrome may result from resection of less 
than 40% of the small bowel. Frequently, TPN is necessary to 
provide interim nutrition until adaptation occurs and the patient's 
absorptive status can be determined. Beneficial factors that have 
been identified with discontinuation of TPN are small-bowel 
length of more than 35 cm and a jejunoileal anastomosis, presence of 
a colon, and an ileocolonic anastomosis ( 124). With large resections 
and the successful discontinuation ofTPN, some degree of malnutri
tion and vitamin and mineral deficiencies frequently occur. The 
absorption of vitamin B12 in relation to the magnitude of bowel 
resection was evaluated in 75 patients undergoing ileorectal anasto
mosis for complications of the disease. Universal vitamin B12 defi
ciency occurred with resections of 60 cm or more. However, with 
resections of 10 cm including the ileoceocal valve, 38% of the 
patients had impaired vitamin B 12 absorption ( 125). Steatorrhea fre
quently occurs and is commonly associated with deficiencies of fat
soluble vitamins A, D, E, and K. The most common mineral defi
ciencies are zinc, magnesium, and calcium. 

Adaptation starts within hours after resection, with increased 
expression of gene products. Continual changes occurring through
out the first year are manifest by structural and functional changes 
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in the residual bowel. The magnitude of this response is related to 
the extent of the resection. Cellular changes result in increased 
absorptive function of both nutrient and fluids. Structural changes 
are characterized by epithelial hyperplasia, increased villus length, 
bowel dilatation, and elongation. The process is stimulated by 
enteral feeding, and atrophy may result with enteral nutrient exclu
sion. The important trophic factors effecting these changes are glu
tamine, soluble fibers, short-chain fatty acids, epidermal growth fac
tor, gastrin, proglucagon-derived peptides, enteroglucagon, ileal 
proglucagon, glucagonlike peptide 2, epidermal growth factor, 
insulinlike growth factor I, pancreaticobiliary secretions, and other 
yet to be identified factors (126). Stimulated adaptation was studied 
by Byrne et al. (127,128) in 47 TPN-dependent patients with short
bowel syndrome treated with a high-carbohydrate, low-fat diet sup
plemented with glutamine and growth hormone. Forty percent of 
these patients were weaned offTPN and the nutritional requirements 
of an additional 40% were significantly reduced (127,128). These 
studies suggested that intervention with diet and growth hormones 
can accentuate adaptation at a time when the adaptive process is 
usually not active. Subsequently, a randomized study designed to 
compare the individual components of growth hormone, glutamine, 
and a low-fat, high-carbohydrate diet did not support these find
ings (129). 

PROTEIN MALNUTRITION Significant protein malnutri
tion is common in IBD patients. Data support multifactorial causes 
related to decreased nutritional intake, increased metabolism, drug 
therapy, malabsorption, increased nutritional requirements, and 
increased enteral loss. Fecal alpha-l antitrypsin (AAT) excretion 
has proven to be an accurate and reliable indicator of enteral 
protein loss. An altered mucosal barrier manifested by increased 
enteric loss has been documented in patients with IBD and AIDS 
compared with controls (130,131). Resting-energy expenditure in 
hospitalized patients was found to be 11 % higher than the normal 
popUlation and associated with less than ideal body weight. As 
the inflammatory disease activity decreased, the resting energy 
expenditure also decreased (132). Animal studies of induced mal
nutrition and inflammation secondary to enteric pathogens demon
strate significant morphological and functional changes. In mal
nourished animals, body weight, bowel weight, and jejunal and 
ileal mucosal weight are decreased. Morphologic changes reveal 
decreased mucosal villus height, crypt depth, disaccharidase activ
ity, mucosal protein, and DNA content (133). Protein malnutrition 
may impair immune responsiveness by modifying the general 
immune response, decreasing cellular immune responses, and 
decreasing the synthesis of secretory IgA (134,135). Substrate 
utilization, nitrogen balance, and body composition in malnour
ished patients with IBD having difficulty gaining weight is altered 
when compared to healthy subjects. With parenteral nutrition in 
IBD patients, a normal accumulation of carbohydrates, protein, 
and a depletion of fat occurs. Concurrently, increases are noted 
in extracellular body weight, body cell mass, plasma T3, and 
insulin secretion (136). 

BACTERIAL OVERGROWTH Bacterial overgrowth is a 
common finding in many bowel disease entities, especially those 
associated with motility disturbances, stricture formation, and loss 
of the ileoceocal valve. Bacterial overgrowth increases intestinal 
permeability, decreases brush border enzyme function, competes 
for cyanocobalamine, and is associated with increased bacterial 
translocation (137). Patient manifestations are usually increased 
abdominal pain, diarrhea, polyarthritis, malaise, and, occasionally, 

a neutrophilic vasculitis (138,139). In a retrospective study of 
bacterial overgrowth in children with short-bowel syndrome sup
ported by TPN, a high incidence of bacterial overgrowth was 
noted. All patients that remained TPN dependent had significant 
bacterial overgrowth. In the group of patients in which TPN wean
ing was successful, 23 of 42 children had bacterial overgrowth 
associated with intestinal inflammation. The presence of bacterial 
overgrowth may complicate weaning, prolong the need for TPN, 
and perpetuate intestinal inflammation (140). 

SUMMARY 
Idiopathic inflammatory disease involving the gastrointestinal sys
tem are assumed to be autoreactive or inappropriate immune 
responses because agents and documented cellular or mucosal 
defects have not been defined. The immune response at the muco
sal level in the various diseases is extremely complex and may 
represent many different diseases; to date, the inciting event for 
the increased mucosal inflammatory response has not been defined. 
Theoretically, a two-component or double-hit scenario is most 
likely. A defect in mucosal permeability exists, exposing the host 
to an antigen challenge that bypasses M-cell-mediated tolerance 
mechanisms. The host response to luminal contents is accentuated 
or there is a failure to downregulate this immune response. 

All current conventional therapies are directed nonspecifically 
at suppression of the cell-mediated response and the pro-inflam
matory mediators of inflammation. 

Epidemiological studies suggest dietary factors are important 
although no putative food substances have been identified. Molec
ular and immune mechanistic studies involving specific food sub
stances need to be conducted. Patients with IBD progressively 
develop problems that are associated with disease duration and 
extent. Micronutrient and macronutrient deficiencies commonly 
contribute to the morbidity of the disease process. The use of 
elemental diets has been shown to downregulate the inflammatory 
response in experimental animals; however, as a therapy, a benefi
cial effect is difficult to assess in humans. Although diet as a 
therapy has been the subject of enormous effort, conventional 
drug therapy has proven to be more effective with induction and 
maintenance of disease remission. In the pediatric population, 
where growth disturbances and bone disease are significant prob
lems, nutrition as therapy plays a significant role. As IBD prog
resses and complications of the disease become more manifest, 
nutritional factors, management, and support become critical. 
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28 Diet and Allograft Rejection 

RICHARD V. PEREZ AND STEVEN KA TZNELSON 

INTRODUCTION 

Transplantation has become an accepted mode of therapy for 
irreversible failure of different organs. In recent years, advances 
in surgical techniques, critical care medicine, and the development 
of better immunosuppressive protocols have led to improved 
results in transplantation. Kidney, liver, pancreas, heart, and lung 
transplants can be performed with an expected 75-93% I-yr graft 
survival rate (1). As the indications for transplantation continue 
to broaden and as more successful immunosuppressive modalities 
develop, the transplant population will continue to increase. An 
understanding of the unique metabolic and nutritional needs of 
this patient population will enable us to counsel these patients 
better and intervene therapeutically, if necessary. 

Considering the diversity of patients receiving the various tho
racic or intra-abdominal transplanted organs, the large number of 
disease processes leading to organ failure, and the different degrees 
of surgical stress involved with each individual operation, it is 
difficult to generalize when discussing the nutritional management 
of these patients. Immunosuppressive protocols also differ from 
organ to organ, as well as among transplant centers. Nevertheless, 
because all transplant recipients must receive immunosuppression 
for life, there are observations that can be made that are applicable 
to all. 

Several reviews on the general principles of the nutritional 
management of patients before and after solid organ transplanta
tion have been recently published (2-6). This review will focus 
on the specific role of nutritional intervention aimed at modulating 
the immune response to an allograft. The ultimate goal is the 
optimization of nutritional support as one component in the overall 
immunosuppressive therapy used in the prevention of acute and 
chronic allograft rejection. 

IMMUNOLOGY OF ACUTE 
AND CHRONIC ALLOGRAFT REJECTION 
ACUTE REJECTION Our understanding of acute allograft rejec
tion is incomplete, although advances during the last decade have 
more clearly elucidated the cellular and molecular events involved 
in the initiation and mediation of this process. Both alloantigen-
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specific and nonspecific components contribute to the immune 
response, which can be divided into four phases: alloantigen recog
nition, lymphocyte activation, clonal expansion, and allograft 
inflammation (Table 1). For a more extensive discussion of acute 
rejection, see the recent reviews by Valente, Coffman, Suthanth
iran, and Krensky (7-10). 

Initiation of the immune response involves T-Iymphocyte rec
ognition of alloantigen presented by antigen-presenting cells 
(APC). This process involves internalization of alloantigen by the 
APC, proteolysis, and processing of the antigen into allopeptides 
that are then expressed on the cell surface in the antigen-binding 
groove of class II major histocompatibility complex (MHC) mole
cules. This MHC-bound allopeptide is recognized by the lympho
cyte at the T-cell receptor (TCR), a heterodimer complex with 
associated membrane proteins necessary for activation of the 
T cell. 

Recent evidence has shown that the activation ofT lymphocytes 
involves two signals. The first signal, as described above, involves 
engagement of the allopeptide presented by an APC with the TCR 
complex. Binding of the allopeptide will initiate a cascade of 
cytosolic signal transduction pathways involving protein tyrosine 
kinases. T-Cell activation and proliferation and production of 
cytokines will not occur without a second, costimulatory signal 
that involves binding of membrane-associated proteins on the APC 
with their complementary ligands on the T cell. A number of 
costimulatory molecules on the APC have been identified, the two 
most prominent being B7 and CD40, that bind to T-cell membrane 
proteins CD28 and CD40-ligand, respectively. 

T-Cell expansion and the subsequent localized inflammatory 
response within the allograft is analogous to a classical delayed
type hypersensitivity reaction. Initial recruitment of inflammatory 
cells to the allograft involves enhanced expression of adhesion 
molecules L-selectin by host leukocytes and P- and E-selectin by 
activated allograft endothelium. Firm adhesion of leukocytes to 
the endothelium is facilitated by integrins (LFA-I and VLA-4 
released by inflammatory cells) that interact with their respective 
ligands (ICAM-I, -2, -3, VCAM-l) expressed by the activated 
endothelial cells. Antigen-specific and nonspecific T cells, B cells, 
and macrophages infiltrate the rejecting allograft and cause subse
quent release of inflammatory cytokines such as interleukin-l, 
tumor necrosis factor-a, and interferon-y, important mediators 
of this response. Finally, nonspecific inflammatory molecules, 
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Table 1 
Molecular and Cellular Events in Acute Allograft Rejection 

Alloantigen recognition 

APC allopeptide processing and 
presentation in context of 
MHC molecule 

T-Cell recognition of 
MHC-bound allopeptide at 
TCR site 

Lymphocyte activation 

First signal: binding of 
allopeptide at TCR 
complex 

Second signal: costimulatory 
molecule engagement 

Induction of cytosolic 
signal transduction 
pathways 

including the chemokines, lipid mediators derived from arachi
donic acid and the complement, have been shown to be active in 
the acute rejection process. 

It is possible that dietary intervention may influence cellular 
interactions involving many of these mediators and, thus, amelio
rate the rejection response. 

CHRONIC REJECTION Chronic allograft rejection is the 
major barrier to long-term survival of all allografts. Its incidence 
varies among organs, from an estimated 5% in liver to 40-50% in 
heart and lung allografts (10). The pathogenesis is not completely 
understood, but it is thought to be secondary to both alloantigen
dependent and alloantigen independent factors (Table 2). Antigen
dependent factors such as acute rejection, poor HLA matching, 
and prior alloantigen sensitization have been shown to be associated 
with chronic rejection in renal allograft patients (11,12). Non
antigen-dependent factors contributing to chronic rejection include 
ischemia/reperfusion injury, hypercholesterolemia, cytomegalovi
rus infection, and drug toxicity. Pathologic findings common to 
all organs include increased extracellular matrix accumulation 
with interstitial fibrosis as well as evidence of endothelial injury 
with subsequent smooth-muscle proliferation and obliterative vas
culopathy. This appears to be mediated by both macrophages and 
lymphocytes (13-15.). 

The hallmark of chronic allograft rejection is occlusive vascular 
changes leading to chronic ischemia, fibrosis, and atrophy of 
parenchymal cells. Renal allografts exhibit tubular atrophy and 
thickening of the glomerular basement membrane. Chronic hepatic 
rejection is characterized by obliterative vasculopathy of medium
sized and large hepatic arterioles with bile duct loss (16). Chronic 
cardiac rejection presents with diffuse coronary artery atheroscle
rosis, and lung allografts present with obliteration of graft bronchi
oles. Chronic allograft rejection is uniformly progressive, with no 
effective treatment except retransplantation. 

Table 2 
Contributing Factors 

to Chronic Rejection/Allograft Vasculopathy 

Alloantigen dependent 

Acute rejection 
Poor HLA match 
Prior sensitization 

Alloantigen independent 

Ischemia-reperfusion injury 
Hypercholesterolemia 
Drug toxicity 
Suboptimal immunosuppression 
Late cytomegalovirus infection 

Clonal expansion 

Expression of adhesion 
molecules at graft site 

Recruitment of 
inflammatory 
cells to allograft 

Graft infiltration 

Graft infiltrating cells secrete cytokines 
(IL-l, TNF-a, interferon-y) 

Release of nonspecific inflammatory 
mediators (lipid metabolites, 
chemokines, etc.) 

Many similarities exist between chronic allograft vasculopathy 
and atherosclerosis of native vessels. As such, dietary or pharma
cologic interventions such as reduction of serum cholesterol may 
have a beneficial effect. We will discuss such dietary interventions 
in both experimental and clinical transplantation studies later in 
this chapter. 

METABOLIC SIDE EFFECTS OF 
IMMUNOSUPPRESSIVE AGENTS 
All of the immunosuppressive agents currently in use have an 
effect on nutrient metabolism or intake (Table 3). The following 
medications are used to varying degrees in all thoracic and abdomi
nal transplants. 

Corticosteroids are a mainstay in the immunosuppressive ther
apy after transplantation. The large initial doses given periopera
tively are usually rapidly tapered over a period of weeks to months. 
Because ofthe side effects and complications oflong-term cortico
steroid use, many centers attempt to discontinue corticosteroids 
sometime in the first year posttransplantation; however, this dis
continuance has been associated with an increased risk of rejection 
is some patients. Therefore, a significant number of transplant 
recipients remain on low-dose oral prednisone indefinitely. There 
are several mechanisms of glucocorticoid action, but the dominant 
effect appears to be the inhibition of macrophage acute-phase 
reactant and cytokine production, which is an important compo
nent of lymphocyte activation during allograft rejection. Important 
steroid-induced metabolic alterations include increased protein 
catabolism, especially with high doses, increased appetite, sodium 
retention, insulin resistance with hyperglycemia, hyperlipidemia, 
and ca1ciuria. 

The introduction of cyclosporine into clinical transplantation 
in 1980 was a significant breakthrough resulting in improved graft 
survival after kidney, heart, liver, and pancreas transplantation. 
It has a relatively selective inhibitory action on T-Iymphocyte 
interleukin-2 production without significant bone marrow suppres
sion. This inhibitory action of cyclosporine occurs by binding of 
cyclosporine to the cytoplasmic protein, ca1cineurin, which is 
necessary for the activation of several T-cell activation genes, 
including interleukin-2. Cyclosporine, however, is not without 
side effects, the most common being nephrotoxicity and hyperten
sion. It has also been shown to contribute to posttransplant hyper
lipidemia, hyperkalemia, hypomagnesemia, and glucose intol
erance. 

Tacrolimus, otherwise known as FK506 or Prograf, is a macro
lide antibiotic with immunosuppressive properties similar to, but 
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Table 3 
Nutritional and Metabolic Side Effects of Commonly Used Immunosuppressive Agents 

Medication Immunosuppressive mechanism Metabolic side effect 

Prednisone 

Cyclosporine 

Inhibition of macrophage cytokine and 
acute-phase reactant production 

Inhibition of T-Iymphocyte IL-2 production 

Hyperglycemia, sodium and fluid retention, 
calcium wasting, hyperlipidemia 

Nausea, gastritis, hyperkalemia, hypertension, 
hyperlipidemia, hyperglycemia, 
hyperuricemia, hypomagnesemia 

Azathioprine 
Antilymphocyte antibodies 
Mycophenolate mofetil 

Inhibition of DNA synthesis (purine analog) 
Lymphocyte cytotoxicity 

Nausea, decreased taste, anemia 
Fever, anorexia, diarrhea 

Inhibition of DNA synthesis Nausea, anorexia, gastritis, diarrhea, anemia 

Tacrolimus 
Inhibition of adhesion molecule expression 
Inhibition of T-Iymphocyte IL-2 production Nausea, diarrhea, hyperkalemia, 

hypomagnesemia, hypertension, 
hyperglycemia 

much more potent than cyclosporine. Although biochemically 
distinct from cyclosporine, its mechanism of action is similar (i.e., 
via inhibition of ca1cineurin). The side-effect profile is also similar 
to that of cyclosporine and includes nephrotoxicity and neurotoxic
ity. Tacrolimus may cause more gastrointestinal symptoms than 
cyclosporine, including mild nausea and diarrhea, and is probably 
more diabetogenic. Unlike cyclosporine, however, tacrolimus is 
not associated with significant hypercholesterolemia. 

Azathioprine (Imuran), a derivative of 6-mercaptopurine, is a 
purine analog antimetabolite that has been used in clinical trans
plantation since the early 1960s. It is generally well tolerated by 
most patients but can result in nausea, vomiting, altered taste 
acuity, and liver dysfunction. It also can be a very potent bone 
marrow suppressant, requiring frequent monitoring for leukopenia. 
The development of newer more potent immunosuppressants in 
recent years has led to a significant decrease in the use of azathio
prine. 

Mycophenolate mofetil (CellCept) is an inhibitor of inosine 
monophosphate dehydrogenase, the rate-limiting enzyme involved 
in de novo purine synthesis. Lymphocytes are more dependent on 
de novo purine synthesis than other cells that are able to utilize 
"salvage" pathways. Thus, mycophenolate mofetil has a selective 
effect of inhibiting the proliferation of lymphocytes. It also has 
an inhibitory effect on the expression of adhesion molecules neces
sary for lymphocyte-endothelial cell interactions. The effective
ness of this agent was initially shown in large clinical renal trans
plant trials (17,18) and is now being evaluated for other organs. 
The side effects of mycophenolate mainly involve the gastrointes
tinal tract, including esophagitis, gastritis, and diarrhea. 

The development of antilymphocyte antibody preparations has 
contributed to improved clinical outcomes in transplantation. 
These preparations are used by some centers prophylactically for 
the prevention of rejection in the early posttransplant induction 
phase of immunosuppression. They are also used in the treatment 
of acute rejection episodes not responsive to high-dose corticoste
roid therapy. The most widely used polyclonal antilymphocyte 
preparations have similar side effects, including a virus-like syn
drome of fever, myalgias, and anorexia. The more potent mono
clonal antibody, OKT-3, directed against the CD3 lymphocyte 
cell-surface marker commonly causes a severe cytokine-release 
syndrome characterized by high fever, pulmonary edema, and 

diarrhea. These side effects usually occur after the first two or 
three doses, during which time nutritional intake may be markedly 
reduced. Subsequent doses are usually well tolerated. 

EXPERIMENTAL DIETARY 
IMMUNOMODULATION IN TRANSPLANTATION 
FATTY ACIDS Multiple studies of dietary intervention in trans
plantation have involved dietary lipids, specifically polyunsatu
rated fatty acids. The metabolism and immunosuppressive proper
ties of these fatty acids have been well documented and discussed 
elsewhere (see Chapter 13). Although multiple mechanisms have 
been proposed, the immunosuppressive effect of these dietary 
lipids appears to be mediated via alterations in arachidonic acid 
metabolism. The metabolites of arachidonic acid, particularly cer
tain prostaglandins and leukotrienes, have both immunosuppres
sive and immunostimulatory properties (19,20). Several investiga
tors (19,21-23) have demonstrated prolongation of experimental 
skin, kidney, and cardiac allograft survival with polyunsaturated 
fatty acid-enriched diets. 

Omega-3 fatty acids, the major component of fish oil, have 
been shown by some investigators to be particularly immunosup
pressive in various models of experimental transplantation (24-
27), although one study failed to show a benefit (28). The possible 
mechanisms of the beneficial effect of fish oil are multiple, affect
ing both lymphocytes and macrophages, and have been recently 
reviewed (29). The immunomodulating effects of fish oil include 
inhibition of lymphocyte proliferation, cytokine production, and 
cytotoxicity. Fish oil also has been shown to have multiple effects 
on macrophage function, including alteration of phagocytosis, 
chemotaxis, antigen presentation, and modulation of secretory 
products, including cytokines, nitric oxide, and oxygen free radi
cals. A particular beneficial effect relevant to transplantation is 
the inhibition of lymphocyte-endothelial cell adhesion (30). 

Another strategy that has incorporated dietary intervention is 
the use of fatty acids to potentiate the immunosuppressive effects 
of other agents. Dietary immunomodulation of cyclosporine
induced immunosuppression has been most extensively studied. 
This agent may be particularly suited for dietary immunomodula
tion because of evidence suggesting that one mechanism of 
cyclosporine-induced immunosuppression involves alteration of 
arachidonic acid metabolism (31). Improved immunosuppression 
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Table 4 
Potential Beneficial Nutritional Interventions in Organ Transplantation 

Clinical setting 

Ischemia-reperfusion injury 
Acute rejection 

Chronic rejection 

Nutritional intervention 

Vitamins A, C, and E 
Polyunsaturated fatty acids 

0)-3 Fatty acids 

HMG-CoA reductase inhibitors 
Vitamins A, C and E 
0)-3 Fatty acids 
L-arginine 
HMG-CoA Reductase inhibitors 
Vitamins A, C, and E 
Vitamin B/folic acid 

has been demonstrated with the use of a prostaglandin EI (PGE[) 
analog in combination with cyclosporine (32). Accordingly, 
dietary supplementation with the arachidonic acid precursor, lino
leic acid, was shown to augment the immunosuppressive effect of 
cyclosporine, prolonging graft survival in a rodent heart transplant 
model (33). Omega-3 fatty acid supplementation, most commonly 
in the form of fish oil, has also been used to augment the immuno
suppressive effect of cyclosporine (34). Dietary supplementation 
with fish oil has the added benefit of ameliorating cyclosporine
induced nephrotoxicity, possibly by altering the production of 
intrarenal prostaglandins (35). 

Dietary fatty acids have also been used as a means of potentiat
ing the immunosuppressive effects of blood transfusions. The 
immunosuppressive effects of blood transfusions have been well 
documented (36). Transfusions have been shown to mediate their 
effect by increasing the production of immunosuppressive arachi
donic acid metabolites, such as prostaglandin E2 (37,38). Augmen
tation of transfusion-induced immunosuppression with the use of 
dietary omega-6 arachidonic acid precursors has been demon
strated and long-term tolerance attained in a rat model of heart 
transplantation (33,39). The omega-3 and -9 fatty acids have also 
been shown to be immunosuppressive, although the mechanism 
is not completely understood and may be completely independent 
of prostaglandin production (40,41). Recently, short-chain fatty 
acids have been shown to have an immunomodulating effect on 
transfusions in models of transplantation (42). The rationale behind 
the use of short-chain fatty acids, particularly butyric acid, is their 
ability to enhance gene transcription of immunosuppressive medi
ators such as PGE2, as has been previously shown (43). 

A unique approach to modulation of the immune response to 
an allograft is via modification of donor tissue immunogenicity by 
dietary manipulation. Schreiner showed that kidneys transplanted 
from rat donors fed a diet deficient in essential fatty acids sustained 
less acute rejection than kidneys from control-diet-fed donors (44). 
The mechanism was thought to be a lack of tissue macrophages 
(dendritic cells) in the renal allograft resulting from decreased 
production of leukotriene B4, a potent chemotactic substance. 
Comparable studies, however, in the same (45) and in a different 
rat strain combination did not demonstrate a benefit of essential 
fatty acid-deficient diets administered to kidney donors (46). A 
similar strategy of dietary immunomodulation of the donor was 
recently reported by Ishikawa et al. in a porcine model of liver 

Possible protective mechanism 

Antioxidants 
Production of immunosuppressive prostaglandins and 

leukotrienes; inhibition of cytokine production 
Lymphocyte, macrophage inhibition; modulation of cytokine, 

nitric oxide, and free-radical production; inhibition of 
adhesion molecule expression 

Inhibit NK cells; inhibit lymphocyte cytotoxicity 
Antioxidants 
(See above) 
Enhanced nitric oxide production 
Inhibits smooth-muscle proliferation 
Antioxidant 
Decreases serum homocysteine levels 

transplantation (47). In this study, livers transplanted from fasted 
donors showed prolonged survival when compared to those from 
fed controls. The protective effect of donor fasting in this study 
was postulated to be secondary to inactivation of the macrophage 
population of the hepatic allograft. These results differ somewhat 
from those reported by Sadamori et al. in a previous study using 
the same model (48). Here, livers from fasted donors did poorly 
after transplantation. However, if intravenous glucose was pro
vided during the fasted state, posttransplant allograft survival was 
markedly improved. The donor liver level of glycogen storage 
and ATP generation after reperfusion were thought to be important 
nutritionally dependent factors that influenced outcome. 

CHOLESTEROL-LOWERING PROTOCOLS Several ani
mal studies have suggested a relationship between hypercholester
olemia and chronic transplant vasculopathy (49-53), although this 
relationship has been questioned by at least one study (54). It has 
been hypothesized that high cholesterol levels may initiate growth
factor-mediated proliferation of the transplant vascular walls, 
upregulate class II antigen expression, and act as a chemoattrac
tant, drawing circulating lymphoid cells to the graft. These factors 
may be important in the initiation and propagation of both acute 
and chronic allograft rejection. To our knowledge, treatment of 
hypercholesterolemia by dietary means alone has not been studied 
in animal models of acute or chronic rejection. One study, how
ever, used a surgical partial ileal bypass to lower serum cholesterol 
in a rabbit cardiac transplant model of graft vasculopathy (55). 
In this model, lowering of serum cholesterol partially mitigated 
the fatty intimal proliferation of graft vasculopathy, suggesting a 
possible cholesterol-dependent and -independent mechanism. 

A number of studies have demonstrated a reduction in acute 
or chronic rejection with the use of the cholesterol-lowering agents 
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase 
inhibitors in experimental transplantation. These agents have been 
used extensively in clinical practice with effective reduction in 
serum cholesterol level, incidence of myocardial infarction, and 
cardiovascular mortality in nontransplant patients (56). The immu
nomodulatory effects of these agents was first noted in clinical 
heart transplant recipients who had a reduction in acute rejection 
episodes with the use of the HMG-CoA reductase inhibitor prava
statin (57). Subsequent animal studies have shown a decrease in 
chronic allograft vasculopathy in models of rat heart (58,59) and 
liver (60) transplantation; however, the effect may be via a choles-
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Fig. 1. Improved skin graft survival with protein-deficient diets. (Adapted from ref. 72.) 

terol-independent mechanism. Another study also recently demon
strated that pravastatin protects murine pancreatic islet isografts 
from immune-mediated primary nonfunction (61). The immuno
suppressive effects of the HMG-CoA reductase inhibitors are mul
tiple and include inhibition of natural-killer cells (62), monocyte 
chemotaxis (63), T-Iymphocyte cytotoxicity/proliferation (64,65), 
and B-Iymphocyte activation (66). These cholesterol-lowering 
medications may also have a synergistic effect with cyclosporine 
in the treatment of chronic vasculopathy, as has recently been 
shown in a rat femoral artery transplant model (67). Subsequent 
reports of the clinical use of cholesterol-lowering agents in heart 
(57), kidney (68), and liver (69) patients will be discussed later 
in the chapter. 

PROTEIN The immunodeficient state resulting from chronic 
protein malnutrition has been well documented (70,71). The effect 
of protein malnourishment on allograft survival is not completely 
known. Utilizing a rat skin allograft model, Austin demonstrated 
that protein-caloric restriction resulted in a significant increase in 
graft survival as well as a decrease in cytotoxic alloantibody 
production (72; Fig. I). Conversely, other studies in similar rodent 
models of skin allografts have failed to show a beneficial effect 
of protein-caloric malnourishment on allograft survival (73,74). 
The evidence, therefore, is not compelling that restriction of pro
tein would confer a beneficial effect on allograft survival in the 
clinical setting and, in fact, could render a patient more susceptible 
to problems with wound healing or infection. 

Nutritional modulation of the immune response with dietary 
supplementation of specific amino acids has been examined in 
models of infection, trauma, wound healing, and cancer (75). 
Dietary amino acids in models of transplantation have been limited 
mostly to studies using arginine. This well-studied amino acid 
has potent endocrine effects stimulating the production of growth 
hormone, prolactin, insulin, and insulin-like growth factor, all of 
which have potent immunostimulatory effects (76). Interestingly, 
arginine supplementation as part of an "immuno-enhancing" diet 
was shown to significantly prolong cardiac allograft survival in 
a model of transfusion-induced immunosuppression (41). The 
overall immunosuppressive effect of this arginine-enriched diet 
may have been the result of other components in the study diet, 

such as omega-3 fatty acids, or to the enhanced production of 
immunosuppressive mediators, as was suggested by Levy et al. 

Recent attention has been focused on the role of arginine in 
models of chronic rejection resulting from vasculopathy of the 
allograft. The pathogenesis of this vascular lesion is thought to 
be similar to that of the atherosclerotic intimal hyperplasia of 
native vessels. The protective effect of L-arginine, a precursor to 
nitric oxide, in models of native intimal hyperplasia has been 
demonstrated (77,78). Nitric oxide maintains active vasodilator 
tone in normal blood vessels, in contrast to atherosclerotic vessels, 
where the activity of nitric oxide is impaired, leading to decreased 
endothelium-dependent vasodilation and intimal thickening. 
Dietary L-arginine restores vascular relaxation, reduces the release 
of superoxide radicals, and inhibits the production of intimal lipid 
plaques (79,80). The importance of nitric oxide as a protective 
molecule in a model of chronic allograft rejection was recently 
demonstrated (81). Using gene knockout mice deficient in induc
ible nitric oxide synthase, this study showed that nitric oxide 
suppressed neointimal smooth-muscle accumulation in a hetero
topic cardiac transplant model of chronic vasculopathy. In another 
study using a rat aortic allograft model, Shears et al. demonstrated 
the suppressive effect of nitric oxide on graft vasculopathy (82). 
In this study, inhibitors of nitric oxide synthase significantly 
worsened the vascular lesion, whereas enhanced nitric oxide pro
duction via gene transfer completely suppressed allograft vasculo
pathy. Further evidence to support a possible protective effect of 
nitric oxide on chronic rejection is a recent study of dietary L-argin
ine supplementation in a rabbit cardiac allograft model (83). In 
this study, L-arginine (2.5% added to drinking water for 5 wk) 
increased plasma nitric oxide levels and attenuated transplant vas
culopathy possibly by modulation of vascular smooth-muscle cell 
response to mitogens such as insulin-like growth factor-l and 
interleukin-6. The potential benefit of L-arginine supplementation 
in the development or treatment of chronic rejection in clinical 
transplantation warrants further investigation. 

A limited number of studies have examined the potential bene
ficial effect of the amino acid glutamine on allograft function in 
models of intestinal transplantation. Glutamine is a preferred fuel 
of the normal enterocyte that improves intestinal structure and 
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function (84). The efficacy of glutamine, given either enterally 
or intravenously, has been shown to improve mucosal structure, 
glucose absorption, and bacterial translocation in nonimmunosup
pressed (85,86) and cyclosporine-treated rats after small-bowel 
transplantation (87). The effect of glutamine supplementation on 
allograft immunogenicity and/or frequency of intestinal allograft 
rejection has not been examined. 

NUCLEOTIDES Dietary nucleotides have been shown to be 
necessary for normal humoral and cell-mediated immunity (88-
90). As such, one strategy for induction of immunosuppression 
in experimental models of transplantation has been the administra
tion of nucleotide-free diets (90). Van Buren et al. have shown that 
nucleotide-free diets alone will prolong murine cardiac allograft 
survival (91) and, when administered with cyclosporine, will result 
in synergistic prolongation of rat cardiac allograft survival (92). 
Nucleotide restriction was shown to primarily inhibit T-helper
lymphocyte function in this model (93). To date, this strategy has 
not been used in clinical transplantation, possibly because of the 
increased susceptibility to infection observed with dietary nucleo
tide restriction. 

VITAMINS 
Antioxidants Organs to be transplanted are subjected to a 

period of cold ischemia during preservation and warm ischemia 
during subsequent surgical implantation. As such, transplantation 
is a clinically pertinent model of ischemia-reperfusion injury. This 
immune-mediated injury is characterized by leukocyte interaction 
with the endothelial surface of the allograft, with the release of 
acute-phase reactant cytokines, adhesion molecules, arachidonic 
acid metabolites, MHC antigens, and oxygen free radicals (94). 
Resident macrophages within the allograft may also be important 
in this process. In an attempt to minimize the injury mediated by 
reactive oxygen species, several investigators have used antioxi
dant vitamins, mainly C (ascorbic acid) and E (a-tocopherol), in 
experimental models of transplantation related ischemia
reperfusion injury. Antioxidant administration within the organ 
preservation solution (95) or intravenously to the donor (96) has 
been shown to be effective in models of kidney and pancreas 
transplantation, respectively. Dietary vitamin supplementation of 
either ascorbic acid or a-tocopherol to the recipient, in combina
tion with low-dose cyclosporine, was shown to delay allograft 
rejection in a rat cardiac allograft model (97). Oxygen-derived 
free-radical injury was determined to contribute to the rejection 
process in this model. Vitamin E as a dietary supplement has also 
recently been shown to ameliorate rejection in the immunologi
cally incompatible setting of xenotransplantation (98). Both low 
(150 mg/kg/chow)- and high (8000 mg/kg/chow)-dose vitamin 
E-fed animals sustained a reduction in leukocyte-mediated micro
vascular rejection in a rat to hamster model of pancreatic islet 
cell xenotransplantation. 

These studies stress the importance of strategies to lessen the 
injury of ischemia-reperfusion at the time of transplantation and 
in the possible prevention of acute rejection. Another important 
aspect of ischemia-reperfusion injury is its possible role in the 
subsequent development of chronic allograft rejection (94). The 
enhanced expression of leukocyte chemotactants and adhesion 
molecules seen with reperfusion injury are the same molecules 
seen at the endothelial surface expressed in chronic rejection (99). 
Additionally, oxygen free-radical species have been shown to 
directly induce the proliferation of vascular endothelial smooth
muscle cells (100). Ischemic injury has been correlated with the 

development of chronic rejection in experimental (101,102) and 
clinical transplantation (103). The effect of long-term antioxidant 
therapy on allograft function or the vasculopathy of chronic rejec
tion is unknown. ONe recent preliminary report suggests a possible 
effect of vitamin C (but not vitamin E) in ameliorating the severity 
of transplant coronary artery disease in a rodent model of cardiac 
transplantation (104). It is clear that the potential benefit of antioxi
dative therapy in the setting of chronic vasculopathy needs further 
investigation. This is underscored by the known safety and efficacy 
of these agents used clinically (105) and by the increasing evidence 
of their protective effect against native coronary artery disease 
(106,107). 

Vitamin A The retinoids encompass a range of compounds 
related to vitamin A and are known antioxidants, but they have 
been studied mainly for their immunopotentiating properties, 
including enhanced delayed-type hypersensitivity, antibody pro
duction, and cytotoxicity (108,109). These immunostimulatory 
properties as well as an inhibitory effect on keratinization in 
epithelial cells have made these compounds particularly effective 
in the treatment of dermatologic cancers and other skin disorders 
(110). Transplant recipients on chronic immunosuppression ther
apy have been noted to have an increased incidence of malignan
cies, the most common being malignant skin lesions (111-113). 
Consequently, there has been interest in the use of retinoids in 
transplant recipients. The possible interference with ongoing 
immunosuppression regimens and potential precipitation of rejec
tion by vitamin A has resulted in a number of studies addressing 
this concern. Studies in experimental models of skin (114,115), 
kidney (116), and cardiac transplantation (117) have shown that 
vitamin A compounds do not compromise the immunosuppressive 
effect of standard steroid-, cyclosporine-, or azathioprine-based 
protocols. The effect of vitamin A on the newer agents such as 
tacrolimus and mycophenolic acid are not known; however, it is 
probably that these compounds can be cautiously used in immuno
suppressed recipients with premalignant or malignant skin lesions. 

Vitamin BJB12 and Folic Acid Recent attention has been 
focused on hyperhomocysteinemia as a risk factor for the develop
ment of atherosclerosis (118). Preliminary clinical studies have 
also suggested that hyperhomocysteinemia may also be a risk 
factor for transplant vasculopathylchronic rejection (119). There 
have been no controlled studies regarding dietary interventions 
in experimental models of transplantation; however, clinical stud
ies in nontransplant patients have shown that vitamin BJB12 and 
folic acid supplementation will decrease serum homocysteine lev
els. The early clinical experience with vitamin supplementation 
and homocysteine levels will be discussed separately in the clinical 
kidney and heart transplant sections to follow. 

N UTRITIONALL Y RElATED 
CLINICAL STUDIES IN TRANSPLANTATION 

KIDNEY 
Fatty Acids As early as 1974, Uldall et al. reported a benefi

cial effect of polyunsaturated linoleic acid supplementation (as 
sunflower seed oil) in an uncontrolled study in renal transplantation 
(120). This led the same center to perform a controlled trial of 
polyunsaturated fatty acid supplementation (primrose oil, 74% 
linoleic acid) in recipients of cadaveric renal allografts (121). In 
this prospective, double-blinded study of90 patients, graft survival 
in the fatty-acid-fed group was superior during the first 3-4 mo 



CHAPTER 28/ DIET AND ALLOGRAFT REJECTION 347 

p /0.05 <0.05 <:0.05 N.S. N.S 

100 

.... " ........ . 
80f- •••••••••• ............. PUFA·' 

................ 

Actuaroal 60 Placebo 
graft 
survival 

40~ 

I 

2T I I 
0.L-----~6~--~11~--~1~6----~2~1--~26 

Time after transplant lweeks) 

Fig. 2. Improved short-term kidney allograft survival with dietary 
polyunsaturated fatty acid supplementation. (Adapted from ref. 121.) 

posttransplant, but by 6 mo, the difference in survival no longer 
reached statistical significance (Fig. 2). 

Several clinical studies have assessed the potential benefit of 
omega-3 fatty acid supplementation in recipients of renal allo
grafts. Early studies demonstrated that dietary fish oil improved 
renal function in stable patients (122) and in those with renal 
dysfunction resulting from chronic vascular rejection (123). Sub
sequent studies examined the use of fish oil prophylactically at the 
time of transplant or shortly thereafter. Berthoux et al. randomized 
patients to receive 9 g of fish oil/d starting on d 3 after transplanta
tion and continuing for I yr (124). Fish oil supplementation 
improved renal blood flow and function, but no difference was 
seen regarding rejection episodes between groups. Van der Heide 
et al. subsequently showed improved hemodynamics, blood pres
sure control, renal function, and fewer rejection episodes in 
patients receiving fish oil (6 g/d for I yr) after transplantation 
(122; Fig. 3). The improved rejection rate observed in fish-oil
treated patients did not result in a significant difference in allograft 
survival (Fig. 4). Others confirmed a beneficial effect of fish oil 
when started at the time of transplant (125), but fish oil was of 
little value when started 16 wk after transplant (126). 

Cholesterol-Lowering Protocols As was discussed earlier 
with models of experimental transplantation, recent evidence has 
suggested a causative role of hypercholesterolemia in the patho
genesis of acute and chronic allograft rejection. Clinical reports in 
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renal transplantation have also established an association between 
cholesterol levels and allograft rejection, although this relationship 
remains controversial. Separate studies by Dimeny et aL and Iso
niemi et aL have demonstrated that elevations in serum cholesterol 
levels may be associated with the development of chronic rejection 
in kidney transplant recipients (127,128). Dimeny et aL also 
reported that patients with high pretransplant total cholesterol 
levels had a higher rate of acute rejections in the first 6 mo 
posttransplant (129). 

Dietary treatment of hypercholesterolemia has proven to be 
safe and is the standard first line of therapy. In general, most 
patients are instructed to comply with the American Heart Associa
tion Step II Diet as recommended by the National Cholesterol 
Education Program (130). However, it has been shown that dietary 
therapy alone may be inadequate in a significant percentage of 
transplant patients (131). As such, many patients will require 
pharmacologic intervention in the posttransplant setting. 

All of the clinically available antihyperlipidemic agents have 
been used successfully to treat posttransplant hyperlipidemia 
(132). Each of the commonly used agents such as nicotinic acid, 
fibric acid derivatives, and bile acid resins have adverse side 
effects in the transplant setting, thus limiting their usefulness. The 
HMG-CoA reductase inhibitors have been shown to be effective 
in reducing lipid levels after kidney transplantation (133-135) and 
their immunosuppressive properties make them particularly attrac
tive in the transplant setting. The clinical usefulness of these 
agents has recently been reported in a prospective randomized 
pilot study in cadaveric kidney transplantation (68). Forty-eight 
patients were randomized to a group taking pravastatin at 20 mg/ 
d or to a control group. All patients in this study were maintained 
on a double immunosuppressive regiment with prednisone and 
cyclosporine. The pravastatin-treated patients had decreases in 
acute rejection episodes and in the use of both OKT3 and solume
drol antirejection therapy. In addition, the patients treated with 
pravastatin had a significant inhibition of natural-killer-cell cyto
toxicity. The decreased rejection associated with pravastatin could 
not be ascribed solely to differences in total cholesterol levels 
between groups, suggesting a possible cholesterol-independent 
immunomodulatory effect of pravastatin. The effect of these agents 
on long-term patient or graft outcome has not yet been established. 

Antioxidant Vitamins Despite significant evidence showing 
a benefit of antioxidant vitamins in the prevention of ischemia-
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reperfusion injury and related allograft rejection in experimental 
transplantation, few clinical studies have addressed this issue. 
Rabl et al. were the first to report a prospective, double-blinded 
study of intravenous pretreatment with antioxidants (vitamins C, 
E, and A) in 30 recipients of cadaveric renal allografts (136). The 
patients receiving vitamin pretreatment had lower levels of lipid 
peroxidation after transplantation and improved early allograft 
function when compared to controls. A similar clinical study 
showed a benefit of a single intraoperative intravenous dose of 
vitamin C (500 mg) prior to reperfusion of the allograft in renal 
transplantation (137). To date, we are aware of no studies using 
dietary antioxidant supplementation in clinical renal transplanta
tion. The advantage of a more sustained vitamin supplementation 
in this setting has become more apparent recently with the demon
stration of reperfusion-induced free-radical activity in the renal 
allograft still present days after transplantation (138). As previously 
discussed, sustained dietary antioxidant supplementation may be 
effective short-term treatment of the ischemia-reperfusion injury 
at the time of transplantation; however, a possible more important 
benefit may be in the prevention or treatment of allograft vasculopa
thy secondary to chronic rejection. In view of recent evidence dem
onstrating a benefit of dietary antioxidants in atherosclerotic disease 
in nonimmunosuppressed patients ( 106), the possible potential pro
tective effect of these agents against the development of chronic 
allograft vasculopathy warrants further investigation. 

Vitamin B/Folate The significance of hyperhomocysteine
mia as a risk factor for the development of coronary artery, cerebro
vascular, and peripheral vascular disease in the general population 
has recently been established (118). It has been suggested that 
renal transplant recipients have an increased risk of arteriosclerotic 
outcomes (139) and have been reported to have an increased 
prevalence of hyperhomocysteinemia (140-142). Reduction in 
plasma homocysteine levels can be achieved with dietary folic acid 
and vitamin BJB12 supplementation (119). Whether interventions 
aimed at lowering plasma homocysteine levels will have an effect 
on arteriosclerotic vascular disease in these patients is not known. 
The role of hyperhomocysteinemia as a risk factor for chronic 
transplant vasculopathy is also not known, but is a question cur
rently being investigated. 

HEART Current immunosuppression protocols have resulted 
in significant improvements in cardiac transplantation, with 
reported 5-yr patient survival approaching 80% (143). The main 
indications for transplantation include cardiomyopathy and ische
mic heart disease. The main limitation to further improvement in 
survival is allograft coronary vasculopathy, a probable manifesta
tion of chronic rejection. Nutritional studies are lacking in this 
patient population, with the exception of those focused on the 
pretransplant malnourished state of these patients (144,145) or on 
strategies to lower cholesterol levels (132). 

Cholesterol-lowering Protocols Hypercholesterolemia is 
observed in 60-80% of patients after cardiac transplantation 
(146,147). Several clinical studies have shown a relationship 
between hypercholesterolemia and the development of allograft 
vasculopathy (148-150). In contrast, other studies have found no 
relationship between cholesterol levels and graft vasculopathy 
(54,151); therefore, this relationship remains controversial. 

Dietary management of hypercholesterolemia has been shown 
to be largely ineffective as the sole therapeutic intervention after 
cardiac transplantation (152). As was discussed earlier in the renal 
transplantation section, HMG-CoA reductase inhibitors have been 
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Fig. 5. Beneficial effect of HMG-CoA reductase inhibitor in clinical 
cardiac transplantation. (Adapted from ref. 57.) 

used because of their dual actions of reducing lipid levels 
(153,154) and suppressing the immune response. 

The first clinical report suggesting an immunomodulatory 
effect of HMG-CoA reductase inhibitors in transplant recipients 
originated in the heart transplant literature (57). In a prospective 
randomized trial of the sue of pravastatin early after heart trans
plantation, patients receiving daily pravastatin therapy had an 
increased l-yr survival that coincided with a decrease in clinically 
severe acute rejection episodes (Fig. 5). This group of patients 
was also followed to assess the effect of pravastatin on the inci
dence and progression of allograft vasculopathy. The total number 
of patients found to have allograft vasculopathy by angiography or 
autopsy was less in the pravastatin-treated group than in the control 
group. In a subgroup of patients, intracoronary ultrasound showed 
that pravastatin-treated patients had less progression of allograft 
vasculopathy than control patients. In another, more recent prospec
tive randomized study with a 4-yr follow-up, the HMG-CoA reduc
tase inhibitor simvastatin was compared to dietary measures alone 
in 72 cardiac transplant recipients (155). Simvastatin treatment 
resulted in a decrease in cholesterol levels, less allograft vasculopa
thy progression, and higher long-term survival. 

Consistent with the previous similar study in kidney patients, 
the decreased incidence of rejection associated with pravastatin 
use could not be ascribed solely to differences in total cholesterol 
levels between groups. This suggests that the immunomodulatory 
effect of pravastatin is cholesterol-level independent. 

Antioxidant Vitamins The beneficial effect of antioxidant 
vitamin supplementation after renal transplantation has been pre
viously discussed. Logeril reported the use of dietary vitamin E 
supplementation in 20 clinically stable heart transplant recipients 
(156). Improved immunosuppression, decreased cyclosporine 
nephrotoxicity, and reduction in thrombotic complications were 
noted with vitamin E supplementation. The anti thrombotic effect 
was thought to be secondary to decreased platelet aggregation in 
the vitamin E-treated patients. 

Vitamin B/Folate As previously discussed, hyperhomocys
teinemia has been shown to be a risk factor for the development 
of atherosclerotic complications in the general population and in 
patients who have undergone renal transplantation. Similar studies 
in patients after cardiac transplantation are few; however, recent 
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Fig. 6. Increased serum homocysteine levels in patients after cardiac 
transplantation. (Adapted from ref. 157.) 

reports have suggested that elevated plasma homocysteine levels 
are common after cardiac transplantation (157, Fig. 6). The devel
opment of transplant coronary vasculopathy has also been noted 
to correlate with plasma homocysteine levels in one study (158). 
Interventions aimed at decreasing homocysteine levels and possi
bly reducing the incidence of coronary vasculopathy have not 
been reported after cardiac transplantation. 

LIVER Although the first reported successful clinical liver 
transplant was in 1963, it was not until the 1980s that transplanta
tion became an accepted therapeutic option for patients with end
stage liver disease. The past decade has been significant for pro
gressive improvement in outcomes, with current l-yr patient sur
vival rates of 85% being reported by some centers (159,160). 
Patients with advanced liver disease are often malnourished 
because of a loss of functional hepatocyte mass resulting in a 
decrease in protein synthesis and impairment in the delivery of 
nutrients to the liver secondary to extrahepatic shunting of portal 
blood flow (161-163). A hormonal imbalance characterized by 
increased levels of insulin, glucagon, epinephrine, and cortisol all 
contribute to a state of catabolism associated with liver failure. 
Furthermore, salt, water, and protein intolerance in these patients 
makes nutritional support prior to transplantation somewhat diffi
cult. Nutritional intervention in the setting of chronic liver dys
function has been well studied and the goals of such therapy 
include limitation of catabolism, correction of vitamin/mineral 
deficiencies, and maintenance of metabolic balance (164,165). 

Restoration of normal hepatic function after transplantation 
provides a setting in which postoperative aggressive nutritional 
intervention is possible. Optimization of nutritional support during 
the posttransplantation period has been studied. Reilly reported 
the first randomized prospective clinical trial comparing total par
enteral nutritional (TPN) support with nontreated control patients 
(166). In this study, TPN was tolerated immediately postopera
tively, improved nitrogen balance, and shortened the number of 
days spent in the intensive care unit. Solutions high in branch-

chain amino acids, which have been suggested to be of particular 
benefit in nontransplant patients with liver dysfunction and 
encephalopathy (167), had no added benefit in this study when 
compared to standard TPN. A subsequent study showed that 
enteral feeding administered via jejunal tube within 18 h postoper
atively was well tolerated, of comparable efficacy to TPN, and 
had the potential benefit of decreasing postoperative complications 
and costs (168). Another randomized prospective study suggested 
that early enteral tube feedings improved some posttransplant 
outcomes, including infectious complications, when compared to 
standard oral diet (169). 

Cholesterol-Lowering Protocols Specific dietary interven
tion aimed at decreasing acute or chronic rejection has not been 
reported in liver transplantation. One recent study (69), however, 
has focused on the potential immunosuppressive effects of the 
cholesterol-lowering agents HMG-CoA reductase inhibitors, as 
was discussed previously in heart and kidney transplantation. This 
study showed that posttransplant hyperlipidemia is less frequent 
in liver allograft recipients than in kidney or cardiac recipients. 
However, the HMG-CoA reductase inhibitor pravastatin did 
reduce serum cholesterol levels and inhibited natural-killer-cell 
function in these patients. Pravastatin did not have an effect on 
acute rejection episodes after liver transplantation, as was pre
viously shown for both renal and cardiac transplantation. 

Antioxidant Vitamins Much of the literature regarding isch
emia-reperfusion injury in experimental models has focused on 
the liver (94,170). The large popUlation of resident macrophages 
in the liver with the capacity to release oxygen free radicals and 
acute-phase cytokines makes this organ particularly susceptible 
to reperfusion injury at the time of transplantation. Clinical studies 
have confirmed the presence of increased oxygen free-radical 
species as potential mediators of reperfusion injury in liver recipi
ents (171,172) . One study measured circulating levels of antioxi
dants in patients about to undergo liver transplantation (173). 
Pretransplant levels of antioxidants vitamin A, vitamin E, and 
beta-carotene were depressed in these patients. On reperfusion of 
the liver allograft, vitamin A and E levels fell further and were 
associated with the adverse hemodynamic effects observed with 
ischemia-reperfusion injury. These studies support the experimen
tal data suggesting that liver transplant patients are susceptible to 
free-radical-induced reperfusion injury and have lowered antioxi
dant defenses at the time of transplantation. Surprisingly, there is 
a lack of clinical studies using antioxidant therapy as a means of 
ameliorating this injury. Clinical trials with antioxidant vitamins 
are warranted. 

LUNG Lung transplantation has only recently become a ther
apeutic option for patients with end-stage pulmonary disease. The 
first successful lung transplantation was performed in 1983 (174) 
and the most common indications for transplantation include 
chronic obstructive pulmonary disease, pulmonary fibrosis, and 
cystic fibrosis. Patients with end-stage pulmonary disease have 
been shown to be significantly malnourished, possibly the result 
of increased basal metabolic rate, higher work of breathing, and 
a cachexia that is poorly understood (175,176). Aggressive nutri
tional support aimed at achieving caloric intake above the calcu
lated maintenance requirements will improve nutritional parame
ters and respiratory function (177,178). Significant malnutrition 
in patients who undergo lung transplantation has been shown in 
a retrospective study of 35 patients (179). In this study, patients 
with cystic fibrosis, emphysema, and other types of bronchiectasis 
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were found to be particularly nutritionally depleted preoperatively. 
Nutritional status improved postoperatively, with most patients 
achieving normal nutrition within I yr after transplantation. 

Despite the evidence indicating that patients who undergo lung 
transplantation are nutritionally depleted, there are no controlled 
trials examining preoperative and postoperative dietary inter
vention in this setting. It is probable that active nutritional support 
will improve the preoperative status of patients undergoing lung 
transplantation and contribute to improvements in outcomes. The 
effect of diet on lung allograft rejection is another factor that 
needs to be investigated. Finally, an important problem in lung 
transplantation is a significant incidence of ischemia-reperfusion 
injury secondary to the release of acute-phase reactants from 
infiltrating neutrophils, natural-killer cells, lymphocytes, and the 
large population of alveolar macrophages within the allograft 
(180). Early graft failure, with a 3-mo mortality as high as 25%, 
can be attributed in part to reperfusion injury (181). The role of 
nutritional support by interventions such as antioxidant vitamin 
supplementation, as has been discussed for other allografts, war
rants further investigation in the setting of lung transplantation. 

PANCREAS Advances in surgical technique and immuno
suppressive protocols have led to significant improvements in 
the results of pancreas transplantation for patients with insulin
dependent diabetes. Patient and allograft survival is now compara
ble to the other major solid organ transplants. Most patients have 
return of normal bowel function within 3-4 d after surgery and, 
therefore, are not usually placed on any form of nutritional support 
after transplantation. Thus, to our knowledge, there have been 
no reports of nutritionally related clinical studies after pancreas 
transplantation. The pancreas allograft is very susceptible to both 
ischemia-reperfusion injury and acute rejection. It is possible 
that nutritional modification to ameliorate rejection or reperfusion 
injury, as has been discussed with the other organ allografts, may 
also be useful after pancreas transplantation. 

SMAll INTESTINE Intestinal transplantation has achieved 
limited success and is performed in only a relatively small number 
of institutions. The main limitations to the success of the procedure 
are technical complications, frequent bacterial and viral infections, 
and difficulty in the diagnosis and treatment of allograft rejection 
(182-184). Nutritional management of patients after intestinal 
transplantation is particularly challenging and has been recently 
reviewed (185,186). The first week after transplantation is charac
terized by a significant limitation of nutrient absorption by the 
allograft as it recovers from ischemia and preservation injury. 
During this period, parenteral nutrition is important and bowel 
rest essential for intestinal anastomotic healing. The next 2-3 wk 
is characterized by normal carbohydrate and amino acid absorp
tion, but impaired fat absorption as a result of the lack of adequate 
intestinal lymphatic drainage (187,188). During this time, an 
enteral diet, low in fat and free of long-chain triglycerides, is 
initiated. Lymphatic regeneration and recannulization occurs by 
4-6 wk, at which time the enteral diet is normalized and parenteral 
nutrition weaned. The effect of nutritional supplementation on 
acute or chronic allograft rejection has not been addressed in 
intestinal transplantation. 

SUMMARY 
The clinical field of solid organ transplantation has undergone 
tremendous expansion in recent years. Advances in surgical tech
niques and the development of improved immunosuppression 

strategies have led to both improved clinical outcomes and the 
application of transplantation to a broader group of patients with 
end-stage organ failure. Despite these significant advances, the 
adverse side effects of present immunosuppressive protocols com
promise the quality of life for organ transplant recipients. Although 
clinical experience is not extensive, this chapter has supported 
the premise that nutritional immunomodulation may be a means 
of improving current immunosuppressive protocols. The data pre
sented here suggest that dietary intervention may have a protective 
effect on the allograft in the setting of ischemia-reperfusion injury, 
acute rejection, and graft vasculopathy resulting from chronic 
rejection. Further studies will define optimal strategies of nutri
tional support as one component in the overall immunosuppressive 
therapy aimed at maximal prolongation of allograft survival. 
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INTRODUCTION 

Food is an extremely complex matrix consisting of thousands of 
natural components, many of which have not been characterized. 
In addition, it may contain food additives (such as colorings, 
texturizers, flavoring agents, etc.), pesticide residues, drugs used 
in food-producing animals, chemical pollutants (such as lead and 
arsenic), microbial contaminants, and substances produced by 
cooking. As stated by Katsonis et al. (1), "Food in general is 
more complex and variable in composition than are all the other 
substances to which humans are exposed. However, there is noth
ing to which humans have greater exposure despite the uncertainty 
about its chemical identity, consistency, and purity." 

Interaction between the body and the environment occurs on 
many levels and produces many effects on the host. Of the compo
nents of the body, the immune system is the first line of defense 
against invading organisms and potentially damaging pathogenic 
products. As a result, the immune system is prominently affected 
whenever a toxic substance enters the body. One of the major 
pathways of encounter between the body and toxic materials is 
through food. Paradoxically, food, which is essential to maintain 
a healthy organism, is also the possible carrier of pathogenic 
micro-organisms as well as the toxic materials they produce. In 
addition, constituents and contaminants of food can cause toxic 
effects directly, or indirectly through breakdown products. 

There are many sources of the toxins found in foods. Among 
them are bacteria, fungi, viruses, environmental pollutants, and 
side products of food processing and preparation. Of these toxins, 
the ones that have been demonstrated to have a direct effect on 
the immune system are those produced by bacteria and fungi as 
well as excess nutrients such as iodine. These will be discussed 
in further detail in this chapter. 

Large amounts of any toxin may have lethal effects on the 
host, with dramatic impact on the cells of the immune system. 
Smaller amounts, however, often result in subtle immunomodula
tory effects. Chronic, long-term exposure even to a low level of 
toxic materials can cause changes in the immune system that lead 
to dysregulation with possible pathogenic outcomes. 

The genetic basis of many immune-mediated diseases, among 
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them the autoimmune diseases (i.e., diseases where the immune 
system attacks the organism itself), has been well documented. The 
effect of the environment on the development of these diseases, 
however, has been less well characterized. Yet, it has been esti
mated that only about half of the risk of the disease is attributable 
to the genetic contributions of the host. The other 50%, which 
may tip the balance between health and disease, may be due to 
the effect of the environment. The principal route by which we 
are exposed to the environment is through the food we eat, and 
so the potential damage contributed by the contents of food is 
great. We have an opportunity to reduce our chances of developing 
immune-mediated disease by limiting the risk that is contributed 
by the environment by controlling the types of food we ingest. 

In this chapter, we will discuss some of the best studied exam
ples of toxins found in our food supply that affect the immune 
system, including their source, their mode of action, and their 
participation in pathogenic processes. 

TOXINS IN FOOD 

BACTERIAL TOXINS Food-borne microbial diseases afflict 
over 69 million Americans each year (2). Despite concerns about 
the safety of food additives, pesticide residues, and other contami
nants, bacterial contamination of the food remains the greatest 
food-borne risk (1). Whereas some of the bacteria that may con
taminate our food supply are directly pathogenic, others produce 
toxins that remain in the food even after the organism that produced 
them is no longer present. A list of the most common food-borne 
bacteria that produce toxins is summarized in Table 1. 

Of the food-borne pathogens, the microorganisms with the 
capacity to produce superantigens are the ones most commonly 
associated with effects on the immune system. Superantigens are 
a group of 20-30-kDa proteins that stimulate T-cell proliferation 
by simultaneously binding to two molecules on two separate cells: 
the V~ portion of the T-cell receptor, which is distinct from the 
peptide-binding groove (3,4), and the major histocompatibility 
complex (MCH) class II molecule on B cells, monocytes, and 
other antigen-presenting cells. Thus, superantigens form a bridge 
between T cells and antigen-presenting cells, causing activation 
a~d proliferation of T cells (reviewed in ref. 5). A large portion 
of the T cells (up to 20% of peripheral T cells) may be activated 
because the response is not restricted to the antigen-specific T cells. 
The subsequent massive release of cytokines can lead to disease. 

The sources of superantigens are both bacterial and viral. Major 
sources of superantigens are Staphylococcus aureus, Streptococ-
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Table 1 
Some of the Common Food-Borne Toxin-Producing Bacteria 

Source of 
Organism Toxins produced contamination 

Escherichia coli Enterotoxins Fecal contamination 
Clostridium Botulinum toxins Canned and cured 

botulinum A-G food 
Staphylococcus Enterotoxins Human carriers (nasal 

aureus passages) 
Clostridium Enterotoxins Fecal contamination 

peifringens 
Bacillus cereus Exotoxins and Soil and dust 

enterotoxins 

Source: Modified from ref. 1. 

cus pyogenes, and Mycoplasma arthriditis, but additional bacterial 
species have also been reported to produce superantigens (6). 
Viruses have also been reported to produce superantigens, among 
them are viruses affecting humans such as Epstein-Barr virus and 
rabies virus (6). 

Because of their potent activation of a large proportion of 
T cells, superantigens have been incriminated in several diseases. 
In addition to causing food poisoning (such as S. aureus entero
toxin A), superantigens are responsible for toxic shock syndrome 
characterized by fever and hypotension, which can be fatal. They 
have also been implicated in autoimmune disease (7-9). 

The uptake of superantigens from the intestinal tract into the 
bloodstream results in the direct activation of a large portion of 
the T cells (irrespective of their antigen specificity) followed by 
a major release of cytokines. Because the presence of natural 
autoreactive lymphocytes has frequently been reported even in 
normal individuals, the indiscriminate activation ofT cells encom
passes autoreactive lymphocytes that have the potential of produc
ing autoimmune disease. Indeed, superantigens have been pro
posed as possible instigators of several autoimmune diseases, 
among them rheumatic heart diseases, Kawasaki disease, autoim
mune thyroiditis, rheumatoid arthritis, and multiple sclerosis (6). 

S. aureus Enterotoxin A in T-cell Proliferation and Auto
immunity Staphylococcal enterotoxins (SE) are a family of five 
major serological types (SEA through SEE) of heat-stable, emetic 
proteins encoded by five genes that share 50-85% homology at 
the predicted amino acid level. Of the staphylococcal enterotoxins, 
SEA is one of the most common causes of gastroenteritis (vomiting 
and diarrhea) resulting from food contamination. SEA is an 
extremely potent gastrointestinal toxin; amounts as low as 100 
ng are sufficient to cause symptoms of intoxication (10). It is a 
highly stable, single-chain polypeptide of 29 kDa. 

S. aureus enterotoxin A has two separate biological functions. 
It acts as an enterotoxin on gastrointestinal cells, causing gastroen
teritis. It also acts as a superantigen with effects on the immune 
system (11). SEA, like other superantigens, has the ability to 
cause a non-antigen-specific activation of T lymphocytes and, 
subsequently, B cells. Upon exposure of normal rat lymphocytes 
to food contaminated with SEA, high levels of proliferation were 
observed (Fig. 1). The ability of SEA to cause proliferation was 
totally abolished following heat treatment (such as autoclaving) 
of the food samples (Fig. 1) as a result of toxin denaturation and 
the loss of the native structure necessary for the binding to MHC 
class II and the T-cell receptor. 
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Fig. 1. Detection of SEA in four different foods using aT-cell 
proliferation assay. Lewis rat lymphocytes were isolated from heparin
ized blood and purified on Ficoll-Paque. Lymphocytes were incubated 
at I x 106 cells/mL with food samples for 2 d. 3H-thymidine was 
added and plates were harvested 24 h later and radioactivity was 
measured. Food was homogenized, diluted lO-fold in phosphate-buf
fered saline and tested in the presence or absence of different concen
trations of SEA, either directly or following autoclaving for 40 min 
at 121°C. A = Hot dog; B = potato salad; C = mushrooms; D = milk. 
Data are mean ± SEM. 

S. aureus enterotoxin A does not activate all Vp T-cell receptor 
domains. Specifically, T cells with receptors containing the Vp 
5.3, 6.3, 6.4, and 6.9 families were reported to become stimulated 
by SEA; others were not (12). There is a close correlation between 
the enterotoxin and superantigen functions of SEA. In most cases, 
when superantigen activity is abolished by SEA mutations, entero
toxic activity is also lost (13). Heat treatment of SEA, which leads 
to loss of superantigen activity, is correlated with loss of SEA 
recognition by anti-SEA antibodies (14). 

Like many other superantigens, SEA has been associated with 
autoimmunity. A T-cell line isolated from a diabetic patient 
showed reactivity to a peptide similar to SEA (15) and has been 
implicated as a pathogenic agent in an experimental autoimmune 
disease, allergic encephalomyelitis (16,17), a murine model of 
multiple sclerosis. SEA has the capacity of activating autoreactive 
T cells that induce autoimmune disease directly (18) and autoreac
tive T cells able to transfer diabetes in rats (19). 

The effect of SEA on the development of autoimmune disease 
could be by direct stimulation of autoreactive lymphocytes through 
the crosslinking of the MHC class II product to the T-cell receptor 
or through production of cytokines (such as interleukin [IL]-1 and 
IL-2) and antibodies (20-22). In one report, the action of SEA 
on autoimmunity was to suppress autoimmune diabetes, possibly 
by activating CD4+ regulatory T cells (23). Thus, SEA and other 
superantigens are environmental factors that, upon exposure in a 
genetically susceptible individual, can result in autoimmune 
disease. 

FUNGAL TOXINS Fungal toxins (mycotoxins) represent a 
large group of materials produced, in most part, by species of 
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Aspergillus and Fusarium. They include afiatoxins, ochratoxin, 
patulin, and fumonisins, which are potent carcinogens, trichothe
cenes, which are hematopoietic toxins, and zearalenones, which 
have estrogenic effects (1). 

Of the mycotoxins, trichothecenes have been the ones most 
commonly associated with immunotoxicity. Trichothecenes are a 
family of secondary metabolites produced by species of Fusarium 
and related fungi (24) that have long been known to cause severe 
toxicoses in both humans and farm animals following ingestion 
of moldy cereal grains. They are sesquiterpenoid compounds (i.e., 
they contain 15 carbon atoms) with molecular weights of 200-400 
Da. They are characterized by a tricyclic skeleton, a cyclic apoxide, 
and different substitutions at carbons 3, 4, 7, 8, and 15, which 
give them different toxic properties (25). 

The production of trichothecenes is highly dependent on such 
ecological factors as humidity, temperature, soil composition, and 
pH (25). Trichothecene toxicoses typically occur following wet 
and cold periods, which are the most favorable conditions for 
mold growth and toxin production. 

Trichothecenes are resistant to food processing and high tem
peratures, which enables them to permeate human foods as well 
as animals feeds. They were first described by Brian and McGowan 
(26), who isolated them while investigating a fungistatic agent, 
which they named glutinosin. This agent caused severe skin irrita
tion on contact and was the first metabolite of the trichothecene 
type to be identified. 

Trichothecenes were implicated in many outbreaks of human 
and animal diseases. Stachybotriotoxicosis, which caused the 
death of thousands of horses in the Soviet Union, was described 
in the 1930s (27), red mold toxicosis in the early twentieth century 
in Japan (27,28), and the "turkey X disease" in Britain. In the 
1940s (29), trichothecenes were identified as the causative agent 
in alimentary toxic aleukia in the Soviet Union, where it caused 
the death of 10% of the population in the Orenburg district. Interest 
in trichothecenes was renewed in the early 1980s when the U.S. 
government accused the Soviet Union, Vietnam, and Laos govern
ments of using trichothecenes for chemical warfare in regions 
where "yellow rain" was reported (27,30). This accusation resulted 
from the finding of extremely high levels of trichothecenes in 
blood, urine, and internal tissues of putative attack victims. 

Exposure to high levels of trichothecenes produces nausea, 
vomiting, and diarrhea, and may result in death. However, con
sumption of lesser amounts was reported to diminish immunity 
and decrease resistance to pathogens (31). Indeed, trichothecenes 
have been reported to have suppressive effects on all aspects 
of the immune system, including total antibody levels, antigen
specific antibody and T-cell responses, the number of circulating 
T and B cells, macrophage-effector cell function, mitogenic 
responses in vitro, graft rejection, resistance to infection, and 
direct damage to lymphoid organs (27,31-33). 

Vomitoxin in IgA Glomerulonephritis Vomitoxin was first 
isolated from Ohio com infected by Fusarium (34). In the isolation 
procedure, each fraction was tested for the presence of an emetic 
material by administration to pigs. The active compound was 
characterized as a trichothecene with a molecular weight of 296 
Da and was named vomitoxin because of its emetic effect on swine. 
The compound was also detected by Yoshizawa and Morooka in 
a culture of Fusarium graminearum at the same time (35). 

Concern about the presence of vomitoxin in crops used for food 
production arises for two reasons. First, even though vomitoxin is 
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Fig. 2. Effect of feeding 25 ppm vomitoxin for 4 and 8 wk on total 
serum immunoglobulins in B6C3Fl mice. Data are mean ± SEM and 
are representative of three experiments. The asterisk (*) indicates 
significantly different (p < 0.05) from matching controls. 

not as toxic as other trichothecenes, it is the major contaminant 
of cereals worldwide (36). Second, vomitoxin is resistant to pro
cessing of grains during food preparation. Heating to 350°C, mill
ing, and baking were not able to remove vomitoxin from food 
products. Thus, the widespread contamination of cereal grains with 
vomitoxin, combined with its resistance to processing, enables 
vomitoxin to persist in the human and animal food supply. 

In terms of immunotoxicity, ingestion of vomitoxin causes 
dysregulation of serum immunoglobulin production by decreasing 
IgG and IgM and increasing IgA and IgE serum levels (Fig. 2) 
(37,38). The increased serum IgA levels may result from the 
stimulatory effect of vomitoxin on IgA-producing B cells in the 
Peyer's patches (PP). This stimulatory effect was observed as an 
increase in the size and frequency of the germinal centers in the 
PP subsequent to vomitoxin feeding, as well as in the increase in 
the percentage of membrane IgA-bearing B cells (39). The activa
tion of IgA-producing B cells could result from the inhibition of 
apoptosis of helper T cells (40) and the activation of cytokine 
production in the PP (41). 

Following hyperelevation of serum IgA, glomerular IgA depo
sition occurs (Fig. 3) (42). The symptoms of the glomerular deposi
tion are very similar to human IgA nephropathy. This immune
mediated disease, the most common glomerulonephritis world
wide, is of unknown etiology. The similarity of the vomitoxin
induced disease to human IgA glomerulonephritis is further sup
ported by increased levels of serum IgA immune complexes as 
well as hematuria found in vomitoxin-fed mice (43). Another 
similarity between the vomitoxin-induced IgA glomerulonephritis 
and human IgA nephropathy is the male predilection; in both 
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Fig. 3. Accumulation of glomerular IgA in kidneys of control mouse 
(top panel) and vomitoxin fed mouse (bottom panel). Kidney sections 
of control and vomitoxin-fed mice were stained with anti-IgA fluores
cein isothiocyanate (FITC) conjugate. Bar size is 10 ~. 

diseases, males were more susceptible than females to IgA glomer
ulonephropathy (44). These findings suggest the possibility that 
vomitoxin could be an etiologic factor in human IgA nephropathy. 

The IgA that is produced at high levels in vomitoxin-fed mice 
is poly specific and autoreactive (38,45,46). When IgA-producing 
cells were isolated from the PP of vomitoxin-fed mice, more than 
80% of the IgA-producing clones secreted highly crossreactive 
IgA antibodies that reacted with several self and nonself antigens 
(Fig. 4). A similar poly specificity was observed in IgA that was 
isolated from the glomerular IgA deposits (46). 

In conclusion, ingestion of vomitoxin, which is present in many 
human and animal food products, may serve as an etiologic agent, 
leading to the development of IgA glomerulonephritis. This patho
genic mechanism is initiated with the vomitoxin-induced dysregu
lation of IgA, leading to increased autoreactive polyspecific serum 
IgA antibodies. These IgA antibodies form immune complexes 
with self and foreign antigens in the serum and are deposited in 
the kidneys. The immune complexes cause IgA glomerulonephritis 
resulting in kidney damage and, often, death. 

EXCESS NUTRIENTS Although many nutrients are required 
for normal function, excessive amounts of some nutrients can lead 
to toxic effects. Examples are excess iron and some of the vitamins 
and minerals. Despite many reports, very little information is 
available on the mechanisms of immunotoxicity resulting from 
excess nutrients. 
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Fig. 4. Reactivity of IgA-producing clones that were isolated from 
B6C3Fl mice fed vomitoxin. Data are presented as percentage oftotal 
clones screened. Crossreactive = reacted to more than one antigen. 

Iodine is a trace element required for maintenance of health. 
It is primarily obtained through seafood and grain products as 
well as from salt in countries where salt is iodinated, such as the 
United States. The main concentration of iodine is in the hormones 
produced by the thyroid gland. The thyroid gland actively traps the 
iodide from the circulation and, therefore, contains approximately 
80% of the total-body iodide. The iodide is used to generate the 
thyroid hormones, whose role is to stimulate the basal rate of 
metabolism, oxygen consumption, and heat production. Whereas 
a lack of dietary iodine clearly results in the formation of a goiter, 
the effect of excess dietary iodine has been less well studied. The 
involvement of iodine in autoimmune thyroiditis is now a topic 
of active research. 

Iodine in Autoimmune Thyroiditis In many countries, the 
levels of iodine ingested in the food exceeds the recommended 
level. Although the recommended daily allowance (RDA) for a 
person per day is 150 Jlg, in countries where the salt is iodinated, 
the actual consumption may be as much as fourfold higher (47). 

A connection between higher levels of iodine ingestion and 
autoimmune thyroiditis has been demonstrated in several animal 
models. Excess dietary iodine accelerated development of thyroid
associated lymphoid tissue in BB rats (48) and increased the 
incidence of spontaneous thyroiditis in BB rats, chickens, and 
hamsters (49-51). 

In humans, epidemiological evidence suggests an increased 
incidence of thyroiditis associated with iodine supplementation 
(52-54). Another, stronger connection between iodine and human 
thyroiditis is the striking finding that patients who receive amiodar
one, an antianginal and antiarrhythmic agent that contains 37% 
of its weight in iodine, show significantly increased titers of anti
body to thyroglobulin (55). 

Our investigation of the effect of excess dietary iodine on 
autoimmunity concentrated on findings in human patients as well 
as studies of a mouse model. In the human disease, we have been 
able to demonstrate the importance of iodination to the ability of 
human lymphocytes to proliferate in response to human thyroglob
ulin (56) (Fig. 5). Lymphocytes from both normal controls and 
thyroiditis patients proliferated in response to normal thyroglobu
lin but not to a thyroglobulin preparation lacking iodine (nontoxic 
goiter thyroglobulin). Upon iodination of this thyroglobulin, how
ever, the proliferative response was restored. The finding that 
artificially iodinated nontoxic goiter thyroglobulin causes prolifer-
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Fig. 5. Proliferation of lymphocytes from a thyroiditis patient (top 
panel) and a normal individual (bottom panel) in response to in vitro 
iodinated thyroglobulin. Results are presented in counts of 3H-uptake 
by proliferating lymphocytes. NTGTg = nontoxic goiter thyroglobulin 
(no iodination); Atg = arniodarone thyroglobulin (high iodination); 
I-NTGTg = nontoxic goiter thyroglobulin iodinated in vitro. Data are 
mean ± SEM. 

ation (Fig. 5) provides direct evidence of the critical role that 
iodine plays in the antigenicity of thyroglobulin in humans. 

The NOD-H-2h4 mouse is a new model for autoimmune thyroid
itis in which the animals spontaneously develop thyroiditis in a 
low incidence, but supplementation of iodine in the drinking water 
markedly increases the percentage of positive mice (57). Following 
8 wk of supplemental iodine ingestion, treated mouse thyroids 
showed extensive thyroid lesions with lymphocytic infiltration 
(Fig. 6). Treated mice had elevated levels of thyroglobulin-specific 
IgG2b autoantibody, which correlated with the appearance of 
lesions (57,58). The appearance of thyroglobulin-specific IgG2b 
was gradual and differences between iodine-treated and control 
groups became apparent as early as 2 wk after initiation of iodine 
treatment (Fig. 7) (58). The appearance of thyroglobulin-specific 
IgG2b suggests that iodine induces a so-called Th3 response invol
ving the production of T-cell growth factor (TGF) ~ by T cells, 
as IgG2b is largely dependent on the production of that cytokine. 

In addition to the IgG2b thyroglobulin-specific antibody, the 
development of thyroiditis correlated with a vigorous response to 
thyroglobulin by spleen cells (58). The ability of splenic lympho
cytes from untreated NOD-H-2h4 mice to proliferate to thyroglobu
lin was significantly higher than three other mouse strains. The 
proliferation of spleen cells from mice fed iodine for 8 wk was 

Fig. 6. Iodine-induced lesions in NOD-H-2h4 mice. Histological 
staining of thyroids from control mouse (top panel) and iodine-treated 
mouse (bottom panel). 

even further increased to more than double the values of control 
mice (58). 

In summary, we demonstrated the importance of iodine in both 
the human and the murine thyroiditis models. In the human disease, 
the ability of T cells to recognize self thyroglobulin was dependent 
on iodination of this autoantigen, suggesting a role for iodine in 
autoantigenicity of thyroglobulin. The murine model provides 
confirmatory findings exemplifying the importance of the interac
tion between the genetic background and environmental stimulus 
to result in autoimmune disease. In the NOD-H-2h4 mouse, the 
genetic background favors autoantigen (thyroglobulin) recogni
tion, resulting in increased proliferation of T cells compared to 
other mouse strains. When the environmental stimulus (excess 
dietary iodine) is added to the genetic predisposition, autoimmune 
disease is enhanced, as manifested by thyroid lesions, autoantibody 
levels, and a greatly increased T-cell proliferation to autoantigen. 
Thus, whereas a minimal amount of iodine is needed to maintain 
normal metabolism and function, excess iodine leads to autoim
mune thyroid disease in individuals with a susceptible genetic 
background. 
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Fig. 7. The appearance of Tg-specific IgG2b serum antibodies in 
NOD-H-2h4 mice. Mice were given either plain water (control group) 
or water with 0.05% iodine (treatment group) for 8 wk and bled at 
biweekly intervals. Serum was analysed by enzyme-linked immuno
sorbent assay. 

SUMMARY 

Despite the overall safety of our food supply, several food compo
nents have an etiologic role in immune-mediated diseases. Con
tamination of food with bacteria and the resultant production of 
bacterial toxins in the food are of special concern when superanti
gens are produced. Bacterial superantigens, which may cause gas
troenteritis because of their direct toxic effects, are also strong 
activators of the immune response. Nonspecific lymphocytic pro
liferation may lead to toxic shock as a result of massive production 
of cytokines and to autoimmune disease resulting from the stimula
tion of autoreactive cells. 

Fungal toxins, the mycotoxins, which are produced in great 
amounts during periods of rain when mold can grow, have been 
implicated in many human and animal diseases. Of the mycotox
ins, the trichothecenes were most commonly involved with dis
eases primarily affecting the immune system. At high concentra
tions, trichothecenes can be lethal or cause severe toxic effects. 
However, at lower doses and prolonged exposure, dietary tricho
thecenes produce more subtle effects on the immune system. 
Vomitoxin, a trichothecene toxin produced by Fusarium grami
nearum, causes IgA dysregulation, resulting in the appearance of 
autoreactive poly specific IgA antibodies, glomerular IgA deposi
tion, and the development of a glomerulonephritis strikingly simi
lar to the human IgA glomerulonephritis. Because vomitoxin is 
a common food contaminant whose levels in the food are not 
regulated and is resistant to heating, it may be an important etio
logic agent in human IgA glomerulonephritis. 

In terms of micronutrients, iodine is a trace element that is 
required for normal metabolism. However, consumption of excess 
dietary iodine has been linked to human and animal thyroid abnor
malities and the appearance of autoimmune reactions directed 
against the thyroid. In our studies of human thyroiditis, we have 
been able to demonstrate the involvement of iodine in increasing 
the autoantigenic properties of thyroglobulin. In the NOD-H-2h4 
mouse, we found that iodine acts in concert with a genetic predis
position to enhance the development of autoimmune thyroiditis. 
Murine iodine-induced autoimmune thyroiditis involves the gener-

ation of thyroglobulin-specific IgG2b antibodies (which correlate 
with thyroid lesions) and increased T-cell proliferation to murine 
thyroglobulin. Thus, iodine-induced murine autoimmune thyroidi
tis in the NOD-H-2h4 mouse is an example of an autoimmune 
disease for which the combination of genetic susceptibility and 
an environmental stimulus (excess dietary iodine) results in auto
immune disease. 
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INTRODUCTION 

Basic and applied research on the interactions between nutrition 
and the immune system has been a focal point for animal nutrition
ists for more than 50 yr. Economics and concerns about food 
safety and animal welfare shape the types of questions considered 
by researchers concerned with animal husbandry. As in human 
nutrition, a primary goal is to determine the impact of diet on 
the immune system and, consequently, the incidence of diseases 
controlled by, or caused by, the immune system. In modem agri
culture, animals are almost always fed scientifically formulated 
diets that provide the required levels of nutrients at a minimal 
cost. Nutrient requirements set by the National Research Council 
and other organizations are based typically on levels that maximize 
growth rates and reproductive performance and prevent signs of 
deficiency. As in human nutrition, these standards are minimum 
requirements and rarely consider immunity or optimal health. 
Because optimizing animal health increases the wholesomeness of 
the human food supply and improves profits of animal producers, 
considerable research effort has been devoted to identifying nutri
ents that benefit the immune system when supplemented at levels 
above requirements. This research extends from basic laboratory
based experimentation at the mechanistic level to controlled field
based studies at the population level. Human nutritionists should 
be particularly interested in the results of these field studies 
because they offer a chance to look directly at the impact of highly 
controlled nutritional interventions on the resistance to infectious 
challenges in animals. Studies with poultry are particularly illumi
nating because diets differing in the level of only a single nutrient 
are fed to hundreds of thousands of birds living in very identical 
environments during the majority of their growth and develop
ment. These studies clearly demonstrate the dynamics of nutri
tional immunomodulation on the incidence of diseases at the 
population level. The first section of this chapter reviews the 
impact of specific nutrients on the immune system and the impact 
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of these changes on the susceptibility of animals to infectious dis
eases. 

Recently, animal nutrition research has also focused on the 
impact of an immune response on nutrient requirements of ani
mals. Clearly, the immune system is central to maintaining homeo
stasis and serves as both a sensory system that detects insults 
to homeostasis and a control system that orchestrates local and 
systemic responses directed toward re-establishing homeostasis. 
The cellular and metabolic sequelae that accompanies an immune 
response redirects nutrients away from physiological processes 
important for growth and reproduction toward processes important 
in host defense. These events can markedly impact the nutritional 
needs of an animal. Animal nutritionists are determining dietary 
changes that permit more cost-effective nutrition during periods 
of clinically identifiable infectious diseases and also when hus
bandry and sanitation practices are substandard. The second sec
tion of this chapter considers the quantitative effects of an immune 
response on nutritional requirements of animals. 

Studies with agriculturally important animals almost always 
pertain to growing or reproducing physiological states. Limited 
research has considered nonreproducing mature animals. Conse
quently, the animal literature is not very relevant to adult humans 
living at close to maintenance conditions (i.e., most adults). Fur
thermore, the fractional rate of growth and the reproductive output 
of economically important animals are often an order of magnitude 
greater than those of humans. These vast differences in physiologi
cal states must be kept in mind when interpreting the results of 
animal nutrition studies for human applications. A second caveat 
of applying the animal literature on nutrition and immunity to 
humans is the premier importance of minimizing infectious dis
eases relative to those with a metabolic, autoimmune, or hypersen
sitivity etiology. This emphasis is due to the importance of limiting 
the transfer of infectious diseases through animal food products. 
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IMPACT OF NUTRITION ON IMMUNITY 

Our knowledge of nutrition of poultry and livestock is relatively 
mature, including a very complete listing of the required nutrients, 
a quantitative accounting of the minimal level of each nutrient 
that is needed to maximize production characteristics, and the 
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Fig. 1. The dietary requirements set by the NRC (shown as arrows) 
are usually based on levels that maximize growth and reproduction and 
prevent known deficiency pathologies. Optimal immunocompetence 
may occur at nutrient levels that are higher then the NRC requirement 
(panel A), equal to the NRC requirement (panel B), or less than the 
NRC requirement (panel C). 

levels and bioavailabilities of the essential nutrients supplied by 
feedstuffs. However, in many cases, it is not known if the require
ment values that maximize productivity in healthy, unchallenged 
animals are optimal for immunocompetence and disease resistance 
(Fig. 1). With almost 40 nutrients required by vertebrates and 
more than 20 interrelated immune cell types and effector mecha
nisms, the number of possible interactions is imposing. The com
plexity of these interactions has prompted animal nutritionists to 
base dietary management for the purpose of influencing immuno
competence on a solid mechanistic foundation instead of only on 
empirical observations. Basic research in laboratory animals has 
identified many general mechanisms through which the immune 
system is influenced by nutrition. Animal nutritionists concerned 
with optimizing disease resistance have focused on these diverse 
mechanisms to determine nutrient levels that optimize immune 
responsiveness and minimize specific infectious and noninfec
tious diseases. 

Nutritionists commonly think of required nutrients as substrates 
for the synthesis of macromolecules or for provision of energy. 
However, in practical diets fed to animals, these substrate functions 
of nutrients are not the only, or even the most important, mecha
nisms through which nutrition affects immunity. The following 
mechanistic categories are somewhat arbitrary but provide a con
ceptual framework for this complex area: 

1. Direct regulation by nutrients. Some essential and nones
sential nutrients influence regulatory decisions during an 
immune response by modifying intercellular or intracellu
lar communication pathways. Examples of these nutrients 
include polyunsaturated fatty acids and vitamins E, A, 
and D. 

2. Indirect modulation mediated by the endocrine system. 
Most hormones have regulatory influences on the immune 
system and the levels of many hormones are responsive 
to dietary factors. For example, the amount of calories 
consumed and the protein-to-calorie ratio influence the 
somatotropic axis and the levels of insulin, glucagon, and 
glucocorticoids. These hormones, in tum, modulate the 
immune system. 

3. Regulation by availability of substrates. A steady supply 
of nutrients is needed for the clonal proliferation of lym
phocytes, leukopoiesis, and the synthesis of their secretory 
products. Nutrients are also needed by the liver for the 
secretion of acute-phase proteins. Severe deficiencies of 
many trace nutrients cause impairments in the development 
of the immune system and negatively influence immuno
competence. However, moderate deficiencies during the 
postnatal period are usually not detrimental to the immune 
system because of its high priority for substrates when 
they become limiting in body fluids. 

4. Modulation of the pathology caused by an immune 
response. Some nutrients, especially those that serve as 
antioxidants (e.g., vitamin E), limit the pathology that 
results from effector functions of leukocytes. 

5. Nutritional immunity. The immune system orchestrates a 
decrease in the concentration of some nutrients in the 
blood and other body fluids. Low levels of some nutrients, 
especially iron, impair the replication of pathogens in 
host tissues. 

Several other potential mechanisms described in the literature 
using laboratory rodents include nutrient interactions (e.g., amino 
acid antagonisms and imbalances) and nutrient toxicities. Animal 
nutritionists have not explored the implications of these mecha
nisms to a great extent because they are not typically encountered 
with scientifically formulated diets utilizing typical feed ingre
dients. 

In the following subsections, these five mechanisms are dis
cussed in further detail, with particular reference to their impact 
on immunocompetence and disease incidence in pOUltry and live
stock. Practical experience and epidemiological data demonstrate 
the difficulty of setting specific nutrient levels that optimize immu
nity because immunomodulatory impacts of nutrients typically 
shift the types of disease prevalent in a population. Thus, animal 
nutritionists utilize the immunomodulatory impact of nutrients as 
a management tool to aid in ameliorating specific disease problems 
of high prevalence. 

DIRECT REGULATION BY NUTRIENTS Dietary manipu
lation of a few nutrients results in immunoregulatory consequences 
resulting from direct regulatory effects of that nutrient on leuko
cytes. The literature is replete with examples where a nutrient 
modulates the rates of proliferation, cytokine production, or differ
entiation of specific leukocyte populations in vitro (1). In most 
instances, these in vitro observations have little relevance to nutri
tion because augmentation of a complete diet with additional 
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amounts of a nutrient has relatively minor effects on its plasma 
and tissue concentrations. However, there are a few important 
exceptions in which a nutrient has important immunoregulatory 
effects that occur above their established requirement. Further
more, some nutrients that are not categorized as "essential" can 
have important modulatory actions on the immune system. In fact, 
nutrients for which there is no acknowledge requirement have 
some of the most significant modulatory impacts on the 
immune system. 

Polyunsaturated Fatty Acids One of the best examples of 
this situation is the role of long-chain polyunsaturated fatty acids 
(PUFAs) in regulating the immune response. The mechanisms by 
which PUFAs modulate the immune system through modifying 
cellular communication, membrane fluidity, and second messenger 
elaboration has been covered in Chapter 13. Experiments in chick
ens demonstrates that both the absolute amount of n-3 PUFAs 
and the ratio of dietary n-3 to n-6 fatty acids are important consider
ations (2-5). Supplementation of grain-based diets with low levels 
(1.5-3%) of fish oil enhance antibody responses following some 
types of antigens but decrease inflammatory and cell-mediated 
responses. In general, these changes can be interpreted in a shift 
from a Thl to Thz response to antigens. This shift in immune 
response has proven to be advantageous for enhancing antibody 
titers following some types of vaccination. 

Very large field trials have been conducted in poultry, which 
provide an opportunity to examine how the immunomodulatory 
actions of PUFAs actually translate into changes in the incidence 
of natural infections. For example, a trial with 960,000 chicks was 
conducted at a single commercial production facility to compare a 
com-soybean-meal-based diet supplemented with 0.26 g/kg of 
eicosapentanoic and docosahexaenoic acids from menhaden fish 
to a diet containing the same amount of supplemental animal fat. 
In this trial, disease incidence was determined from the records 
of the United States Department of Agriculture (USDA) inspector 
that observed the slaughtering and processing of the birds in the 
processing plant. Dietary n-3 fatty acids significantly decreased 
the incidence of septicemia of all causes by 25% and the incidence 
of cellulitis, which is usually the result of E. coli-induced inflam
mation of scratches in the skin, by 18%. Conversely, the incidence 
of tumors, both spontaneous and from Marek's disease virus, 
increased by 24%. This study clearly shows that the modulatory 
actions of dietary PUF As on the immune system result in a change 
in the spectrum of disease problems that occur in the field. Thus, 
dietary PUFAs may be thought of as nonpharmacologica1 immuno
modulators that change the incidence diseases in animal popula
tions. The decision to include n-3 PUFAs in the diet is dependent 
on the specific infectious disease processes that are a problem in 
a flock at any given time. 

Vitamin E Most metabolic effects of vitamin E are mediated 
by its antioxidant properties, particularly in regard to reactive 
oxygen intermediates (ROI). These molecules are produced as a 
result of normal metabolism by all cells as well as during the 
immune response, primarily by neutrophils and monocytes. Tradi
tionally, ROI have been considered highly destructive molecules. 
However, recent studies showed that ROI are also involved in 
activation of gene expression. At least two transcriptional factors, 
NF-1d3 and AP-1, which are activated by a redox-dependent pro
cess, are involved in the regulation of viral gene expression, cyto
kine synthesis, and the acute inflammation reaction (6-10). Many 
antioxidants, including vitamin E and vitamin E-related com-

pounds, inhibit NF-1d3 activation by ROI and activate AP-I (6,9). 
Vitamin E inhibits NF-1d3 activation by decreasing the activity 
of protein kinase C, which phosphorylates I-1d3, an inhibitory 
component associated with NF-1d3 (11). Lander (7) suggested that 
endogenous scavengers of free radicals must not not only quench 
but must also modify the chemical nature and transport of ROI. 

Vitamin E can affect both the lipoxygenase and cyclooxygenase 
pathways of arachidonic acid metabolism (12). Supplementation 
with 300 mg/kg (approximately 30 x the National Research Coun
cil (NRC) requirement) of vitamin E depresses prostaglandins 
(PGEz and PGFz), and thromboxane Bz levels in chicken tissues 
(13). In vitro PGEz inhibits interleukin (IL)-2 production, T-cell 
mitogenesis, and IgM synthesis; therefore, its suppression by vita
min E could be a mechanism by which vitamin E regulates immune 
response. ROI also regulate PGEz synthesis by activating the 
inducible form of cyclooxygenase (14). Thus, it is not clear which 
of the mechanisms is primarily responsible for vitamin E immuno
regulation. 

In animal models (pigs, dogs, calves, chickens, mice), almost 
every aspect of the immune system has been shown to be altered 
by the dietary level of vitamin E, including resistance to infection, 
specific antibody responses, number of splenic plaque-forming 
cells, in vitro mitogenic responses oflymphocytes, and phagocytic 
index (15,16). In our studies (17), dietary vitamin E supplementa
tion of chickens increased antibody production against killed infec
tious bronchitis virus (IBV), but not live IBV vaccine in young 
chicks. Moderate dietary vitamin E (50 IU/kg) increased antibody 
production to sheep red blood cells, whereas higher levels (100 
and 200 IU/kg) did not. Recruitment ofheterophils after lipopoly
saccharide (LPS) injection was also enhanced by moderate but 
not high levels of dietary vitamin E. Mitogen-induced lymphocyte 
proliferation and acute-phase protein production (hemopexin and 
aI-acid glycoprotein) were not increased with vitamin E supple
mentation. 

Several studies have demonstrated increased food conversion, 
decreased mortality, and an increase in immunocompetence in 
chickens, pigs, and cattle supplemented with high levels of vitamin 
E (16,18). For example, Tengerdy and Nockels (19) showed that 
dietary supplementation with 300 mg/kg (30 times the NRC 
requirement) increased the protection of chicks against E. coli, 
decreasing mortality from 40% to 5%. Part of this protection may 
be the result of an increase in passive immunity caused by high 
levels of vitamin E supplementation (20). In a field test conducted 
by a commercial chicken producer, 1,524,000 birds were fed a 
diet with either 33 IU/kg or 249 IU/kg dietary treatment (16). 
This high level of supplementation did not improve weight gain 
or mortality, but the incidence of clinically identifiable infections 
was markedly decreased at the time the birds underwent USDA 
inspection at slaughter. The vitamin E-supplemented group had 
25% less septicemia and 61 % less cellulitis and other inflammatory 
lesions. However, other studies do not show improvements either 
in performance or in immunocompetence. Sell et al. (21) showed 
that supplementation with 300 IU/kg of diet did not alleviate the 
effects of E. coli infection on performance, livability, and inci
dence and severity of lesions in young turkeys. 

It has been postulated that inconsistencies in vitamin E studies 
result from differences in the degree of disease challenge, status 
of other antioxidants in the diet, breed, environmental conditions 
(stress, husbandry), and in vitro assay conditions. Kennedy et al. 
(22) tried to eliminate the possible effects of dietary differences, 
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breed, and degree of disease challenge in their trial performed 
with approximately 3 million commercial broiler chickens fed 
either high (163 mg/kg) or moderate (44 mg/kg) levels of vitamin 
E. Their study showed no significant effect of vitamin E supple
mentation in the healthiest and fastest-growing flocks. However, 
slower-growing birds benefited from the high level of vitamin E, 
probably the result of improved immunocompetence and resis
tance to subclinical infections (22). In a follow-up study with over 
1.5 million chickens, McIlroy et al. (23) demonstrated that birds 
exposed to subclinical Infectious Bursal disease benefited from 
vitamin E (178 IU/kg) with decreased morbidity, whereas birds 
without this viral infection did not significantly benefit from vita
min E supplementation. 

As shown by McIlroy and others, the beneficial effect of vita
min E supplementation is present only when there is a challenge 
to the host defense system. It is possible that a balance between 
ROI and antioxidants determines the immunomodulating proper
ties of vitamin E. ROI production usually increases during stress 
or infection, which could cause excessive tissue damage. In this 
case, the anti oxidative properties of vitamin E may be protective 
and immunomodulating. High doses of vitamin E, however, may 
prevent the formation of, or may modify ROI necessary for, the 
regulation of gene expression and, thus, suppress or alter 
immune responses. 

Other Nutrients Vitamin A, p-carotene, and vitamin D also 
have regulatory actions on leukocytes that have practical applica
tions in animal nutrition. The direct regulatory action of these fat
soluble vitamins on leukocytes has been described in vitro and 
in vivo. A variety of studies in chickens, pigs, and cattle have 
indicated that the immunomodulatory roles of Vitamin A, p-caro
tene, and vitamin D occur at levels that are considerably greater 
than current requirement recommendations (NRC) based on the 
prevention of deficiency-related pathology (18). Retinoic acid, 
acting through its specific receptor, is important in regulating the 
recruitment of cells into lymphocyte and macrophage lineages 
(24,25). The dietary level of vitamin A that maximizes growth 
and feed efficiency of broiler chickens (500 /-lg/kg) is insufficient 
for optimal development of the immune system. In growing chicks 
and poults, levels 5-fold to 20-fold higher are necessary to maxim
ize indices of both cell-mediated and antibody-mediated immunity 
and minimize the incidence of infectious diseases (26-28). 

A wide variety of other nutrients have been suggested to have 
immunoregulatory actions (e.g., chromium, arginine, glutamine) 
based on laboratory experiments. However, the results of these 
experiments have not usually been confirmed in large field trials 
and manipulations of the dietary levels of these nutrients for the 
purpose of modulating the immune system have not been adopted 
by animal agriculture. 

INDIRECT REGULATION MEDIATED BY THE ENDO
CRINE SYSTEM The immune system is not an autonomous 
system; it is influenced by other physiological systems (29-31). 
Leukocytes have receptors for and are regulated by most of the 
hormones involved in homeostasis, including the nutritionally 
responsive hormones insulin, glucagon, corticosterone, growth 
hormone, insulin-like growth factor-I, thyroxin, and the catechola
mines. In vitro, the concentration of these hormones can impact 
leukocytes during the critical early phase of antigen recognition 
and commitment to cell cycling. The balance of these hormones 
also influences the specific cytokine secretion patterns of Th lym
phocytes and accessory cells, which presumably determine the 

type of immune response initiated. Furthermore, they affect the 
amount of pro-inflammatory cytokines produced during an infec
tious challenge. For example, growth hormone dampens the 
amount of tumor necrosis factor-a released in response to LPS 
in pigs and cattle (33-35). A change in the balance of hormones 
originating from the endocrine system is readily induced by a 
wide variety of dietary factors, including the amount of food 
consumed, meal pattern, and ratio of protein to energy in the diet. 

The antibody response to vaccination is enhanced in chicks 
that have fasted for short periods of time (12-24 h), presumably 
the result of a permissive endocrine climate for these responses 
(36,37). Consequently, a short period (4-8 h) of feed withdrawal 
is sometimes used to increase humoral responses to vaccines in 
the poultry industry. Chronic feed restriction (usually at about 
20% below voluntary intake) is commonly used in rearing and 
managing broiler breeders (38-40) and gilts (41) as a way to 
enhance productive life-span. These restrictive-feeding regimens 
improve resistance to a variety of infectious diseases. In addition 
to enhanced humoral immune responses, some of the improvement 
may be the result of inhibition of the involution of the thymus 
that is normally associated with aging. 

Several intake-related situations are deleterious to immuno
competence. It is well known that long periods of fasting result 
in greatly elevated corticosterone levels and, eventually, impair 
both antibody- and cell-mediated immune responses. For example, 
chicken fasted for 14 d have decreased peripheral blood CD4+ 
helper T lymphocytes, impaired cell-mediated immunity, and 
increased susceptibility to Salmonella enteritis challenges (42,43). 
Conversely, overconsumption of a balanced diet is also immuno
modulatory and results in impaired antibody responses (44). Simi
larly, chickens fed diets with very high nutrient density have 
inferior antibody responses to vaccination and increased lesions 
and morbidity following an infection with E. coli (45). 

REGULATION BY AVAILABILITY OF SUBSTRATES The 
cells of the immune system require nourishment in order to carry 
out their functions. Animal nutritionists would like to determine 
the total nutritional cost of maintaining the immune system, the 
additional cost of an immune response, and the priority of the 
immune system for nutrients when their supply is diminished by 
inadequate intake. If the immune system has an especially high 
demand for nutrients or if the immune system is unable to compete 
with other tissues for nutrients when they are limiting, then nutri
tionists must consider immunity when setting dietary require
ments. Several lines of evidence provided below indicate that the 
immune system's needs for nutritional substrates are sufficiently 
small and of high priority that they are not of major concern when 
setting requirements of growing or reproducing animals. In other 
words, the levels of most nutrients that maximize growth and 
reproduction usually provide adequate substrates for the immune 
system to carry out its functions. It should be noted that animal 
nutritionists are not usually concerned with dietary requirements 
for animals at maintenance because in animal agriculture, animals 
are not typically kept if they are not either growing, producing, 
or reproducing. 

Nutritional Costs of Immunity The nutritional costs of a 
vigorous immune response have not been accurately quantified 
for any species, including humans and rodents. From a nutritional 
viewpoint, substrates (e.g., amino acids, glucose, fatty acids, 
enzyme cofactors) are needed to support the clonal proliferation 
of lymphocytes, the recruitment of new monocytes and heterophils 
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Following stimulation with mitogen, activity of the ACS system 
of lymphocytes is induced and the A system is also expressed, 
permitting lymphocytes to transport large quantities of neutral 
amino acids across a wide range of tissue amino acid concen
trations. 

Additionally, the acute-phase response that accompanies most 
infectious challenges mobilizes large quantities of nutrients from 
other tissues, especially skeletal muscle and bone (see below). 
The catabolic response in these tissues not only releases amino 
acids but also trace nutrients. Thus, the immune system orches
trates the liberation of nutrients of other tissues to buffer tran
sient deficiencies. 

The high priority of the immune system for nutrients is further 
supported by the observation that moderate restriction of either 
total feed or protein that are sufficient to impair growth rate do 
not impair, and often improve, indices of immunocompetence 
(38,39,60). Thus, when considering nutrients as substrates, immu
nocompetence may not be a reliable index of nutrient requirements 
and sensitive indicators such as growth rate, efficiency of feed 
conversion, or the production of eggs, wool, or milk are usually 
more appropriate. In fact, the use of indices of immunocompetence 
as an indication of the requirement for macronutrients, such as 
energy or amino acids, results in a severe underestimate relative 
to the requirement for anabolic processes such as growth or repro
duction. 

It must be emphasized that the above discussion pertains to 
animals fed diets that are generally adequate in nutrients for maxi
mal growth and reproduction. Animal nutritionists have not been 
particularly interested in the impact of severe nutrient deficiencies 
because these situations are assiduously avoided due to their severe 
economic impact. Clearly, deficiencies of many nutrients that are 
sufficiently severe to markedly decrease growth or reproduction 
impair crucial components of the immune system. Severe defi
ciencies are especially damaging during embryogenesis and the 
neonatal period when the expansion of leukocyte populations is 
rapid, the lymphoid organs are populated, and genetic recombina
tion and selection events occur, which give unique clones of 
lymphocytes that mediate immunity later in life. In general, 
research in poultry and livestock has confirmed rodent studies 
showing that chronically severe deficiencies of micronutrients are 
more debilitating to the development and maturation of the 
immune system than macronutrients such as energy and protein. 
Severe nutrient deficiencies that are especially damaging during 
this period include linoleic acid, vitamin A, iron, selenium, and 
several of the B vitamins (13,61,62) 

IMPACT ON THE PATHOLOGY CAUSED BY AN 
IMMUNE RESPONSE The effector functions of cytotoxic 
T cells, natural-killer cells, macrophages, and neutrophils result 
in the elaboration of a wide variety of destructive molecules into 
the surrounding microenvironment, including reactive oxygen 
intermediates, nitrous oxide, and catabolic enzymes. These defen
sive agents are cytotoxic and kill bacteria, parasites, and infected 
host cells, but they can also injure normal host cells and result in 
various pathologies. LPS injection into steers or Eimeria maxima 
infection of chickens causes sufficient production of nitric oxide 
that its concentration not rises only in the local area of challenge 
but also in the blood (33,63). Similarly, indices of oxidized PDF As 
increase markedly during an inflammatory response to endotoxin 
(64). Widespread damage due to reactive oxygen and nitrogen 
intermediates may be minimized by a variety of mechanisms, 

including reinforcement of antioxidant mechanisms of host cells 
resulting from local and systemic stress signals and the protective 
effects of several of the acute-phase proteins secreted from the 
liver. Local antioxidant defense is presumably facilitated by ade
quate vitamin E in cell membranes and by high levels of vitamin 
C in the cell cytosol. A deficiency of vitamin E or selenium results 
in peroxidation of lipids in the cell membranes and increased signs 
of functional damage during the inflammatory response induced by 
s. minnesota LPS (64). In poultry, dietary vitamin C reduces the 
lesions associated with an infection with Newcastle disease virus, 
Mycoplasma gallisepticum, or E. coli (65). ~-Carotene is an effec
tive antioxidant molecule in cell membranes of ruminants and 
may provide protection during a mastitis challenge in dairy cows 
(18,66). In that stressed host cells release cytokines and eicosa
noids that downregulate the immune response, minimizing their 
injury would theoretically permit more sustained and vigorous 
immune responses and increased resistance. In practice, dietary 
vitamin E is supplemented in the diets of all animal species at 
several times its required level, partly because of reduced pathol
ogy observed during infectious episodes. Similarly, vitamin C is 
included in the diet of many animals, even though it is not a 
required nutrient. 

Pro-inflammatory cytokines, including interleukin-l (IL-I), 
interleukin-6 (IL-6), interleukin-8 (IL-8), and tumor necrosis fac
tor-a (TNF-a), released during an immune response can exert 
tissue damage through hemodynamic changes, direct cytotoxicity, 
and increased release of free radicals and other oxidative 
molecules. Morbidity and mortality resulting from a wide range 
of infectious diseases has been attributed to excessive release 
of pro-inflammatory cytokines (67). Nutritional factors that 
dampen the release of pro-inflammatory cytokines such as n-3 
PDF As and dietary protein level appear to prevent pathology 
associated with some types of inflammatory and infectious chal
lenges (4,33,68,69). 

NUTRITIONAL IMMUNITY Pathogens require a host 
source of nutrients for their replication and virulence. The host 
animal can sometimes decrease the rate of replication of bacteria 
and parasites by withholding nutrients. Iron is the first limiting 
nutrient for the growth of many pathogens in extracellular fluids 
(70,71). During the acute phase of an immune response a variety 
of iron- and heme-binding proteins (e.g., lactoferrin, haptoglobin, 
hemopexin) are produced by the liver and by macrophages in an 
effort to remove iron from the body fluids. Circumventing an 
animal's innate ability to limit nutrients increases the susceptibility 
to many types of infections (72,73). Practices that neutralize nutri
tional immunity include injecting nutrients, feeding forms of nutri
ents that bypass controls of intestinal absorption, and preventing 
the anorexia that accompanies the acute-phase response. 

Pig producers have been faced with a difficult dilemma in their 
effort to provide iron supplementation to newborn pigs and not 
impair nutritional immunity. Because of the sow's morphology 
at the endometrial-placental interface, the transfer of iron to the 
fetus is insufficient to sustain the neonate for more than a few 
weeks. Milk is deficient in iron and, in nature, baby pigs obtain 
their iron from the soil. Pig production in modem facilities does 
not permit this route of supplementation and artificial supplemen
tation is required. Both research and practical experience have 
shown that oral supplementation of iron overcomes the nutritional 
immunity-based protective system in the intestine and promotes 
the growth of enteric ally pathogenic Escherichia coli (74). Conse-
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from bone marrow, the synthesis of effector molecules (e.g., 
immunoglobulins, nitric oxide, lysozyme, complement), and com
munication molecules (e.g., eicosanoids, cytokines). Furthermore, 
most immune responses to pathogens are accompanied by a sys
temic inflammatory response, including the secretion of significant 
amounts of acute-phase proteins by the liver. 

Estimation of the size of the immune system including bone 
marrow components reveals that a little less than 0.5% of the 
body is made up of leukocytes and their progenitors (46). Acces
sory cells such as reticular, dendritic, and stromal cells should 
also be charged to the immune system, but accurate quantitative 
estimates of their contribution are not yet available. Even if these 
accessory cells contribute similar mass to the immune system as 
leukocytes, the cellular components of the immune system proba
bly do not exceed I % of the body weight. Inclusion of the extracel
lular fluids and collagen and other structural components found 
in lymphoid organs brings the contribution of the immune system 
to the body weight up to 3-4%. In other words, the immune 
system represents a small organ relative to others such as the 
intestines, skeletal muscles, or the nervous system. 

Nutritional costs of the immune system must also consider 
turnover rates of cells and macromolecules. In adults, leukopoiesis 
in bone marrow occurs at a rate of 0.03% of body weight per 
day (47) and lymphocytes in other tissues (e.g., thymus, spleen) 
contribute almost twice this amount for the purpose of replacing 
losses resulting from normal immunosurveillance (48). Rates of 
leukopoiesis in the bone marrow increase by about twofold during 
acute systemic infections. Normal rates of immunoglobulin syn
thesis in a young chicken is less than 0.02% of body weight per 
day (49). Although the rate of synthesis of specific antibodies 
increases dramatically during a disease challenge, the rate of syn
thesis of total antibodies increases only moderately. Hyperimmun
ization, for example, results in about a 25% increase in serum 
immunoglobulin. Based on serum concentrations and half-life 
estimates, other humoral components, such as complement, con
tribute an order of magnitude less to daily synthesis than do 
immunoglobulins. 

Although accurate information on the nutritional demands of 
a vigorous immune response are clearly imperfect, it is apparent 
that the amount of substrate resources (nutrients) needed by the 
immune system is very low relative to needs for growth or milk 
or egg production. For example, the weight of new leukocytes 
and immunoglobulins normally produced each day (about 800 
mg/kg body weight) appears to be less than I % of the total increase 
in body weight of a 2-wk-old broiler chick. In fact, it is even less 
than 10% of the amount of the two pectoralis major (breast) 
muscles synthesized each day. Even if an infectious challenge 
increases the rate of leukopoiesis by considerably more than the 
twofold estimates that have been reported, it is doubtful that the 
immune system would be a significant consumer of nutritional 
resources in a growing animal. It is often stated that the depression 
in growth and reproductive performance associated with an 
immune response is the result of the diversion of nutrients away 
from anabolic process (e.g., growth) for use by the immune system. 
However, this conclusion is not supported by a quantitative analy
sis of the processes involved (Fig. 2). 

Many infections are accompanied by an acute-phase response, 
which is characterized by increases in synthesis of acute-phase 
proteins, whole-body protein turnover, gluconeogenesis, and body 
temperature. The acute-phase response is characterized by nutrient 
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Fig. 2. (A) Mass on immunoglobulins (Ig) and leukocytes synthe
sized daily relative to the rate of accretion of pectoralis muscle and 
total-body tissue in a young chicken kept in pathogen free (Normal) 
conditions or during an infectious challenge (Challenged). See ref. 
102 for references and assumptions. (B) The additional amount of 
lysine required during a challenge for the synthesis of new immuno
globulins and for additional leukocytes is easily met by the decrease 
in lysine use by a single large muscle (pectoralis major). 

fluxes in several organ systems, especially the liver and muscle. 
Although descriptive information on the acute-phase response of 
poultry and livestock has been detailed (50,51), a quantitative 
evaluation of the nutritional demands of this response is needed. 
Clearly, the acute-phase response is a process that is both nutrient 
liberating (skeletal muscle catabolism) and nutrient consuming 
(acute-phase protein synthesis, fever). Given the marked increase 
in hepatic demand for amino acids to support gluconeogenesis 
and for acute-phase protein synthesis (52-54), it is likely that the 
amino acid costs of an acute-phase response are considerably 
greater than the relatively minute needs of leukocytes that respond 
to an infectious challenge. For several nutrients (e.g., zinc, copper, 
threonine), it is known that the amount liberated is sufficient to 
meet the needs of both acute phase and the immune responses 
(55-57). Given that the acute-phase response is likely to be a 
much larger consumer of nutrients during an infectious challenge 
than leukocytes, future studies on the impact of nutrition on resis
tance of animals should include measures of this process, such 
as production of acute-phase proteins. 

Priority of the Immune System for Nutrients The priority 
of a cell type for nutrients can be inferred by the concentration 
and binding affinities of transport proteins on its cell membrane. 
For example, there are at least five types of glucose transporters, 
each conferring differing transport kinetics onto cells in the body. 
Lymphocytes utilize a transporter similar to that of neurons and 
erythrocytes (58). Furthermore, this transporter is constitutively 
expressed and is not sensitive to insulin or IGF-I, permitting the 
use of glucose even during periods of starvation. These transport 
characteristics indicate that lymphocytes have the highest priority 
for glucose relative to other cell types, such as muscle, liver, or 
fibroblasts. Similarly, pig lymphocytes constitutively express the 
ACS transporter for neutral amino acids (59). This system has a 
K,n that is almost a magnitude lower than the Km of the A system, 
which is expressed on skeletal muscle and many other tissues. 
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quently, iron supplementation is almost always done by the injec
tion of slowly released iron dextran. Even this route of supplemen
tation has been shown to overcome the baby pigs ability to 
withhold iron from pathogens, and oversupplementation causes 
increased proliferation of pathogenic strains of E. coli both system
ically and enteric ally (75,76). 

IMPACT OF AN IMMUNE 
RESPONSE ON NUTRIENT REQUIREMENTS 
Stimulation of the immune system causes a stress response that 
has important implications for an animal's nutrient requirements 
and its productivity. Specific shifts in cellular and metabolic pro
cesses, as well as change in behavior, are orchestrated by the 
immune system in response to a variety of stimuli. These changes 
are most obvious during the acute phase of an immune response 
but may become persistent if the immune response is chronic. The 
magnitude of the changes depends on the nature of the triggering 
immunogen and the amount and location of the response. The 
systemic manifestations induced by an immune response, and 
especially the inflammatory response, are highly conserved 
through the evolution of vertebrates and are observed in lizards, 
fish, birds, pigs, sheep, cattle, and horses. These alterations are 
expressed as decreased productivity (e.g., growth) and have sig
nificant implications on the nutritional needs of the animal. This 
section briefly considers the mechanisms through which the 
immune system takes command of intermediary metabolism and 
then explores the quantitative impact on energy and protein 
requirements of growing animals. 

COMMUNICATION BETWEEN THE IMMUNE SYSTEM 
AND OTHER SYSTEMS There are at least three general mecha
nisms through which an immune response located at an isolated 
site in the body can influence normal physiology throughout the 
body: release of pro-inflammatory cytokines, release of hormones, 
and neural communication. First, during most immune responses, 
monocytes and macrophages release the pro-inflammatory cyto
kines IL-I, IL-6, and TNF. Each of these cytokines has a specific 
role in the regulation of the immune response by acting in the 
local area of the challenge. If an immune response is sufficiently 
large, these cytokines increase in concentration in the blood and 
act systemically (77). Cells in virtually of all tissues have receptors 
for these cytokines and respond to them (Table I). Second, stimu
lated leukocytes produce releasing hormones that induce an endo
crine (e.g., corticosterone) response (29). For example, stimulated 
T -lymphocytes release ACTH, which increases the release of corti
costerone. Third, there is extensive innervation of immune tissues 
such as the spleen and lymph nodes. Immune responses occurring 
in these tissues trigger neurologic responses that communicate 
this activity to the brain (78,79). The above three mechanisms 
mediate cellular, metabolic, and behavioral changes that alter the 
partitioning of dietary nutrients away from growth, skeletal muscle 
accretion, or reproduction in favor of metabolic processes that 
support the immune response and disease resistance. As the 
immune system and its cytokines orchestrate this stress response, 
it is sometimes referred to as "immunologic stress" to differentiate 
it from other homeostatic stress responses. 

During actual infectious challenges, the immune system adjusts 
the type and size of its response to the immunogenic and antigenic 
characteristics of the pathogen. Responses can be predominantly 
inflammatory or they may have variable cell-mediated and 
humoral components. The amounts and types of leukocytic cyto-

Table 1 
Nutritionally Important Effects of 

Proinflammatory Cytokines Il-l, Il-6, and TNF 

Behavioral 
Decreased voluntary intake 
Increased sleep 
Decreased activity 

Energetics 
Increased resting energy expenditure 
Increased body temperature (fever) 
Decreased activity, growth, eggs, milk 

Protein Metabolism 
Increased synthesis of acute-phase proteins 
Increased whole-body protein turnover 
Increased muscle protein degradation 
Increased amino acid oxidation 

Glucose Metabolism 
Increased oxidation 
Increased gluconeogenesis 

Lipid Metabolism 
Decreased lipoprotein lipase activity 
Decreased lipolysis in adipocytes 
Increased hepatic triglyceride synthesis 

Hypertriglyceridemia 

Mineral Metabolism 
Increased hepatic metallothionein synthesis 
Increased lactoferrin synthesis 
Increased hepatic ceruloplasmin synthesis 

Hormone Release 
Corticosteroid-increased 
Thyroxin-decreased 
Glucagon-increased 
Insulin-increased 
Growth hormone-increased (species dependent) 

kines that are released reflect the type of immune response elicited 
by the challenging organism or agent. Studies that dissect the 
importance of these various arms of the immune system in modu
lating nutrition-related physiology are needed. Model systems 
using purified pro-inflammatory cytokines or maximally potent 
inflammatory agents such as LPS circumvent this question by 
inducing or mimicking potent inflammatory immune responses. 
Whether adaptive T- and B-cell-mediated responses contribute to 
altered animal productivity and nutrient requirements needs to be 
explored. Recent characterization ofT-helper (Th) cell populations 
into ThJ and Th2 subpopulations and the regulation of this dichot
omy by various interleukins (80) provides a starting point for 
understanding correlations between immune response types and 
nutrient needs. ThJ cells promote a cell-mediated immune response 
by secreting interferon-y, lymphotoxin, and TNF-a. These cyto
kines activate macrophages to increase their release of additional 
TNF-a and IL-I~. A ThJ response is induced by IL-12 and inhib
ited by IL-lO and IL-4. Alternately, Th2 cells promote a humoral 
response by secreting IL-4, IL-5, IL-lO, and IL-13. These cyto
kines direct B cells to switch immunoglobulin isotypes to IgG-I 
and IgE and inhibit macrophage activation. Thus, Th2 responses 
would not be expected to cause nutritional disturbances that are 
as large as ThJ and inflammatory responses. This scenario is 
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complicated by the fact that macrophage populations and the 
cytokine profiles that they produce are also heterogeneous (81). 
A thorough understanding of the contribution of different types 
of macrophage and lymphocyte responses to immunologic stress 
is clearly needed and the following discussion pertains to responses 
that include a vigorous inflammatory component. 

NUTRITIONAL IMPLICATIONS Animal scientists have 
been especially concerned with the decreased growth and effi
ciency of utilization of feed nutrients for growth that accompanies 
immunologic stress. Reduced feed intake accounts for about 70% 
of the decreased growth; the remainder is the result of metabolic 
inefficiencies caused by the immune response (82). Particularly 
disconcerting for animal producers is that the rate of skeletal 
muscle accretion is impaired more than that of most other organ 
systems, such as adipose, liver, and intestines, resulting in lower 
yields of edible meat (83-85). The effect of these immune-medi
ated adjustments on the nutrient needs of animals has become a 
central research theme in animal nutrition and is described in the 
following subsections. 

Food Intake Nutritionally, anorexia is, by far, the most 
important impact of the stress response orchestrated by the immune 
system. Many leukocytic cytokines are potentially anorexigenic, 
including IL-la, IL-l~, IL-6, TNF-a, IL-8, and interferons; how
ever, II-I is the most potent (86). IL-l ~ acts on the central nervous 
system and gastrointestinal tract to impair appetite (87). The reduc
tion in the number and size of meals induced by IL-l is augmented 
synergistically ifTNF-a levels increase (88). Cooperatively, these 
central and peripheral actions of leukocytic cytokines can decrease 
food intake by more than 50% during the acute phase of an 
infectious challenge. 

A basal metabolic rate that is high relative to food intake and 
activity level accompanies an immune response and is measurable 
as an increase in body temperature (fever). Leukocytic cytokines 
act on the central nervous system to cause fever by inducing an 
increase in the temperature setpoint, invoking thermoregulatory 
responses similar to those of a hypothermic state (89). Although 
an important contributor to the energetics of the catabolic state 
that accompanies immunologic stress, quantitative aspects of the 
altered basal metabolic rate have received very little direct 
research. In animal production, the increased metabolic rate 
because of infectious challenges is probably responsible for a 
considerable diminution of efficiency of feed conversion. Baracos 
et al. (90) estimated that heat production increases 33% in shorn 
sheep during an inflammatory response to LPS. However, the 
quantitatively large increase in the basal metabolism induced by 
leukocytic cytokines may be partially offset by decreases in activ
ity resulting from the lethargy and sleepiness induced by these 
cytokines (91). In growing animals, the energy requirement is 
further reduced because of a decreased rate of growth (net energy 
for growth) induced by inflammatory cytokines. 

Animal nutritionists have attempted to alter dietary energy 
density or energy source (e.g., increasing dietary fat) to overcome 
the anorectic effect of immunologic stress. In general, these 
attempts have been largely unsuccessful. Increasing dietary energy 
density has little effect on caloric intake in immunologically 
stressed turkeys (92) or pigs (93,94), but in some circumstances, 
it is beneficial in chickens (83). Providing chickens with a nutrient
dense diet that is very high in carbohydrates ameliorates the change 
in caloric intake resulting from immunologic stress. However, the 

partitioning of nutrients between skeletal muscle and other tissues 
is still distributed, as reflected in changes in body composition. 

Amino Acids Requirements During immunologic stress, 
skeletal muscle is mobilized to supply nutrients for use by other 
tissues (51,95). Muscle catabolism is the result of a reciprocal 
increase in protein degradation and decrease in protein synthesis 
and is mediated by the synergistic effects of IL-l and TNF-a. 
Released amino acids are used by the liver for the synthesis of 
acute-phase proteins and glucose, by the immune system to support 
the clonal proliferation of responding leukocytes, and for oxidation 
by leukocytes and other tissues. Additionally, many tissues 
increase both their rates of protein synthesis and protein degrada
tion, resulting in increased protein turnover (96). Enhanced protein 
degradation supplies peptides for major histocompatability com
plex presentation to lymphocytes. Thus, increased protein turnover 
in tissues also represents increased vigilance in the search for 
infected host cells. 

The impact of immunologic stress on amino acid requirements 
of growing pigs and chickens has been investigated. A sustained 
immune response in young growing pigs decreases the lysine 
requirement by about 20% when expressed as percentage of the 
diet required to maximize growth. Because feed intake is decrease 
by chronic immune stimulation, the lysine requirement is 
decreased by 40% when expressed as grams required per day 
(84). Similarly, the requirement for either lysine or methionine is 
decreased by immunologic stress in young broiler chicks (97). 
These lower requirements suggests that slower growth rate and 
decreased skeletal muscle accretion induced by the immunologic 
stress spares more essential amino acids than are needed for ana
bolic processes in the liver and the immune system. This explana
tion is supported by the quantitative information shown in Fig. 
2. Another conclusion of these studies is that the dietary protein 
requirement decreases more than the dietary energy requirement 
during immunologic stress. 

Following a period of immune activation, young animals often 
undergo a period of compensatory growth (98). In chickens, the 
enhanced rate of growth, particularly skeletal muscle accretion, 
increases the lysine requirement beyond that of chicks that have 
not undergone a response (99). If additional dietary amino acids 
are not supplied, the compensatory growth period is prolonged 
or may not occur. 

Other Nutrients Quantitative changes in the requirement of 
vitamins and minerals as the result of a sustained immune response 
have not been subjected to detailed study in poultry or livestock. 
Fortification of animal diets with trace nutrients represents less 
than 0.5% of the cost of a diet. Consequently, all of the trace 
minerals and vitamins are typically fortified to diets at levels that 
are at least 50% greater than the known requirement to provide 
a "margin of safety." It is generally thought that good trace nutrient 
stores prior to the disease challenge are important to permit the 
characteristic redistribution of these nutrients during an immune 
response. For example, during an acute-phase response, large 
amounts of copper and zinc are used by the liver for the synthesis 
of the acute-phase proteins ceruloplasmin and metallothionein 
(55,56). This metabolic demand is fulfilled by copper and zinc 
stored in the liver or released from other tissues such as skeletal 
muscle. Because these metabolic changes represent redistributions 
within existing body pools, they do not represent an increase in 
the dietary requirement. However, intestinal absorption of many 
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trace nutrients is decreased during immunologic stress as an inte
gral part of nutritional immunity (100). Furthermore, during the 
acute phase of an immune response, there is an increase in excre
tion of many nutrient from endogenous sources (101). Presumably, 
there are increased requirements following the resolution of the 
immune response in order to compensate for these expenses; how
ever, little quantitative information on these needs is available. 

It should be noted that the above discussion considers the 
impact of a sustained immune response on nutrient needs. Usually, 
the agent that triggers an immune response (e.g., microorganism, 
autoantigen, food antigen) causes pathology to specific organs, 
which modifies the generic response. For example, many enteric 
infections cause substantial damage to the intestinal epithelium, 
which cause major disruptions in nutrient absorption. Thus, the 
total impact of an enteric infection on metabolism and nutrition 
is the sum of generalized effects of the immune system responding 
plus specific effects due to the destructive actions of the patho
gen itself. 

SUMMARY 
Animal diets are scientifically formulated to exacting standards 
that have been determined by intense research over the years. 
Dietary requirements have been set at levels that maximize growth 
in young animals and reproduction or milk production in mature 
animals. More recently, research has been directed toward identi
fying nutritional factors that modulate the immune response and 
influence an animal's susceptibility to diseases prevented by or 
caused by the immune system. The complexity of the multitude 
of nutrient by immunity interactions has prompted animal nutri
tionists to base dietary management for the purposes of influencing 
immunocompetence on five mechanistic categories: 

l. Nutrients such as polyunsaturated fatty acids and vitamins 
E, A, and D have direct regulatory actions on leukocytes 
by modifying intercellular or intracellular communica
tion pathways. 

2. The amount of calories consumed and the protein-to-calo
rie ratio indirectly impact immunity by influencing the 
levels of hormones that modulate the immune system. 

3. Nutrients are needed as substrates for anabolic processes 
required for the development of the immune system and 
for an immune response. Chronic deficiencies of many 
trace nutrients cause impairments in the development of 
the immune system. However, moderate deficiencies in 
the diet of juvenile animals are usually not detrimental to 
the immune system because of its high priority for sub
strates when they become limiting in body fluids. 

4. Some nutrients, especially those that serve as antioxidants, 
limit the pathology that results from effector functions 
of leukocytes. 

5. The immune system orchestrates a decrease in the concen
tration of some nutrients in the blood and other body fluids 
in order to impair the replication of pathogens. Iron and 
possibly other trace minerals are important in this response. 

Nutritionists concerned with animal production are also inter
ested in the impact of an immune response on dietary requirements. 
The immune system is central to homeostasis and serves as both 
a sensory system that detects insults to homeostasis and a control 
system that orchestrates local and systemic responses directed 

toward reestablishing homeostasis. The cellular and metabolic 
sequelae that accompanies an immune response redirects nutrients 
away from physiological processes important for growth and 
reproduction toward processes important in host defense. Alter
ations in nutrient requirements because of a sustained immune 
response have at least two components. First, the requirement for 
energy and amino acids is decreased during the challenge when 
growth or reproduction is slowed and the immune system is 
responding vigorously. Second, requirements are increased fol
lowing resolution of the challenge when pathologic insults are 
repaired and compensatory growth typically occurs. 
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CAROL YN K. CLIFFORD 

INTRODUCTION 

Cancer, a major cause of death that in the developed world is 
exceeded only by cardiovascular disease, remains an important 
public health concern (1,2). In the United States, it is estimated 
that, in 1998, about 1,228,600 new cases of cancer will be diag
nosed and 564,800 Americans can be expected to die of cancer 
(1). The most common cancers likely will continue to be cancers 
of the prostate, breast, lung and bronchus, and colon/rectum. For 
Americans, the lifetime probabilities of developing these cancers 
are high-prostate (1 in 5), breast (l in 8), lung and bronchus 
(men 1 in 12; women, 1 in 18), and colon/rectum (1 in 17) (1). 

It is generally agreed that physiologic aging of the immune 
system, primarily manifested as changes in cell-mediated immu
nity, results in a decline in immune function that has been linked 
to the development of cancer and autoimmune diseases, as well 
as increased susceptibility to infection (3,4). Cancer, in fact, is 
considered to be a disease of aging. Sixty percent of all cancers 
occur in persons aged ;::'65 yr, and persons in this age group have 
a risk 11 times greater than persons aged <65 yr (5). 

Although it is recognized that interactions among nutrition, 
the immune system, and cancer development in all probability 
influence cancer risk, such interactions are not clearly understood 
(6). The relationship between diet and nutrition and cancer is well 
documented in the scientific literature (2,7), as are the effects of 
nutrition and diet-related factors on immune response (8-14). 
Untangling the likely complex interactions among diet and nutri
tion, immune response, and cancer development, however, 
remains a daunting task, and one that is of increasing interest to 
the medical research community (6,15). 

Although many of the components of diet and lifestyle that 
appear to alter cancer risk also may affect immune function, it is 
not known to what extent the mechanisms involved in modulating 
both carcinogenesis and immune response by any specific compo
nent may overlap or influence each other. Some general properties, 
such as the ability to act as an antioxidant or an antiproliferative 
agent, may serve as common mechanisms. In contrast, some com
ponents may act in a manner that is unique to that component. 
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Changes in patterns of cancer with time, as well as cross
cultural and migrant studies, support the suggestion that as devel
oping countries become more urbanized, the patterns of cancer 
incidence, especially for cancers associated with diet and lifestyle, 
tend to move toward patterns of the more economically developed 
countries, which generally have high incidence rates for cancer 
overall and cancers most affected by diet and/or lifestyle (2,7). 
For example, in Japan, cancer has become the leading cause of 
death over the last 50 yr, a period during which average daily per 
capita fat intake rose from 18.0 g (1950) to 56.6 g (1987), and 
average daily per capita fiber intake decreased from 27.4 g (1947) 
to 15.3 g (1987) (16). Such changes in patterns of cancer incidence 
provide clear evidence that environmental factors, including 
dietary and other lifestyle choices, playa definite role in determin
ing risk for some cancers. Although conclusive evidence is not 
yet available, a large, consistent body of epidemiologic evidence 
and corroborating experimental studies strongly support associa
tions between dietary constituents and the risk of specific cancers, 
suggesting that, in general, vegetables and fruits, dietary fiber, 
and certain micronutrients appear to be protective against cancer, 
whereas dietary fat, excessive calories, and alcohol seem to 
increase cancer risk (2,7,17). The effects of these dietary factors 
possibly build on individual genetic susceptibilities (18). 

Some of the same components of normal healthful diets that 
influence cancer risk also may modulate immune system compo
nents and function. For example, a small excess of dietary antioxi
dants such as vitamins E and C, ~-carotene, and selenium may 
be associated with an enhanced immune response (8,19), whereas 
dietary fat may either impair or enhance immune response, 
depending on total amount and type of fat intake, possibly by 
modifying macrophage function with regard to effectiveness in 
killing tumor cells (8,20,21). Caloric restriction (CR) can impair 
immune function responses if adequate intake of essential nutrients 
and protein is not maintained (22,23). Also, physical activity 
appears to modulate immune function; regular, moderate activity 
can stimulate the immune system, whereas overtraining may actu
ally suppress the immune system (24). 

This chapter presents evidence regarding the possible roles of 
diet and diet-mediated changes in the immune system as they 
relate to cancer prevention and considers likely mechanisms by 
which diet and diet-related immune responses may bring about 
cancer-protective effects. Discussion of the interactions among 
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diet, nutrition, and the immune system in the treatment of cancer 
is beyond its scope. 

CURRENT RESEARCH STATUS 
The considerable body of evidence that links nutrition and cancer 
as well as nutrition and immunity includes data from epidemio
logic, experimental, and clinical intervention studies. A brief sum
mary of the evidence linking dietary fat, micronutrients, caloric 
restriction, and physical activity with cancer risk and with the 
immune system is presented here, including a discussion of possi
ble mechanistic links among dietary factors, immune response, 
and cancer development. 

DIETARY FAT 
Association with Cancer Risk A large body of international 

epidemiologic evidence and experimental data suggests that the 
amount and type of dietary fat consumed influence risk of cancer 
at several sites, most predominantly the breast, colon/rectum, and 
prostate (7,17,25,26). Diet and cancer studies show that, in general, 
diets low in animal fat and red meats tend to protect against 
cancer, whereas diets high in fat, especially saturated fat, seem 
to increase cancer risk. Although the exact relationship between 
total fat intake and cancer risk continues to be debated, evidence 
suggests that the primary link between fat and risk for some 
cancers may be the result of the type of fat consumed rather than 
or in addition to total fat intake. 

Breast Cancer Findings from epidemiologic studies regard
ing the association of fat and breast cancer are inconsistent (27). 
international correlations support a direct relationship between fat 
intake and breast cancer risk (25-27). Migrant studies similarly 
support an increased risk for breast cancer as eating patterns shift 
from a low-fat, high-fiber diet to a high-fat, low-fiber "Western" 
diet (28,29). Most case-control studies suggest modest positive 
associations between fat intake and risk for breast cancer (27). 
Meta-analyses of case-control studies in postmenopausal women 
that compared the highest and the lowest quintiles of consumption 
found a significant relative risk (RR) of 1.46 between breast cancer 
and saturated-fat intake (30) and an RR of l.21 between breast 
cancer and total fat intake (31). In contrast, large cohort studies 
generally have failed to demonstrate a link between dietary fat 
intake and breast cancer risk (27). Two separate meta-analyses 
reported RRs of 1.01 (31) and 1.05 (32) for cohort studies investi
gating the effect of dietary fat on breast cancer risk. 

International comparisons indicate that diets high in n-6 poly
unsaturated fatty acids (PUFAs) (as found in com oil) are associ
ated with increased breast cancer risk (26). In contrast, consump
tion of oleic acid, a monounsaturated fatty acid found in olive oil, 
and n-3 PUFAs, present in certain fish and fish oils, does not 
increase and may even reduce risk of breast cancer (26,33-35). 
Some studies suggested no association between breast cancer and 
saturated fat intake (RR = 0.95), compared with PUFAs (RR = 
0.70), oleic acid (RR = 0.81), and olive oil (RR = 0.87), each of 
which showed an inverse relationship with breast cancer risk 
(36,37). One case-control study of primarily postmenopausal 
breast cancer patients found direct associations between increased 
breast cancer risk and the concentrations of trans fatty acids (RR = 
1.4, p < 0.001) and PUFAs (RR = 1.26) in gluteal adipose tissue. 
The specific roles of various types of fat and fatty acids in altering 
breast cancer risk in humans, however, have not yet been clearly 
established. It has been suggested that n-6 PDF As may enhance 

breast cancer invasion and metastasis via eicosanoid production, 
whereas n-3 PUFAs may have a suppressive effect via the same 
mechanism (38). 

Several factors may explain the inconclusive nature of the 
epidemiologic data on dietary fat and breast cancer, including 
inaccuracy in dietary assessment methods, insufficient variation 
in fat intake within a study population, interactions of correlated 
variables, differences in data collection and analysis methods, 
inaccuracy in dietary assessment, an insufficient follow-up period, 
failure to distinguish between premenopausal and postmenopausal 
women, and the importance of diet before adulthood (27). 

Colorectal Cancer International correlation studies demon
strate strong, positive associations between colorectal cancer inci
dence and consumption of red meat and animal fats (2,7,17,26,39). 
A number of case-control and cohort studies, including investiga
tions using adenomatous polyps as markers of risk, also support 
the associations with red meat, with data from fat intake being 
less convincing (40-43). Data from international correlation and 
case-control studies do not support an association with vegetable 
fat (2,7,17,40,42). Epidemiologic data suggest a protective effect 
of the consumption of fish or fish oil, calculated as a proportion 
of total or animal fat, on colorectal cancer risk (33,44). 

Prostate Cancer Numerous case-control and cohort studies 
suggest an inverse relationship between risk for prostate cancer 
and consumption of either animal fat or high-fat foods, especially 
red meat (45). Polyunsaturated fats, however, do not appear to 
be associated with cancer of the prostate (45). International and 
ethnic differences in prostate cancer incidence indicate that the 
effects of dietary factors may vary across populations. A study 
of the role of diet in prostate cancer development in blacks, whites, 
and Asians in the United States and Canada reported an overall 
significant, direct relationship with saturated fat; the highest risk 
(RR = 4.1, highest versus lowest quintiles of intake) was reported 
for Japanese-Americans, and the lowest risk (RR = 0.91) was for 
whites (46). 

Data from a large cohort study suggested that a-linolenic acid 
increased risk for prostate cancer (RR = 3.43), in contrast with 
saturated fat (RR = 0.95), monounsaturated fat (RR = 1.58), 
and linoleic acid (RR = 0.64) (47). a-Linolenic acid also appeared 
to enhance prostate cancer risk in a smaller case-control study 
(48). A recent review of epidemiologic and experimental evidence 
suggested that n-3 PUFAs may retard prostate cancer progres
sion (38). 

The Immune System Connection There is strong evidence 
that both the type and amount of dietary fat consumed influence 
immune function (49-53). The effect of fat intake on several 
components of the immune system may, in tum, promote or inhibit 
tumor growth. As outlined briefly in this section, there are several 
different types of cytotoxic interactions between tumor cells and 
the defense system of the host. Key to these interactions are 
lymphocyte proliferation, cytotoxic T-cell (CTL) activity, natural
killer (NK) cell activity, and macrophage and cytokine function 
and activity (10,11,54). Also of interest is the extent of the nonspe
cific immune responses of the host (55). Research suggests that 
the predominant type of fat in the diet has a more precise effect 
on immune response than total fat intake. Clarifying the exact 
role of specific dietary fats in modulating immune response thus 
appears to be fundamental to understanding how the composition 
of the diet connects immune function with cancer risk. One type 
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of fatty acid, n-3 PUFAs, has been studied extensively for its 
proposed cancer-protective and immunomodulating activities. 

Lymphocyte Proliferation In general, ex vivo lymphocyte 
proliferation is lower in animals fed a high-fat diet than in those 
given a low-fat diet (10). The type of fat in the diet also has an 
impact on lymphocyte proliferation. In his review, Calder (10) 
ranks the relative potencies of specific dietary fats to suppress 
lymphocyte proliferation in the context of a high-fat diet (i.e., for 
animals, 90+ g total fat or type of fat/kg body weight); this ranking 
is in order of increasing ability to suppress proliferation: saturated 
fat < n-6 PUFA-rich oils < oleic acid < linseed oil < n-3 PUFA
rich fish oils. 

NK Cell and cn Activity Animals fed high-fat diets exhibit 
lower activity of both NK cells and CTLs when compared with 
animals on low-fat, no-fat, or saturated-fat diets (10). With regard 
to type of fat, the sum of experimental data suggests that inhibition 
of NK cell and CTL activities is greatest for n-3 PUFA-rich fish 
oils, followed by linseed oil, olive oil, n-6 PUFA-rich oils, and, 
finally, saturated fat (10). The impact of specific dietary fats on 
human NK cell activity has not been reported. However, reducing 
dietary fat intake to below 30% of total calories appears to increase 
the activity of natural-killer cells (10). Thus, diets high in fat may 
reduce an individual's NK cell response. 

Cytotoxic T cells and NK cells move through a series of steps 
before destroying the appropriate target cells (49). This process 
likely involves contact between the plasma membrane of the CTL 
of NK cell and the membrane of its target cell. Experimental data 
suggest that incorporation of unsaturated fatty acids into plasma 
membranes enhances cytolytic behavior ofT cells, whereas incor
poration of saturated fatty acids inhibits this action (49). The lipid 
profile of tumor cell membranes similarly affects the tumor cell's 
susceptibility to lysis. In vitro studies indicate that tumor cells in 
which the plasma membrane has a higher PUF A content are more 
likely to lyse than those with lower PUF A levels; in vivo studies 
have not consistently produced the same results, however (51). 

Macrophage and Cytokine function and Activity The 
results of animal studies investigating the effect of dietary fats 
on macrophage activity and macrophage-related cytokine produc
tion are mixed. For example, both enhanced and inhibited tumor 
necrosis factor (TNF)-a production in rodents fed n-3 PUFAs, 
fish oil, or safflower oil has been reported (10,55). These differ
ences may be due, at least in part, to varying test conditions (10). 
In humans, consumption of either fish oil or linseed oil has been 
shown to reduce the production of TNF-a, interleukin (IL)-la, 
IL-l~, and IL-2 (10). Although results vary by study, there is 
growing evidence from experimental studies that dietary fish oils 
and/or n-3 PUFAs can selectively alter macrophage function and 
activity. Studies in rodents demonstrate that dietary fish oil 
decreases the ability of activated macrophages to produce TNF
a and kill tumor targets when compared with macrophages from 
animals given safflower oil (55). In these experiments, the fish oil 
appeared to block TNF-a transcription. In contrast, other studies 
indicate that by enhancing the platelet-activating factor (PAF) 
signaling pathway, dietary fish oil appeared to stimulate TNF-a
mediated tumoricidal activity of macrophages to a much greater 
extent than safflower oil (55). The role of PUFAs in modulating 
tumoricidal activity of macrophages may be related to plasma 
membrane structure and content. Specifically, as with CTLs, 
changes in the fatty acid content of the plasma membrane of 

macrophages appear to alter these cells' functional activity (49). 
Overall, these data, although seemingly contradictory, support 
the suggestion that dietary fatty acids may selectively alter the 
tumoricidal activity of macrophages. 

n-3 PUfAs and fish Oils A large body of data suggests that 
long-chain PUFAs are the fats most likely to be involved in the 
modulation of immune function. The beneficial effects of these 
dietary fats generally are attributed to eicosapentanoic acid (EPA) 
and docosahexaenoic acid (DHA), both n-3 PUFAs. Research 
consistently demonstrates that EPA and DHA affect the production 
of certain eicosanoids-including PGE2, thromboxane (TXA2), 

prostacyclin, and leukotrienes (e.g., LTC4, LTD4)-from arachi
donic acid (AA) (53). The eicosanoids are important in maintaining 
or regulating a variety of normal biological functions, including 
immune function. The prostaglandins, primarily PGE2, show both 
inhibitory and stimulatory effects toward the effector cells consid
ered to be important in the immune defense against cancer (56). 
As noted earlier, dietary fish oil and n-3 PUFAs appear to affect 
the production and function of macrophages and macrophage
derived cytokines, including ILs, TNFs, and colony-stimulating 
factors (CSFs) (51,53). Such changes may be mediated through 
PGE2 (21,57,58). 

Data from both animal and human studies suggest that produc
tion of eicosanoids and cytokines is reduced by increased intake 
of fish oils and n-3 PUFAs such as EPA and DHA (49-53). It 
has been hypothesized that by affecting the synthesis of eicosa
noids and cytokines, consumption of EPA and DHA also influ
ences the effectiveness of these immune system components. Sup
plementing the diet with n-3 PUFAs or fish oil has been shown 
to enhance several indices of immune response in healthy humans 
in both short-term and longer-term (up to 12 wk) studies (52,53). 
Also, using n-3 PUFAs or fish oil to treat conditions resulting 
from or aggravated by an impaired immune system-such as 
rheumatoid arthritis, inflammatory bowel disease, and psoriasis
generally has brought about at least modest improvement (51,53). 
Not all studies report an immuno-enhancing or -protective role 
for n-3 PUFAs, however (51-53). For example, consumption of 
fish oil supplements has been shown to suppress immune response, 
as indicated by decreases in helper T cells, depressed mitogen 
response, and inhibited delayed-type hypersensitivity (DTH) 
response (53). 

Several factors may explain the inconsistent effects of n-3 
PUFAs on immune response (10,11,51,52). Both total fat intake 
and the amount of other types of fat in the diet, relative to n-3 
PUFA intake, may affect the action of n-3 PUFAs with regard 
to factors such as membrane fluidity, oxidative stress, and the 
distribution and concentration of serum lipoproteins (49,52). Also, 
research suggests that high total fat intake inhibits immune func
tion in both humans and animals, whereas consumption of n-6 
PUFAs suppresses immune response in animals (52,53) but 
appears to have no notable adverse immunologic effects in healthy 
individuals (52). Furthermore, the specific effects of fat intake on 
the role of prostaglandins-and PGE2 in particular-in immune 
function are not yet clear (49,52,59). Finally, the use of antioxi
dants by an individual and the overall health, nutritional status, 
and age of the individual may influence the action of fats on 
immune function (53). 

At a certain level of intake, PUF As may favorably influence 
the impact of eicosanoids and cytokines on immune function by 
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modulating their synthesis. However, overproduction of or an 
imbalance in the different types of eicosanoids and cytokines, as 
mediated through elevated PUF A consumption, can lead to dis
ease. Of course, dramatic reductions of eicosanoids and cytokines 
(e.g., in the presence of a deficiency of essential fatty acids) also 
can impair normal functioning of the immune system (49,51-53). 
It follows that although consumption of certain fats can be benefi
cial and, in some cases, is essential (e.g., linoleic acid), excessive 
intakes may adversely affect health, possibly in part by suppress
ing, rather than stimulating, immune function. 

Evidence that certain fats, consumed at appropriate levels, 
may protect or enhance immune response seems compelling, but 
defining a specific role for dietary fat in immune function is 
challenging, in part because of the highly complex nature of the 
immune system. Furthermore, although research on the immune
modulating effects of fat has focused largely on the regulation of 
eicosanoid (prostaglandin) metabolism, a more comprehensive 
approach that integrates the role of lipids in membrane structure 
and function, peroxidation and generation of free radicals, eicosa
noid production, and cell activation processes warrants further 
investigation (51). 

MICRONUTRIENTS 
Association with Cancer Risk Epidemiologic studies have 

demonstrated cancer-protective relationships for foods high in 
antioxidant micronutrients such as vitamin C, ~-carotene, vitamin 
E, and selenium, as well as the micronutrients vitamin A, calcium, 
and folate (2,7,60-63). It is likely that several rather than single 
micronutrients contribute to the observed overall protective 
effects. For example, a cohort study by Y ong and colleagues 
recently reported that a combination of vitamins E and C and 
carotenoids was more protective (RR = 0.48) than any of them 
individually (RRs = 0.82, 0.49, 0.55, respectively) (64). Further
more, micronutrients may, in fact, be markers for other constituents 
of plant foods that have preventive properties (65). 

Vitamin f Epidemiologic studies that have investigated asso
ciations of cancer risk and diets high in vitamin E are limited in 
number and show inconsistent results-possibly because estima
tion of dietary vitamin E is difficult (60). A review of 10 studies 
of vitamin E intake and 8 measuring serum vitamin E levels in 
relation to breast cancer risk reported an overall inconclusive 
relationship (66). Another review found significant regression of 
premalignant lesions in the oral cavity for vitamin E alone and 
in combination with ~-carotene (67). In the Alpha-Tocopherol, 
Beta-Carotene Cancer Prevention Study (ATBC) , conducted in 
Finland with more than 29,000 male cigarette smokers at high 
risk for lung cancer, a 32% decrease in clinical prostate cancer 
incidence and a 41 % decrease in prostate cancer mortality were 
observed among men who received daily vitamin E supplements 
(68). Also, 16% fewer cases of colorectal cancer were diagnosed 
in the same study (69). Although these results suggest a protective 
effect of vitamin E, prostate and colon cancers were not primary 
study endpoints; other controlled trials are needed to confirm the 
ATBC findings. 

Vitamin A~-Carotene Vitamin A influences cell differenti
ation, and a deficiency of this micronutrient leads to hyperplastic 
changes in epithelial tissues-such as are observed in certain 
precancerous conditions; thus, vitamin A is believed to be most 
effective in the promotion stage of carcinogenesis (70). In the 
1960s and early 1970s, vitamin A was a research focus with regard 
to the inhibition of carcinogenesis; the considerable body of data 

resulting from these studies, however, was somewhat inconsis
tent (2,7). 

Published reviews of epidemiologic studies have consistently 
reported strong support for a significant protective effect of dietary 
~-carotene on lung cancer (61, 71,72). One review noted that asso
ciations of either high intakes of ~-carotene-rich vegetables and 
fruits or high blood concentrations of ~-carotene with reduced 
cancer risk were most consistent for lung and stomach cancer. 
Esophageal cancer showed limited but promising risk reduction 
(61). Reported findings for the effects of both ~-carotene and 
vitamin A are equivocal for prostate cancer (45) and indicated a 
possible protective effect of ~-carotene for breast cancer (73) and 
colon cancer (61). Two trials in high-risk individuals found no 
evidence of reduction in colorectal polyp incidence-and no evi
dence of harm-after 4 yr of intervention using ~-carotene (74,75). 

Vitamin C Epidemiologic evidence for a protective effect of 
diets high in vitamin C-containing vegetables and fruits is strong 
and consistent for cancers of the oral cavity, esophagus, and 
stomach, but moderate and less consistent for colon and lung 
cancers. Data do not support an association with prostate cancer 
and the evidence for breast cancer is conflicting (60,76,77). A 
review of more than 50 case-control and cohort studies that investi
gated intakes of vegetables and fruits and vitamin C and E reported 
that, across studies, individuals in the highest category of vegetable 
and fruit intake had approximately 40% less risk of gastrointestinal 
and respiratory tract cancers than those in the lowest intake cate
gory (60). Indices of vitamin C computed from vegetable and 
fruit intakes also were associated with lower risk in these studies. 

Selenium Cancer mortality in international correlation stud
ies suggest an inverse association between selenium status and 
cancer incidence (7S). Data from case-control and cohort studies, 
however, have not been convincing for cancer sites investigated, 
including lung, breast, and stomach (72,73,79). A recent random
ized, controlled clinical intervention showed significant reductions 
in total cancer mortality (RR = 0.5), total cancer incidence (RR = 
0.63), and incidences of lung (RR = 0.54), colorectal (RR = 0.42), 
and prostate (RR = 0.37) cancers for individuals who received 
selenium supplements, compared with controls (SO). These posi
tive findings support the cancer-protective effect of selenium but 
must be confirmed in independent intervention trials. 

The Immune System Connection The importance of spe
cific micronutrients to the immune system is demonstrated most 
clearly in cases of moderate to severe, single- or multiple-nutrient 
deficiencies in which immune responses are impaired (14,19,22). 
A growing body of research suggests, however, that even marginal 
deficiencies may compromise immune function (14). Furthermore, 
although deficiency is the most commonly encountered state in 
which the immune system is affected adversely, excessive intakes 
of some micronutrients also may impair immune function (S1). 
Defining the balance across adequate versus optimal versus exces
sive intakes of nutrients, as they relate to maintaining health and 
especially to disease prevention, remains a challenge. 

Vitamins and minerals likely affect the immune system through 
a variety of mechanisms that may serve to connect immune func
tion with cancer risk. Research suggests that in maintaining or 
supporting immune function, vitamins E and C, ~-carotene, and 
selenium (an essential component of glutathione peroxidase) may 
(1) act as antioxidants that help control pro-oxidative activities 
of the abundant phagocytes in the body, which, in tum, prevents 
oxidative tissue damage in the absence of a threat to the host 
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(14), (2) provide a more general antioxidant defense through, for 
example, sequestering of free radicals (82), and (3) stimulate the 
synthesis of cytokines (e.g., ILs, TNFs) in response to mitogen 
exposure, which, in tum, promotes clonal expansion of lympho
cytes involved in normal immune function and tumor inhibition 
(e.g., helper T cells, cytotoxic T cells) and rejuvenates immune 
function (82,83). Vitamin E, in particular, is critical for preventing 
the oxidation of PUFAs and, consequently, for maintaining cell 
membrane stability (84,85). Also, through its antioxidant effects, 
vitamin E may limit the activity of cyclooxygenase, which results 
in decreased production of the immune suppressor PGE2 (86) and 
thus may confer a benefit with regard to cancer risk. 

Deficiencies in vitamins E, C, and A and ~-carotene are associ
ated with signs of a compromised immune system (19,22). The 
factors affected by such deficiencies that also are likely to be 
related to tumor development include reduced NK cell activity, 
decreased lymphocyte response to mitogens, impaired macrophage 
activity, reduced phagocytic activity, and suppressed cytokine 
production (e.g., interleukins, TNF-a) (22,83,87). Impairment of 
these immune functions and components is reversed through ade
quate intakes of the deficient nutrient(s) (83,87). 

Vitamin E. The anti oxidative and immunoprotective proper
ties of vitamin E may underlie the proposed epidemiologic associa
tions between vitamin E intake and reduced risk for diseases of 
aging, including cardiovascular disease and cancer (11,84,85,88). 
By preventing damage from free radicals and products of lipid 
peroxidation, vitamin E helps maintain the structural integrity of 
cells, including immune cells (11,85); these actions, in tum, may 
retard or prevent the initiation or promotion of some cancers. 
Although a deficiency in vitamin E disrupts the stability of cell 
membranes, supplementation restores cell structure and function 
(88). To illustrate, in one study of elderly hemodialysis patients, 
300 mg vitamin E/d (via oral supplementation for 15 d) increased 
vitamin E concentrations in peripheral blood mononuclear cells 
and decreased the amount of fatty acid oxidative products in the 
membranes of red blood cells (86). 

Vitamin E deficiency in animals has been shown to suppress 
B-cell function, immunoglobulin production, T-lymphocyte 
response, phagocytic function, and cytokine and lymphokine func
tion and production (11,22). Supplementing the diets of animals 
with vitamin E enhanced immune response by suppressing or 
decreasing prostaglandin synthesis (85,89,90), stimulating helper 
T-cell activity (91), and improving macrophage function and mito
gen-induced lymphocyte responsiveness (92). In these studies, the 
decline in immune function normally observed in aging animals 
was reversed at least partially through vitamin E supplementation. 

Experimental studies further demonstrate that dietary vitamin 
E supplementation protected against transplantation of virus-trans
formed K3T3 tumor cells (85) and that treatment of K3T3 tumor 
cells with vitamin E prior to transplantation facilitated the rejection 
of transplantation of these cells in mice (85). In these studies, the 
cancer-protective activity of vitamin E appeared to be linked at 
least in part to its effects on immune function. Additional studies 
suggested that vitamin E inhibited the transplantation of K3T3 
cells by increasing the expression of antibody receptor-mediated 
phagocytosis and Ia antigen and decreasing the expression of 
cell-surface molecules that are important in the tumorigenic and 
metastatic potential of tumor cells (e.g., glycolipids) (85). 

The impact of vitamin E intake on immune function also has 
been examined in humans, especially older persons, who, as a 

group, are at increased risk for reduced immune function, cancer, 
and vitamin E deficiency (85,88). Two such studies-placebo
controlled, double-blind trials in healthy individuals at least 60 
yr old-support the proposed immuno-enhancing capabilities of 
vitamin E and suggest a benefit for supplementation among the 
elderly (93,94). In one study, a daily oral supplement of 800 
international units (IU) vitamin E for 30 d improved three measures 
of T-cell function: DTH skin test, immune response to concanava
lin A, and IL-2 production (93). Lymphocyte vitamin E concentra
tions increased threefold and were correlated with enhanced 
immune function. Also, PGE2 synthesis by monocytes and concen
trations of plasma lipid peroxides were reduced. Further, no clini
cal, physiologic, or metabolic side effects were reported, suggest
ing that short-term vitamin E supplementation at 800 IU/d in 
healthy elderly individuals is safe (95). The second study examined 
dose-related changes in T-cell function among healthy, older adults 
given a 60-, 200-, or 800-IU vitamin E supplement daily for 30 
d (94). T-Cell function improved following supplementation, with 
the greatest increase in immune response observed among those 
receiving 200 IU vitamin E/d. 

Vitamin AJI3-Carotene. Both deficiencies and excesses of 
vitamin A may adversely affect immune function (19,22). Animals 
deficient in vitamin A exhibit clear signs of a compromised 
immune system: decreased thymus and spleen sizes, reduced NK 
cell activity, reduced interferon and antibody production, impaired 
DTH, less effective fat macrophage activity, depressed lympho
cyte response to mitogens, reduced phagocyte activity, and greater 
susceptibility to infection (19,22,96). Impaired immune function in 
vitamin A-deficient animals usually is partially to fully recovered 
following compensatory supplementation or administration (96). 

Although severe deficiencies of vitamin A clearly have adverse 
consequences in humans in terms of morbidity and mortality, 
particularly for infants and children (22,96), the impact of marginal 
to moderate vitamin A deficiencies on immune status in humans, 
particularly adults, is less clearly defined. Extremely high intakes 
of vitamin A, however, appear to impair immune function (19,96). 
To illustrate, in one study of two infants with clinical evidence 
of vitamin A deficiency, a single megadose of vitamin A (90 mg 
all-trans-retinol) caused a dramatic, immediate drop in the ability 
of lymphocytes to respond to phytohemagglutinin; this depressed 
lymphocyte function persisted for 10 d before starting to return 
to pretreatment response levels (19). In the general population, 
excessive vitamin A intake, which usually occurs via oversup
plementation, can have serious consequences that include and 
extend beyond the immune system (e.g., increased susceptibility 
to infection, severe liver damage) (96,97). In animals, vitamin A 
supplementation beyond levels necessary for health have been 
reported to increase the rate of rejection of autologous skin grafts, 
suppress induction of T-cell cytolysis, and increase, in a dose
dependent fashion, macrophage-mediated tumoricidal activity, 
phagocytosis, and DTH (96). Although moderate increases in the 
latter group of immune responses may be beneficial to the host, 
overproduction or overstimulation of these same responses may 
adversely affect the host defense system (96). Thus, whereas 
slightly elevated intakes of vitamin A may enhance some immune 
system components, the broader risks associated with hypervita
minosis A must be considered when studying the impact of large 
doses of vitamin A on immune function. 

In brief, vitamin A-altered immune function may have a role 
in cancer prevention and development, with hypovitaminosis A 
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suppressing and mild hypervitaminosis A sometimes promoting 
immune function and response (96). Although a clear and convinc
ing mechanism linking vitamin A intake with immune function 
and tumor growth or inhibition is lacking, several hypotheses have 
been suggested (14,98). Studies indicate that vitamin A (which 
is not a strong antioxidant) and its analogs augment the tumoricidal 
activity of alveolar macrophages (12,99) and suppress the genera
tion of superoxide anions by polymorphonuclear leukocytes (100). 
The role of vitamin A in maintaining epithelial integrity and other 
mechanical barriers also may link immune function and cancer 
risk (14,98). A deficiency in vitamin A inhibits ()-interferon pro
duction and NK cell activity (82), whereas an excess may interfere 
with normal functioning of the vitamin by downregulating nuclear 
retinoid receptors (12,96). 

p-Carotene, a vitamin A precursor that is converted to vitamin 
A in the body, is a strong antioxidant without the toxic potential 
of vitamin A. A variety of immunoenhancing effects have been 
reported for p-carotene, including increased resistance to immuno
genic tumors (96,101). In experimental feeding studies, p-carotene 
stimulated rat lymphocyte mitogenesis (T and B cells) (102), 
increased thymic weight, stimulated allograft rejection, and inhib
ited virally induced tumor growth in mice (102). p-Carotene also 
enhanced tumor immunity and markedly reduced tumor growth 
in mice exposed to tumor cells and rechallenged with the same 
tumor (103). p-Carotene also has been shown to stimulate NK cell 
activity (22,96) and-in contrast with other retinoids-enhance 
tumor cytolytic factors against a variety of tumor cell lines when 
added to human lymphatic cultures (96). 

Findings from several studies suggest that p-carotene enhances 
the production and/or activity of IL-Ia and/or TNF-Ia in mono
cytes collected from hamsters (104) or healthy human subjects 
(105,106). In one study using human cells, concentrations of these 
factors were significantly higher (p < 0.05, IL-l; p < 0.01, TNF) 
in p-carotene-exposed cells compared with control cells (106). In 
a second human study, TNF levels were significantly higher 
(p < 0.05) in ex vivo stimulated cells obtained from healthy adult 
men given 15 mg p-carotene/d (via supplements) for 28 d when 
compared with cells from men in the placebo group (105). Other 
studies have monitored p-carotene-induced alterations in immune 
function. An increase was reported in the frequency or number 
of lymphocytes with CD3+ (total T cells) and CD4+ (T helper 
cells) but not CD8+ (T suppressor/cytotoxic cells) in healthy 
human volunteers given 180 mg p-carotene/d for 2 wk (107). 
Also, increased concentrations of surface markers of NK cells 
were found within 72 h after peripheral blood mononuclear cells 
(PBMCs) from healthy adults were exposed to p-carotene (108). 
Similar findings were reported following administration of at least 
30 mg p-carotene/d for 2 mo to 10 men and 10 women (109). 

For p-carotene, the interplay between immune function and 
inhibition of carcinogenesis appears to rest, at least in part, with 
the ability of p-carotene to stimulate cellular immunity. For exam
ple, p-carotene increases the number and activity of NK cells, 
T helper cells, and macrophages, relative to other lymphoid cells; 
the compound also promotes the differentiation of lymphoid pre
cursors to T helper and NK cells (83,96,109). This selective immu
nomodulatory effect of p-carotene provides another mechanism, 
in addition to its antioxidant and antiproliferative functions, for its 
proposed anticancer activity (106). The broad immune-enhancing 
activities of p-carotene, combined with its ability to modulate 
specific components of the immune system that are targeted against 

tumor development and its low toxicity, suggest an interesting 
intersection between chemoprevention and immunoprotection that 
warrants further study. 

Vitamin C. A series of studies in guinea pigs (which, like 
humans, do not synthesize vitamin C) found that vitamin C-defi
cient animals had decreases in T lymphocyte response, DTH, 
phagocytic function, complement formation or function, and epi
thelial integrity (22,110,111). These animals also appear to be 
more susceptible to infection and were less likely to accept skin 
allografts than animals given adequate amounts of the vitamin 
(99,110). Further investigations in irradiated mice and guinea pigs 
suggest that vitamin C is required for the production and/or activity 
of thymic humoral factors (110), and studies in laboratory animals 
stressed through administration of steroids indicate that ascorbate 
may be essential to the differentiation of lymphoid tissue (110). 

Results of both experimental and clinical studies of vitamin 
C-mediated T-cell responses are equivocal (110). In animals, vita
min C deficiency has been shown to increase circulating B cells 
and decrease T cells, whereas high doses (250 mg/d) have the 
opposite effect on these lymphocyte populations (110). The number 
of splenic T cells does not appear to be affected by a deficiency in 
vitamin C, thus suggesting a sequestering or compartmentalizing 
of these cells during deprivation. Clinical studies, in which marginal 
vitamin C deficiency or scurvy was induced experimentally, found 
normal lymphocyte stimulation in response to T-cell mitogens but 
no change in other lymphocyte subpopulations among elderly per
sons (110,112). High oral doses of vitamin C (1-5 g/d) stimulated 
the mitogenic responses of lymphocytes in healthy young adults 
(113,114). Similar results were reported in subjects over 70 yr old 
who were given daily intramuscular injections of 500 mg vitamin 
C for 30 d (115), but not in elderly individuals taking megadose 
supplements of the vitamin (110). Vitamin C may affect lympho
cyte function (and cancer risk) indirectly, through its ability to 
regenerate vitamin E from a tocopherol free radical, which is 
produced as a result of scavenging by vitamin E for reactive 
oxygen molecules (110,111). Results of studies in guinea pigs 
suggest further that the primary impact of vitamin C deficiency 
on mitogen-stimulated B- and T-cell responses may be a result 
of vitamin C-related depletion of vitamin E (110). 

Vitamin C markedly and consistently affects phagocyte activity 
(11 0,111), and numerous in vitro experiments support a direct 
relationship between vitamin C concentration and phagocytic 
function (110,111,116). In the guinea pig, phagocyte motility 
appears to be dependent on vitamin C status (110,111). In adult 
volunteers, experimentally induced vitamin C depletion retarded 
phagocyte function and decreased bactericidal capacity of neutro
phils and macrophages (117), whereas doses of at least 2 g vitamin 
C/d increased neutrophil motility and chemotaxis (110,111). Stud
ies of cancer patients have reported markedly reduced leukocyte 
levels of vitamin C, which are reversed with supplementation 
(110). Vitamin C likely acts as an antioxidant to protect phagocytes 
against oxidative damage caused by the generation of highly reac
tive free radicals and other oxygenated products resulting from 
phagocytic activity (111). 

A very small number of studies have examined the impact of 
vitamin C on cytokine production. These experiments found that 
dietary vitamin C enhanced interferon production both in vivo 
and in vitro-following exposure to murine leukemia virus in 
mice and in culture with murine L cells or embryonic fibroblasts 
(110). In vitro studies suggest that vitamin C may act in part by 
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modulating cytokine production, specifically, IL-2 activation of 
lymphocytes (110). These limited data suggest a specific mecha
nism by which vitamin C may modulate tumor growth through 
its effects on immune response. 

Although studied extensively over the past decades, the impact 
of vitamin C intake on immune function remains undefined 
(110,116). The sum of data regarding whether vitamin C deficiency 
consistently impairs cell-mediated or humoral immunity in 
humans is still somewhat uncertain (22). Similarly, evidence that 
high intakes of vitamin C (usually through supplementation) stim
ulate immune response is countered by equivocal results of studies 
investigating the ability of pharmacologic doses of ascorbic acid 
to prevent infection (22,116). One challenge to this area of research 
is the lack of studies with acceptable experimental designs and 
methods that can either confirm or refute the findings of prior 
reports (81,110,116). 

Selenium. Studies in a variety of animal species suggest that 
depletion of selenium leads to impaired immune function, whereas 
supplementation with low doses of selenium restore or enhance 
immunologic activity (83,116,118), demonstrating a role for sele
nium in immune responses that may influence tumor development 
or progression (83,118). 

The effects of selenium deficiency on the immune system of 
animals are extensive and include reduced resistance to microbial 
and viral infections, inhibited neutrophil function, decreased anti
body production, reduced mitogen-stimulated proliferation of 
T and B lymphocytes, and inhibited cytotoxicity of T cells and 
NK cells (118). Selenium supplementation in animals overcomes 
these effects and also has been shown to (l) stimulate DTH 
reactions and allograft rejection, (2) enhance the ability of animals 
to reject transplanted malignant tumors, (3) restore glutathione 
peroxidase activity, and (4) stimulate the production of lympho
kines, chemicals produced and released by T cells that attract 
macrophages to sites of infection or inflammation (118,119). Sele
nium also appears to be essential to the synthesis of prostacyclin, 
which possesses antimetastatic activity (99). 

In contrast with the many studies of the impact of selenium 
intake on immunologic health and disease in animals, only a 
limited number of studies in humans have been conducted. In one 
report, 40 healthy volunteers with low serum selenium levels 
received either a supplement of 200 Ilg selenium/d or a placebo 
for 11 wk, followed by assessment of immune function using a 
series of in vitro tests of lymphocyte and granulocyte activity 
(120). Results showed no differences between the two groups with 
respect to phagocytosis, chemotactic factor generation, antibody or 
leukocyte production, or mitogen-induced proliferative responses. 
A recent review suggests that this level of supplementation may 
have been too low to produce any remarkable results; supplementa
tion of up to 1 mg selenium/d, which more closely approximates 
the doses used in animal studies, may be necessary (83). 

Selenium appears to act in concert with vitamin E, as suggested 
by reports that selenium-deficiency-associated impairments in 
immune function can be corrected with vitamin E supplementation 
(116) and that impaired immune responses are magnified when 
the diet is deficient in selenium plus vitamin E (compared with 
a complete diet or a diet deficient in only one of these nutrients) 
(82). In addition to its antioxidative properties, selenium appears to 
enhance T-cell clonal expansion and NK cell activity by inducing 
posttranscriptional expression of the IL-2R receptor on the a-chain 
of IL-2 (83,118). High doses of selenium also may, via various 

methylated metabolites or their derivatives, indirectly enhance 
DNA repair mechanisms (83,121). The immunostimulant effects 
of subtoxic levels of selenium, however, do not appear to be 
mediated either by such mechanisms or via selenium-dependent 
enzymes (83,121). 

CALORIC RESTRICTION 
Association with Cancer Risk Animal studies demonstrate 

that marked reductions in caloric intake (between 20% and 40% 
below usual intake), without a deficiency in any essential nutrients, 
lowers the incidence and delays the onset of most spontaneous 
and induced tumors (2,122-125). A striking demonstration of this 
effect is the ability of caloric restriction (CR) to delay spontaneous 
tumorigenesis in mice carrying a null mutation in the p53 tumor 
suppressor gene (126). 

Numerous case-control and cohort studies have investigated 
the association between caloric intake and cancer risk in adults 
through the assessment of either relative body weight or body 
size (as measured through body mass index [BMI)); relative body 
weight reflects caloric intake in relationship to energy expenditure 
(2,122). The strongest direct associations of BMI and cancer risk 
have been found with breast and colon cancer (2). It should be 
noted that diets high in fat and/or calories contribute to weight 
gain and obesity, as does little or no regular physical activity. It 
is postulated that all of these factors most likely work in concert 
to influence cancer risk. 

Breast Cancer. Based on epidemiologic data, weight and 
body size appear to influence breast cancer risk, particularly in 
relation to menopausal status (127-131). Findings indicate that 
obesity prior to menopause appears to protect against breast cancer, 
whereas postmenopausal obesity is associated with increased risk 
(130,132). Gaining weight after age 18 and being overweight 
during the premenopausal years, however, appear to ultimately 
increase risk for breast cancer after menopause (131-133). In 
contrast, weight loss prior to and after menopause is associated 
with reduced risk (132). With the onset of menopause, estrogen 
derived from the conversion of androgens in adipose tissue pre
dominates. Obese postmenopausal women, when compared with 
their leaner counterparts, may have an elevated risk for breast 
cancer owing to reduced levels of sex-hormone-binding globulin 
and higher levels of circulating estrogen secondary to the increased 
metabolic activity in adipose tissue (128,134). 

Colorectal Cancer. Leanness has been associated with 
reduced risk, and obesity with increased risk, for colorectal cancer 
in men and, in many cases, women (2,39,135,136). This protective 
effect has been observed for both adenomas and cancer and appears 
to be strongest for lesions of the colon (137,138). Data from the 
Nurses' Health Study indicated an increased risk for colon cancer 
(RR = 1.45) in women with a BMI greater than 29 kg/m2, compared 
with women with a BMI less than 21 kg/m2 (136). 

Prostate Cancer Current data do not support a relationship 
between obesity in adults and prostate cancer (45,139). However, 
a recent study of nearly 48,000 men participating in the Health 
Professionals Follow-Up Study found that obesity during child
hood (age 10 or under) had a strong inverse association with 
prostate cancer (140). Lean body mass and high percent muscle 
mass in adult men increase the risk of prostate cancer, possibly 
as a result of elevated levels of circulating androgens (45,139). 

The Immune System Connection The impact of caloric 
restriction on immune function depends in part on the nutrient(s) 
being restricted. For example, protein-calorie malnutrition has 



382 PART IV / CLINICAL ISSUES 

consistently been shown to impair immune function in both ani
mals and humans, leading to an increased risk for infection and 
compromising overall health (15,19,22,81,141). Severe protein
calorie malnutrition, which almost always is accompanied by 
deficiencies in other nutrients, has a significant adverse effect on all 
aspects of immune response (141) and, consequently, dramatically 
impairs the ability to use immune defenses to fight against tumor 
development ( 15). Specifically, severe protein-calorie malnutrition 
markedly impairs cell-mediated immune responses, production of 
secretory IgA antibody, phagocyte function, antibody activity, and 
cytokine production (22,141,142). 

In contrast, normal immune function may be maintained or 
even enhanced if caloric restriction is accompanied by adequate 
intake of other essential nutrients. CR in animals has been shown 
to slow the immunologic alterations that normally accompany 
aging (13); CR also inhibits age-related decreases in IL-2 produc
tion and responsiveness, enhances NK cell function, and retards 
the age-related decrease in DNA repair by lymph cells (13). Fur
thermore, in animals, caloric restriction-in the presence of ade
quate consumption of other essential nutrients-appears to confer 
compensatory or reserve immunologic function that is stimulated 
when challenged, for example, when exposed to tumor cells or 
tumor tissue (23). Such findings suggest that the immune response 
in calorie-restricted animals is highly adapted to the environment 
and to environmental stimuli in a way that benefits the host 
(23,143,144). In sum, the overall beneficial outcomes of CR in 
rodents include reduced mortality from chronic diseases, extended 
life-span, and delayed onset of illness, including cancer and dis
eases of impaired immune function (13,23,143,144). 

The proposed immunologic reserve under conditions of caloric 
restrictions is suggested by a series of animal studies. Rodents 
fed restricted-calorie diets have lower numbers of cells in the 
spleen and lymph nodes and lower unstimulated NK cell activity 
than animals fed ad libitum. However, these same calorie
restricted animals exhibit a greater level of lymphocyte prolifera
tion, poly(I-C)-induced NK cell activity, production of and 
response to IL-2, and T-cell killing of tumor cells (23). Also, a 
marked restriction in caloric intake (40-45% below usual intake) 
has been associated with an improved proliferative response of 
blood lymphocytes (considered to be an index of improved host 
immunity), as well as increased cytolytic activity of peritoneal 
macrophages and elevation in serum immunoglobulins (145). 
These data support other studies in which calorie-restricted ani
mals exhibit a burst of protective immune responses when physio
logically challenged. 

Whether such findings, which are well established in mice and 
rats, also apply to other animals, including nonhuman primates, 
is not entirely clear. One study under way in 30 adolescent Rhesus 
monkeys suggests some limited adverse effects on immune func
tion after up to 4 yr of CR (18% fewer calories than the usual 
diet), including overall reductions in NK cell activity and antibody 
response following administration of a trivalent influenza vaccine 
(146,147). Cell-surface antigens and peripheral blood lymphocyte 
counts were unaffected. At least two other ongoing studies in 
nonhuman primates are investigating the impact of CR on immune 
response in conjunction with the development of diabetes and 
atherosclerosis (147-149). 

The benefits of reduced-caloric intake likely occur via several 
metabolic mechanisms, through reduced free-radical production, 

increased free-radical detoxification, increased rate of apoptosis 
(programmed cell death), enhanced enzyme-mediated DNA repair, 
and reduced cellular proliferation at a variety of sites (e.g., within 
the epithelial layer of the gastrointestinal tract, colonic mucosa, 
thymus, liver, and spleen) (13,23,122,141,150,151). Such mecha
nisms, individually and collectively, can provide strong protection 
against progressive diseases such as cancer, which ordinarily 
develop with age. 

The connection between CR, immune function, and cancer 
development also is demonstrated in studies in which calorie
restricted animals exposed to viral-associated cancers such as the 
mouse mammary tumor virus (MMTV) or murine leukemia virus 
(MuL V) have fewer tumors and/or delayed latency to onset of 
cancer than animals fed ad libitum (23). In such cases, expression 
of the cancer-related virus and proliferation of cells in the target 
tissue are much lower in calorie-restricted animals than in controls. 
Thus, low-calorie diets may protect the host against "infection" 
by tumor-related viruses. Furthermore, components ofthe immune 
system that protect against tumor development, including lympho
cyte proliferation, mitogen-induced NK cell activity, IL-2, and 
tumor-targeted T-cell cytotoxicity, are enhanced in animals fed 
low-calorie diets compared with animals allowed to eat freely 
(23,143,144). 

PHYSICAL ACTIVITY 
Association with Cancer Risk Data from the first National 

Health and Nutrition Examination Study (NHANES I) indicated 
that physical inactivity at work and low levels of recreational 
activity were related to an increased overall cancer risk in both 
men and women (152). Numerous cohort and case-control studies 
have investigated the roles of physical activity (energy expendi
ture) in relation to cancer risk. The strongest association has been 
found with colon cancer; high levels of physical activity also may 
protect against breast cancer (2,153). 

Breast Cancer. Although promising, the results from case
control and cohort studies of either leisure-time or total physical 
activity and breast cancer risk are not entirely consistent (153). 
Some studies suggest that approximately 4 hr or 4000 kcal of physi
cal activity or exercise per week, either on the job or during leisure 
time, or both, can markedly reduce the risk for breast cancer 
(154-156). Several studies, however, reported no relationship 
between physical activity and breast cancer risk (152,157,158). a 
few studies suggest that physical activity in adolescence and young 
adulthood may be protective against later development of breast 
cancer (153). Sustained physical activity, although leading to 
weight loss as well as loss of body fat, generally helps reduce 
circulating levels of estrogen and progesterone, and possibly breast 
cancer risk. 

Colorectal Cancer. Regular physical activity, whether rec
reational or occupational, has been associated with reduced risk 
for colorectal cancer in men and women (39,136,159-161). A 
review of 11 case-control studies and 9 cohort studies that exam
ined the association between physical activity and colon cancer 
reported that at high physical activity levels, risk is approximately 
60% below that of sedentary people (2). Some data are consistent 
with an interaction between activity and body mass such that the 
highest risk is seen in those with the lowest level of physical 
activity and the highest body mass (162). Physical activity may 
modulate colon cancer risk by anyone or more of several proposed 
mechanisms, including stimulation of immune function, bile acid 
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metabolism, colonic peristalsis, and reduction in intestinal transit 
time (39). 

The Immune System Connection The current body of evi
dence generally supports a beneficial role of regular exercise in 
cancer prevention, with exercise possibly modulating cancer risk 
through its effects on immune function (163,164). Research sug
gests that the intensity, duration, and frequency of physical activity 
or exercise, as well as fitness level of the exerciser, all affect 
components of the immune system that may, in tum, influence 
cancer risk. Comprehensive reviews indicate that exercise can 
induce favorable changes in the function of macrophages and NK 
cells, as well as lymphokine activator killer (LAK) cells and related 
cytokines such as IL-l, IL-2, interferons, and TNFs, that could check 
the growth and enhance the lysis of tumor cells (9,165). In humans, 
regular, moderate exercise (e.g., 5 d/wk, 40-50 min/d, at 60-85% 
heart rate reserve) generally enhances immune function by increas
ing resting NK cell activity, increasing mitogen-induced lympho
cyte proliferation, and raising circulating T cell (e.g., CD4+) counts 
(166-168). Furthermore, when elevated slightly, as with moderate 
physical activity, cytokines (e.g., IL-2, interferon-a, interferon-y) 
stimulate NK cell activity (163,168). The ability of moderate 
physical activity to affect these parameters and to stimulate the 
production and activity of NK cells either directly or indirectly 
boosts one of the body's first-line defenses against the develop
ment and progression of malignancies (9,163,164). 

Although moderate training generally tends to enhance immune 
function, single bouts of intense physical activity and chronic 
overtraining can suppress immune response and appear to increase 
susceptibility to infection, inflammation, and possibly cancer and 
autoimmune diseases (168). The adverse effects of overtraining 
or exhaustive activity on the immune system are exacerbated 
further in the presence of nutrient deficiencies. This may be a 
result, in part, of the tremendous oxygen demand-and subsequent 
generation of free radicals-that physical activity places on the 
body (169). A general profile of the responses of certain compo
nents of the immune system at the end of and during recovery 
from a single exercise session or intense physical activity is as 
follows: leukocyte, monocyte, lymphocyte, and NK cell counts 
increase, then drop, especially if the workout is exhaustive; the 
ratio of helper to suppressor cells drops, whereas the number 
of cytotoxic cells increases; lymphocyte proliferation rates are 
suppressed; circulating levels of immunoglobulins (and their syn
thesis in vitro) decrease; and factors such as C reactive protein, 
IL-1, and interferon increase (168,170). For single bouts of exer
cise, these responses usually are transient and return to preworkout 
status within 2 h (166,168). Adverse effects of an exhaustive, 90-
min (or longer) workout (e.g., reduced NK cell counts), however, 
can persist for a week or more, thereby increasing susceptibility 
to infection or tissue damage. The effects of chronic overtraining 
thus mirror those of single bouts of exhaustive exercise but are 
sustained for longer periods (168). 

Several mechanisms whereby regular, moderate physical activ
ity may protect against cancer have been proposed. One review 
suggests that exercise exerts its anticancer effect by stimulating 
those components of the monocyte-macrophage lineage that are 
capable of inhibiting tumor growth and destroying cancer cells 
(164). Physical activity appears to (1) draw such immune cells 
into various tissues in response to an inflammatory challenge, 
(2) increase the release of macrophage-generated cytokines with 

antitumor properties (e.g., TNF-a), (3) increase the cytotoxic 
activity of macrophages against tumors, and (4) stimulate the 
production and activity of tumor-derived macrophages (which can 
either attack or stimulate the tumor). Results of animal studies 
indicate that these effects are influenced by both exercise "dose" 
(i.e., duration, frequency, and intensity of the activity) and func
tional status of the macrophage at the time of exercise (163,164). 
Specific studies demonstrated that moderate (not defined) daily 
exercise in animals inoculated with tumor cells caused a significant 
increase in the number and activity of tumor-infiltrating cells, 
most of which were macrophages; the effect was greatest when 
macrophages were fully active. Slowed progression of growth of 
certain tumors in moderately exercised animals also has been 
reported. Although studies of exhaustive exercise have produced 
mixed results (163,164), the evidence generally suggests that the 
overproduction of cytokines that stimulate NK activity-an out
come of excessive training-adversely affects the NK system 
(168). Furthermore, when exercise leads to tissue damage (e.g., 
through the generation of free radicals), as would occur most 
commonly with overtraining or exercising to exhaustion, PGE2 

levels increase, causing a drop in the cytolytic activity of NK 
cells (163). 

FUTURE DIRECTIONS 

It is evident that the scope of research required to examine the 
possible roles of diet-related factors and changes in the immune 
system mediated by these factors-as they relate to influencing 
both overall cancer risk and risk for specific cancers-will be 
multidisciplinary, complex, and extremely challenging. Within 
this framework, numerous research areas can be identified that 
will benefit from focused efforts by the scientific community and 
that have potential for cancer prevention. Examples of such areas 
include identification of genetic susceptibility factors and genet 
nutrient interactions and clarification of their significance for 
immune function; elucidation of the underlying mechanisms by 
which diet- or lifestyle-related factors exert a biological and clini
cal effect to help determine any existing relationship among can
cer, immune function, and the factor in question; and investigation 
of possible interactions among diet- or lifestyle-related factors 
and their subsequent effects on immune function and cancer risk. 

Much remains to be learned about the effects of genetic suscep
tibility and gene-nutrient interactions with regard to cancer risk. 
Genetic susceptibilities (which include germline mutations in 
tumor-associated genes, as well as inheritable variations in carcin
ogen-metabolizing enzymes [polymorphisms], DNA adduct for
mation, and DNA repair mechanisms) may significantly influence 
response to environmental exposures, including dietary and life
style factors, and, consequently, affect cancer risk (171). To illus
trate, polymorphisms in the DNA repair enzyme 06-alkyldeoxygu
anine-DNA transferase (which reverses DNA-damage caused by 
N-nitroso compounds [NOCs], commonly found in the diet and 
cigarette smoke (18)) might markedly influence the burden on the 
immune system, as well as the need for vitamins E and C, which 
may inhibit the formation of endogenous NOCs (172). Humans 
display significant interindividual variability, as much as 180-
fold, in the activity of this repair enzyme (18). As another example, 
polymorphisms in the genes that encode glutathione S-transferases 
and N-acetyl transferases-enzymes important in the detoxifica
tion of activated metabolites of carcinogens (18 )-could influence 
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both immune function and the degree of cancer risk possibly 
associated with dietary components that either induce or inhibit 
these enzymes. Studies are needed that identify susceptible popula
tions and begin to define the role of genetic susceptibility in 
investigations of diet, nutrition, and cancer as well as its relation
ship to immune function. Such studies will contribute to a better 
understanding of the true relationships between diet -related factors 
and cancer risk and of the underlying mechanisms that affect 
cancer development. 

In reality, cancer is a complex group of different diseases, and 
the mechanisms primarily associated with various types of cancer 
may understandably differ to some extent; thus, the operating 
mechanisms in the diet-immune system connection also may 
differ for various cancers. Furthermore, some dietary factors may 
act through numerous mechanisms. For example, although the 
exact mechanism(s) by which dietary fat promotes mammary 
tumorigenesis in animal models is not known, evidence supports 
a number of possibilities, including alteration in immune respon
siveness, modulation of eicosanoid production, changes in mem
brane fluidity, production of peroxides, alterations in cellular inter
action, and alterations in hormone secretion (20). Also, dietary 
fat, which can increase the endogenous production of PGE2, may 
thus indirectly interact with an antiproliferative gene whose 
expression is enhanced by PGE2• This gene may play a role in 
PGEz-mediated inhibition of macrophage proliferation, with impli
cations for enhanced cancer risk (20). In general, there is a need for 
further research that focuses on the possible mechanistic linkages 
between specific effects on the immune system and modulation 
of cancer risk by diet-related factors. 

Many gaps in knowledge exist concerning the possible interac
tions of diet- and lifestyle-related factors with regard to their 
effects on the immune system and cancer risk. Given the wide
spread enthusiasm of some people for dietary supplementation 
with high levels of nutrients, it is important to have a better 
understanding of how such supplementation might affect the over
all balance of nutrients and what the consequences might be for 
cancer risk as well as for overall health. To illustrate, researchers 
are increasingly debating whether current dietary recommenda
tions for vitamin E-12 IU for adult women and 15 IV for adult 
men-and other nutrients are adequate (14,84). These recom
mended levels for vitamin E fall far below those suggested to 
improve immune response in the elderly (200 IV/d) (94), protect 
smokers against depletion of circulating leukocytes (75 IV/d) (14), 
and inhibit (40 IV/d) (84) or significantly reduce (400 IV/d) (88) 
susceptibility to oxidation of low-density lipoproteins. In addition, 
studies indicate that for diets rich in long-chain PUFAs, fish, and 
fish oils, which are readily oxidized, vitamin E consumption should 
be approximately 2.7 IV/dll g PUFA (84). Further research, how
ever, is needed to better define vitamin E requirements as related 
to specific physiological effects, especially for the elderly, and to 
determine any consequences, either beneficial or adverse, of vitamin 
E interaction with other dietary factors. This same argument can be 
made for other micronutrients. Although the majority of research 
efforts have focused on specific dietary nutrients, consideration of 
the whole foods that contain these specific factors also is important 
with regard to reducing cancer risk. Vegetables and fruits, for exam
ple, in addition to antioxidant nutrients, contain numerous phyto
chemical constituents that have demonstrated cancer-protective 
effects (2,7) and that also may affect immune function; these 
constituents may act either individually or in combination. 

SUMMARY 
A convincing body of experimental, epidemiologic, and clinical 
evidence strongly supports the existence of a causal link between 
diet and cancer. In general, certain micronutrients, dietary fiber, 
vegetables and fruits, and moderate physical activity appear to be 
protective against cancer, whereas dietary fat, excessive calories, 
and alcohol seem to increase cancer risk. Dietary factors that 
contribute to cancer risk can be influenced by individual genetic 
susceptibilities, which may, in tum, contribute to some of the 
inconsistencies observed across epidemiologic studies. 

Physiologic aging of the immune system results in a decline 
in immune function that has been linked to cancer development; 
cancer, in fact, is considered to be a disease of aging. Many 
components of normal healthy diets and lifestyle that appear to 
alter cancer risk, however, also may modulate immune response. 
Dietary antioxidants may enhance immune response, whereas 
caloric restriction can impair immune response if adequate intake 
of protein and essential nutrients is not maintained. Dietary fat 
can either impair or enhance immune response, depending on total 
and type of fat intake. Similarly, physical activity appears to either 
stimulate (regular, moderate activity) or suppress (overtraining) 
immune response. 

It is unclear to what extent the mechanisms involved in modula
tion of carcinogenesis and immune response by any specific diet
related factor may overlap or influence each other. Some factors 
may have certain mechanisms in common, such as the ability to 
act as an antiproliferative agent or an antioxidant. Many results 
from investigations of the interplay among individual diet-related 
factors, immune function, and cancer risk are equivocal. The lack 
of conclusive findings likely stems from possible interactions 
among several factors; thus, the totality of and balance among 
effects of various diet-and lifestyle-related factors must be consid
ered. In reality, these effects may be difficult to separate. 

Definitive proof that diet- andlor lifestyle-related factors influ
ence cancer development through specific effects on the immune 
system does not yet exist. Continued comprehensive research 
efforts that encompass experimental, epidemiologic, and clinical 
studies-including randomized clinical trials designed to evaluate 
intervention effects on both measures of cancer development and 
associated immune response-will be required to expand knowl
edge in this area and to provide clear direction for planning more 
refined cancer prevention strategies. 
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INTRODUCTION 

The AIDS (acquired immunodeficiency syndrome) epidemic, 
which appeared suddenly in the early 1980s, has largely stabilized 
in countries where antiretroviral drugs are widely available. How
ever, in underdeveloped countries, especially those in Africa and 
Asia, the epidemic rages on at a frightening rate. The causative 
Human Immunodeficiency Virus (HIV) was first identified in 
1983, a time when published reports (1,2) were beginning to 
describe AIDS-related cachexia and the fundamental role of mal
nutrition in the pathogenesis of AIDS. Unexplained weight loss 
remains an important criterion in the diagnosis of AIDS (3). 

Nutritional status plays a cardinal role in the gradual progres
sion ofHIV infections to full-blown AIDS. Although combinations 
of antiretroviral drugs greatly reduce the HIV burden and delay 
the decline in T -helper (CD4+) lymphocytes, optimal nutrition 
plays a prophylactic role by supporting helper-cell proliferation 
and by ensuring the maintenance of other immune system activities 
as well as innate, nonspecific aspects of host defense. The asymp
tomatic period of HIV infections is not nutritionally benign, for 
it is accompanied by production of pro-inflammatory cytokines, 
body hypermetabolism (4), and an accelerated metabolic degrada
tion of many essential micronutrients (5,6). Body energy expendi
ture increases as the viral burden increases. These facts must be 
taken into account when providing prophylactic nutritional 
support. 
. Eventually, secondary infections and/or malignancies develop 
1ll HIV -positive individuals. These illnesses are accompanied by 
a release of additional pro-inflammatory cytokines, by cytokine
induced cachexia, as well as by reductions in both food intake 
and the intestinal absorption of nutrients (see Fig. 1). As described 
throughout this book, various forms of malnutrition lead to dys
functions of the immune system and impair other host defensive 
mechanisms as well. These Nutritionally Acquired Immunodefi
ciency Syndromes (NAIDS) that result are intensely synergistic 
with AIDS (7). This synergism permits the development of severe, 
protracted immune suppression, and the secondary infections 
.which lead to additional losses of body weight and nutrient stores, 
and to early death. Intensive use of aggressive nutritional therapy 
during symptomatic AIDS can slow, and sometimes reverse, this 

From: Nutrition and Immunology: Principles and Practice (ME 
Gershwin et al. eds.), © Humana Press. Inc., Totowa, NJ 

downward spiral and can greatly improve the quality and duration 
of life. 

The important prophylactic and therapeutic roles of nutritional 
support have gained increasing attention, as evidenced by publica
tions of original data, reviews, and by AIDS conf~rences with a 
nutritional focus (8-10). It is to be hoped that the growing success 
of combined antiretroviral therapy and its ability to prolong the 
asymptomatic period of HIV infections will not cause therapists 
to forget lessons already learned about the benefits of aggressive 
nutritional support throughout the full course of HIV infections. 

PATHOGENESIS AND 
PATHOPHYSIOLOGY OF HIV INFECTIONS 

Two HIV types (type 1 in America and most of the world, and 
type 2 in some parts of Africa) produce similar human illnesses. 
Both HIV retroviruses are spherical and exhibit two identical RNA 
strands within a cone-shaped core surrounded by viral proteins. 
After cellular infection, viral RNA is converted by the action of 
reverse transcriptase enzymes to pro-virus DNA, which then 
moves to the nucleus, where it becomes incorporated into host 
cell genomes. The bilayered outer envelope of HIV is composed 
of host-derived phospholipids which support protruding virally 
encoded glycoproteins, gp41 and gp120. HIV penetration into 
CD4+ helper lymphocytes, macrophages, and follicular dendritic 
cells (in lymph nodes) requires initial binding of gpl20 to cell
wall receptors. In T helper cells, the HIV receptor is the CD4+ 
molecule itself. Because viral envelope proteins contain highly 
variable amino acid sequences, HIV has an innate ability to resist 
the immune system as well as experimental vaccines. 

Infection is followed by rapid, continuous viral replication 
and dissemination. The resulting viral burden (or load) can be 
quantitated by commercially available assays (which employ com
petitive reverse transcription chain reactions, or nucleic acid 
sequence-based amplification) expressed as HIV -1 copies/mL of 
plasma or serum. Within 3 mo, anti-HIV antibodies are formed 
that partially curtail plasma viremia and induce the sequestration 
of HIV in lymphoid tissues (see Fig. 2). 

The human immunodeficiency virus is transmitted to other 
persons via blood, semen, or other body fluids when the virus 
contacts open lesions or traumatized mucosa in the recipient's 
body. Preinfection risk factors include sexual orientation, an HIV
infected partner, intravenous drug use, contact (including transfu
sions) with whole blood or products derived from human blood , 
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Fig. 1. Schematic portrayal of the three major factors (alone or in varying combinations) that lead to malnutrition. The pro-inflammatory 
cytokines induce major metabolic effects associated with the induction of body hypermetabolism and the loss of lean body mass. In patients 
with HIV infections, these effects begin early in the asymptomatic stage and continue throughout the illness. Reduced dietary intake and 
nutrient malabsorption begin much later, often in concert with secondary infections or malignancies. PEM = protein-energy malnutrition; 
NAIDS = nutritionally acquired immunodeficiency syndrome. 

breast-feeding, and open lesions of the mouth or genitalia, the 
latter often resulting from other sexually transmitted diseases. 

The CDC Classification System (3) for Patients with HIV 
infection (Table 1) was introduced as a consistent guideline for 
recognizing specific stages in the ensuing clinical progression of 
infection. It is also useful for discussing the pathogenesis and 
pathophysiology of HIV infections. 

ACUTE HIV INFECTION Acute, transient signs and symp
toms (headache, malaise, slight fever, sore throat, rashes) some
times develop 2-6 wk after the initiation of HIV infection. How
ever, this inconsistent illness may be absent or ignored, despite 
the fact that the HIV is becoming abundant in both blood and 
spinal fluid. 

Risk Factors Variable risk factors, involving both virus and 
host, will then influence the subsequent course of illness. Viral 
factors include the virulence and cytopathogenicity of the infecting 
strain, the expression of regulatory and structural genes (activated, 
in part, by pro-inflammatory cytokines) that influence replication 
rates, and the magnitude of viral spread to macrophages and lymph 
nodes throughout the body. The viral burden, when assayed every 

3-4 mo, is an invaluable guide to progression of infection (see 
Fig. 2). 

A larger variety of risk factors involves the host. These risks 
include genetic predisposition, age, sex, lifestyle, coexisting dis
ease conditions acquired either before or during HIV infection, 
the specific stimulatory or inhibitory cytokines generated by sec
ondary infections, the use of tobacco, alcohol, and drugs, and, 
importantly, the pre-existing and ensuing nutritional status (as 
influenced by the daily intake of dietary and supplemental nutri
ents), as well as the presence of anorexia, malabsorption, and/or 
diarrhea (10). 

One recently identified deletion of an allele from the human 
CKR5 structural gene (a defect present in approximately 10% of 
American Caucasians) appears to interfere with HIV attachment 
to CD4+ cells. This genetic defect may markedly delay the pro
gression of HIV -1 infections to symptomatic AIDS (11). 

ASYMPTOMATIC HIV INFECTION Several months after 
the initial infection, serum antibodies against various HIV compo
nents begin to develop. However, antibodies produced against 
HIV-I components may not interact with those of HIV-2, and 
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Fig. 2. Schematic portrayal of a typical, multiyear course of HIV infection, as shown by sequential changes in CD4 T helper cells and the 
changing viral burden, as measured in plasma. (From Pantaleo G, Graziosi C, Fauci AS, The immunopathogenesis of human immunodeficiency 
infection. N Engl J Med 1993; 328:327-35; reproduced with permission.) 

vice versa. The asymptomatic stage can persist for many years 
(see Fig. 2), during which time body weight and the daily intake 
of food nutrients remain nonnal (10). The asymptomatic period 
may be greatly extended by effective, combined antiviral therapy. 

Depletion of T Helper lymphocytes Measurable losses 
of CD4+ cells (from normal counts of IOOO/mm3) during the 
asymptomatic stage provide clinical evidence of the progression 
of infection toward AIDS (see Fig. 2), as do measurements of 
viral burden. Exaggerated losses of body weight ( 12), a declining 

production of interferons (13), and a disappearance of delayed 
dennal hypersensitivity responses (14) can also serve as indepen
dent predictors of the progression of HIV infections. Secondary 
infections generally begin when CD4+ counts fall below SOO/mm3• 

In this unrelenting war between HIV and the immune system, 
transcription of HIV genes within CD4+ helper cells is undoubt
edly influenced by activation of infected lymphocytes by antigens 
and/or cytokines. Cytokines also stimulate HIV gene expression 
in macrophage/monocytes and may serve to activate HIV synthesis 

Table 1 
Centers for Disease Control (CDC) Classification System for Patients with HIV Infection 

Group I Acute HIV Infection: The early, transient signs and symptoms of acute infection, sometimes manifested shortly after initial 
infection by the human immunodeficiency virus. 

Group II Asymptomatic HIV Infection: The variably long (often years) period following initial infection during which virus-body cell 
interactions progress without inducing symptoms or lymphadenopathy. 

Group III Persistent Generalized Lymphadenopathy: The period in which the patient develops lymphadenopathy (nodes larger than I cm 
in diameter, in two or more extrainguinal sites, and lasting more that 3 mo. 

Group IV Other HIV Disease Subgroups 
IV A Constitutional Disease: Patients with one or more of the following: more than a month of fever or diarrhea, more than 

10% involuntary weight loss. 
IV B Neurological Disease: Patients with dementia, myelopathy, or peripheral neuropathy. 
IV C Secondary Infectious Disease: Patients with one of the following HIV-related secondary infections: 

Category C-l: Infections listed in the CDC definition of AIDS (i.e., Pneumocystis carinii pneumonia, chronic 
cryptosporidosis, toxoplasmosis, extraintestinal strongyloidiasis, isosporiasis, candidiasis (esophageal, bronchial, or 
pulmonary), cryptococcosis, histoplasmosis, mycobacterial infections with M. avium complex or M. kansasii, 
cytomegalovirus infection, chronic mucocutaneous or disseminated herpes simplex virus infection, and progressive 
multifocal leukoencephalopathy). 
Category C-2: Symptomatic or invasive disease with oral, hairy leukoplakia, multidermatomal herpes zoster, 
recurrent salmonella bacteremia, nocarditis, tuberculosis, or oral candidiasis. 

IV D Secondary Cancers: HIV-related Kaposi's sarcoma, non-Hodgkin's lymphoma, or primary lymphoma of the brain. 
IV E Other Conditions (Clinical Findings That May Be the Result of HIV Disease): Chronic lymphoid interstitial pneumonia, 

constitutional findings, infections, or cancers not listed in Subgroups A, C, or D. 
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in latently infected body cells. Thus, HIV replication is stimulated 
by the same mechanisms that promotes growth of host T cells. 
Not only do CD4+ helper cell populations fall during mv infec
tions, but their subpopulations may be altered, with a gradual 
decline in Th1 helper cells, which secrete interleukin (IL)-2, IL-12, 
and gamma interferon, and a proportional increase in Th2 cells, 
which secrete IL-4, IL-5, IL-6, and IL-lO. 

A number of mechanisms, including antibody-mediated cyto
toxicity, actions of natural-killer cells, and apoptosis (cell suicide) 
(15), have been postulated to explain the continuing destruction of 
HIV-infected CD4+ helper cells. Losses of these multifunctional 
lymphocytes also impair the functions of other cell-mediated and 
humoral immune mechanisms, as well as the competence of non
specific host defenses (including innate defenses provided by mac
rophages and natural-killer lymphocytes). Secondary dysfunctions 
of humoral immunity include abnormalities in B cell activation, 
an impaired humoral response to newly introduced antigens, and 
a paradoxical increase in total plasma IgG concentrations. It should 
be noted that many of the immunological dysfunctions that charac
terize protein-energy malnutrition (PEM)-induced NAIDS resem
ble those caused by HIV infections. However, dysfunctions caused 
by NAIDS are preventable, or reversible, by nutritional support 
and rehabilitation. This fact also emphasizes the need for maintain
ing optimal nutrition throughout the asymptomatic stage of HIV 
infections. 

Hypermetabolic Effects of HIV Infection As noted pre
viously, the asymptomatic period is not quiescent but is character
ized by an intense competition between the generation of addi
tional HIV copies and the maintenance of immune cell numbers 
and functions, particularly those involving CD4+ helper T lympho
cytes. In light of this continuing virus-host interplay and labora
tory evidence of an accelerated metabolic degradation of vitamins 
(5), it is not surprising that patients are hypermetabolic during 
asymptomatic stages of HI V infection (4). Resting energy expendi
tures and fat-oxidation rates are increased during this asymptom
atic period, even before CD4+ cell counts begin to decline (4). 
Generalized body hypermetabolism is not an unexpected finding, 
for it is a commonly seen response to pro-inflammatory cytokines 
released during generalized infections and after trauma (16). 
Although 10% losses of body weight have diagnostic significance 
during HIV infections, 5% losses predict the onset of opportunistic 
infections and progression of the disease to AIDS. 

PERSISTENTCENERALIZED LYMPHADENOPATHY Gen
eralized, persistent lymphadenopathy occurs in about 20% of HIV
infected patients. This lymphadenopathy is defined as unexplained 
lymph node enlargements, involving two or more groups of nodes 
(excluding femoral and inguinal regions), lasting 3-6 mo. It often 
includes nodes located in the neck and axilla. Generalized lymph
adenopathy can occur in 35% HIV seropositive subjects of all ages. 
Although lymphadenopathy is considered a component of the 
AIDS-related complex, its development provides evidence for the 
progressive worsening of the patients condition. On the other 
hand, prominent lymphadenopathy does not seem to be necessary 
for the progression of HI V illness to full-blown AIDS. 

Lymph nodes throughout the body are primary sites of mv 
replication. The predominant pathophysiological effects of HIV 
infection on T cells occurs within the lymph nodes, with resultant 
lymphadenopathy. Lymph node infection is eventually followed 
by the destruction of nodal architecture and by nodal atrophy. 

AIDS-Related Complex This complex is a clinically recog
nizable syndrome seen in HIV -infected patients, but one somewhat 
less severe than the various forms of diagnosable AIDS. The 
AIDS-related complex includes generalized lymphadenopathy, 
fatigue, weight loss, fevers, diarrhea, and minor opportunistic 
infections, such as thrush or herpetic dermatitis. The AIDS-related 
complex may persist for years without progressing to full-blown 
AIDS. Some patients exhibit a "softer" form of the complex 
which, in addition to chronic lymphadenopathy, including fatigue, 
malaise, sensations of undocumented fever, and mild or spo
radic diarrheas. 

AIDS MANIFESTED BY CONSTITUTIONAL DISEASE 
The HIV infection can progress to AIDS without the occurrence of 
secondary infectious illnesses or malignancies. After a prolonged 
asymptomatic period, this form of AIDS may become manifest 
by the development of chronic fever, with or without concomitant 
diarrhea, and by more that a 10% involuntary loss of body weight. 

Role of Pro-inflammatory Cytokines Production of pro
inflammatory cytokines (IL-1, IL-6, IL-8, tumor necrosis factor 
[TNF], and gamma interferon) is a cardinal feature of most infec
tious illnesses (7,16). These cytokines initiate fever by inducing 
the release of prostaglandins within the hypothalamic temperature
regulating center (16). Pro-inflammatory cytokines also enhance 
the proliferation of HIV (17,18). These mechanisms thus contrib
ute to the losses of body weight in AIDS patients, as do metabolic 
effects by which pro-inflammatory cytokines lead to direct losses 
of body nutrient stores (Fig. 1) (16). Alpha interferon may also 
playa contributory role in the generation of malnutrition (19). 

Cytokines can function in different body locations as apocrines, 
paracrines, or endocrines. Thus, they do not need to reach the 
plasma in order to induce cellular responses. For this reason, 
measured concentrations of individual cytokines in plasma do not 
necessarily reflect their true activity during mv infections. 

Pro-inflammatory cytokines are also subject to numerous 
checks and balances, including the release of cell-wall receptors, 
which can inactivate them, the synthesis of receptor antagonists 
(blockers), which prevent them from initiating target-cell 
responses, and the synthesis of other cytokines (such as IL-lO) 
or cortisol, which can inhibit their synthesis. Losses of body weight 
appear to correlate with serum concentrations of the IL-I receptor 
antagonist (20). 

Pro-inflammatory cytokines trigger a broad array of acute
phase reactions, as listed in Table 2. Although these diverse, 
generalized, cytokine-induced responses are believed to represent 
beneficial host defensive mechanisms, they also incur large nutri
tional costs (see Fig. 1). Such losses of body nutrients can lead 
to damaging immunosuppressive consequences. 

The nutritional costs of cytokine-induced acute-phase reactions 
include losses of energy stores resulting from hypermetabolism, 
losses oflean body mass and body weight (21), direct (measurable) 
losses from the body of nitrogen, phosphorus, magnesium, zinc, 
and potassium, losses of amino acids because of their metabolic 
degradation and exaggerated rates of conversion into glucose, 
and hypermetabolic degradation or direct losses of vitamins (16). 
Furthermore, such losses occur at a time when nutrient intake is 
generally diminished (see Fig. I). 

Cytokine-induced nutritional losses develop in rough propor
tion to the magnitude of fever, to its duration, and to closely 
spaced recurrent fevers (16). Losses of body energy, protein, 
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Table 2 
Pathophysiological Responses in the Acute-Phase Reactions Initiated by Pro-inflammatory Cytokines 

(IL-l, IL-G, IL-8, TNF, gamma-INF) 

Fever and generalized body hypermetabolism. 
Anorexia, with depressed nutrient intake. 
Headache and somnolence. 
Myalgias and arthralgias. 
Catabolism of skeletal muscle proteins with loss of lean body mass. Newly released branched-chain acids can be oxidized in situ to 

generate energy. Their nitrogenous components are then synthesized into new gluconeogenic amino acids. This altered combination of 
muscle amino acids is released into the plasma for use elsewhere in the body. 

Accelerated hepatic uptake of amino acids, iron, and zinc with sizable declines in their plasma values. 
Accelerated hepatic synthesis of many proteins, including: 

Numerous hepatocyte enzymes 
Acute-phase reactant plasma proteins, including C-reactive protein, haptoglobin, ceruloplasmin, fibrinogen, alpha 1 acid glycoprotein 

(orosomucoid), amyloid A factor, alpha 1 antitrypsin, alpha 1 antichymotrypsin, complement components. Increased ceruloplasmin 
concentrations in plasma are accompanied by increased copper values. 

Zinc-binding metallothionein. 
Lipoproteins. 

Accelerated synthesis of many other proteins, including cytokines, complement and kinin components, fibronectin, and immunoglobulins. 
Decreased synthesis of plasma albumin and retinol binding protein. 
Markedly accelerated hepatic glyuconeogenesis, with increased size of the extracellular glucose pool, and evidence for impaired cellular 

responsiveness to insulin. 
Endocrine gland responses, including 

Activation of the pituitary/adrenal axis, with increased secretion of ACTH, cortisol, other gluconeogenic steroids, and aldosterone. 
Increased pituitary secretion of growth hormone and vasopressin. 
Diminished thyroid gland activity, and altered metabolism of circulating thyroid hormones. 
Increased pancreatic secretion of both insulin and glucagon. 
Decreased gonadal secretion of sex hormones. 

Generation of nitric oxide from arginine, its only substrate. 
Activation of the immune system and phagocytic cell functions. 

minerals, and essential micronutrients, in combination, lead to the 
development of NAIDS, with its diverse combination of immuno
logical dysfunctions. Millions of children throughout the Third 
World suffer from NAIDS, as do some aged individuals and many 
seriously ill patients in our most modem hospitals (16). NAIDS 
also develops subsequent to losses of weight and body nutrients 
associated with AIDS. As previously noted, synergistic interac
tions between NAIDS and AIDS combine to further compromise 
immune system functions (7). The combination of AIDS and 
NAIDS thereby leads to an early death. 

AIDS-Related Diarrheas Chronic diarrhea is frequently 
observed in association with AIDS. Diarrheas cause direct losses 
of sodium, potassium, and bicarbonate, and possibly proteins and 
unabsorbed fats as well. Diarrheas can also be associated with 
chronic mucosal inflammation (with detectable HIV in both muco
sal lymphatic tissues and stools). Increased concentrations of 
plasma TNF (21,22) may be detected during AIDS-related diar
rheas, as may varying degrees of villus shortening and the malab
sorption of nutrients (10), including those of vitamin A and B12 
(see Fig. 1). Lactose intolerance may also contribute to some 
pathogen-negative diarrheas, as may adverse reactions to antibiot
ics and other drugs being consumed. 

However, most diarrheas in AIDS patients are caused by sec
ondary infectious agents such as cryptosporidia, micro sporidia, 
clostridia, salmonella, campylobacter, giardia, amoeba, cytomega
lovirus, and Mycobacterium avium (10,23). These agents localize 
in different areas of the gastrointestinal tract. Organism isolation 
may therefore require a variety of diagnostic manipulations 

(endoscopy, flexible sigmoidoscopy, colonoscopy), biopsies, and 
cultures. However, some AIDS-related diarrheas are found to be 
pathogen negative (23). 

Diminished Intake of Nutrients Although dietary food 
intake may be normal or even increased during the asymptomatic 
period of HIV infections, the weight loss associated with AIDS 
is generally accompanied by reductions in nutrient consumption. 
These reductions are often multifactorial (see Fig. 1), with causes 
including anorexia, abnormal taste sensations, a huge daily con
sumption of medications, oral lesions, and esophagitis. 

Anorexia and abnormal taste sensations may be associated with 
progressive HIV infection, with other secondary infections, or the 
presence of central nervous system (eNS) involvement. The sheer 
number of pills and capsules prescribed for HIV -infected patients 
and their specified consumption schedules (i.e., on an empty stom
ach or with meals) often interfere with normal eating patterns, 
especially in children (24). 

The AIDS patients can be afflicted with a variety of oral lesions 
that interfere with food consumption. These lesions include oral 
thrush, hairy leukoplakia, Kaposi's sarcoma, gingivitis, aphthous 
ulcerations, dental infections, and intraoral warts (25). 

In addition, esophagitis can become a major nutritional factor 
by preventing the swallowing of foods and fluids. Ulcerative 
esophagitis in AIDS patients is often caused by candida, herpes, 
or cytomegalovirus, alone or in combination. Therapeutic feedings 
by nonoral routes will then be required. 

AIDS MANIFESTED BY NEUROLOGICAL DISEASE The 
HIV infections involve the brain or peripheral nervous system in 
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almost one-third of all patients who develop AIDS. There is an 
increased expression of TNF receptors in brain macrophages and 
microglial cells of patients with AIDS, along with an upregulation 
of IL-I, IL-6, TNF, and reverse transcriptase enzyme activity in 
brain tissues (26,27). Cytokines may also stimulate the release of 
nitric oxide by brain cells (28). All of these biologically active 
molecules may function as mediators of CNS damage. 

Neurological diseases are manifest by diverse findings, includ
ing AIDS-dementia complex, myelopathies, or peripheral neurop
athies. Many of these neurological complications can be attributed 
directly to invasion of the nervous system by HIV and the funda
mental role of cytokines in propagating the virus (29). 

However, secondary invaders can also playa role by causing 
focal or diffuse subacute encephalitis, multifocalleukoencephal
opathy, and/or meningitis. These invaders may include tox
oplasma, cryptococci, candida, and mycobacterial species. Sec
ondary neoplasms can also involve the central nervous system in 
AIDS patients, with primary, meningeal, or epidural lymphomas 
being the usual culprits, although plasmacytomas may also occur. 
In addition, vascular pathology can lead to cerebral arteritis, throm
boses, or hemorrhage. CNS pathology is more common than 
peripheral neuropathy. 

Like other forms of AIDS, neurological diseases can also be 
associated with malnutrition, but by somewhat different mecha
nisms. These include the development of anorexia and altered 
taste perceptions, the reduced ability of a patient to feed himself, 
and the previously described detrimental effects of cytokine pro
duction. 

AIDS ASSOCIATED WITH SECONDARY INFECTIOUS 
DISEASES As CD4+ counts begin to fall and the viral burden 
begins to rise (Fig. 2), HIV-infected patients become especially 
susceptible to a large group of primarily commensal, opportunistic 
microorganisms (see Table 1). These specific secondary infections 
develop with great frequency in AIDS patients. Infections involv
ing the urinary tract may also occur, especially in older patients 
(30). Some anticipated infections can be prevented or reduced in 
severity by the prophylactic administration of organism-specific 
antibiotics or vaccines (31). Successful elimination of a secondary 
infection can sometimes allow a patient to return to the asympto
matic phase. More often, however, each secondary infection is 
followed by another, with the AIDS illness taking a progressively 
downhill spiral. 

Effects on the Lean Body Mass Secondary infections often 
generate a large additional outpouring of pro-inflammatory cyto
kines and the nutritional costs that go with them. Thus, secondary 
infections playa major role in initiating the wasting syndrome in 
AIDS, with weight loss progressing to severe cachexia (32). Losses 
of lean body mass are especially important, especially losses 
greater than 10%, for they deplete the body of its major storage 
banks for labile, readily available, properly balanced, amino acid 
mixtures. Nutritional depletion of lean body mass can, at times, 
be accompanied by histologic evidence of myopathy (AIDS poly
myositis) in skeletal muscle (33). Quantitative losses oflean body 
mass can be measured and followed by the use of bioelectrical 
impedance analysis (34). 

Therapeutic nutritional repletion of the lean body mass is espe
cially difficult in the face of continuing, smoldering secondary 
infections, and almost impossible if a patient's HIV burden is on 
the rise. As previously noted, depletion of protein energy and 

other body nutrients gives rise to NAIDS and its synergistic immu
nological interactions with AIDS (7). 

Endocrine Responses A large numberof hormonal changes 
are induced by cytokines during acute-phase reactions. Such hor
monal responses can also develop during the secondary infections 
associated with AIDS. Cytokine-stimulated release of corticotro
pin within the hypothalamus causes pituitary/adrenal activation 
with increased secretions of ACTH, cortisol, and other glucocorti
coid hormones (35). Cortisol, in tum, has an inhibitory effect on 
cytokine production. However, some degree of adrenal insuffi
ciency (possibly associated with blunted pituitary and adrenal 
responses to corticotropin-releasing hormone (35)) develops in 
about 20% of patients with advanced AIDS, usually within 6 
mo after secondary infections begin (36). This insufficiency is 
manifested by depressed cortisol concentrations in plasma and a 
reduced response to adrenal stimulation. AIDS patients who 
develop adrenal insufficiency usually suffer an early demise. 

During acute-phase reactions, growth hormone values are gen
erally elevated in plasma, but these increases may be reversed in 
the face of AIDS-related malnutrition. Epinephrine/norepineph
rine secretions may also increase, especially during gram-negative 
sepsis. However, neither thyroid gland responses nor circulating 
thyroid hormones appear to play significant roles in the ongoing, 
cytokine-induced hypermetabolism. The thyroid gland reacts slug
gishly to the actions of thyrotropin-releasing factor and thyroid
stimulating hormone. Degradation rates for circulating thyroid 
hormones may be slowed, and there is an increased conversion 
of plasma T4 to reverse T3 rather than to T3 itself (16). 

Carbohydrate metabolism is markedly altered during acute
phase reactions, during which the production of both insulin and 
glucagon are increased. In fact, the oxidation of glucose supplies 
much of the energy needed to sustain a hypermetabolic state. 
Increased rates of hepatic glycogen synthesis from amino acids 
and substrates such as lactate and pyruvate are abetted by insulin, 
and an increased conversion of glycogen to glucose is stimulated 
by glucagon. Despite these hormonal responses, patients develop 
adult-onset types of diabetic glucose tolerance curve within hours 
after the onset of infectious fevers. Glucose intolerance is accom
panied by sizable increases in the peripheral glucose pool and by 
evidence for a peripheral cell resistance to action of insulin (16). 

Hypogonadism generally develops during AIDS-induced 
cachexia. This is accompanied by a markedly reduced synthesis 
of gonadal steroids, especially testosterone, in both men and 
women. Low testosterone values contribute importantly to diffi
culties in reversing the losses of lean body mass by nutritional 
therapy. 

AIDS ASSOCIATED WITH SECONDARY CANCERS The 
HIV infection often leads to the development of certain secondary 
malignancies (as listed in Table 1). Their progression, localization, 
and/or therapy can also contribute to a severe depletion of body 
nutrients, as often occurs during malignancies in non-HIV patients. 
Cancer-induced malnutrition will also be magnified by the advent 
of secondary infections and the development of NAIDS. 

HIV INFECTIONS IN NEONATAL INFANTS AND CHIL
DREN The human immunodeficiency virus can be transmitted to 
fetal and neonatal infants born to HIV-infected mothers. Placental 
transfer of the virus can occur in utero or infection can occur 
during delivery. Mother's milk can also serve a source of HIV, 
as proven by the transmission of HIV to infants by mothers who 
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did not become infected until after they were already nursing. 
This fact creates a dilemma in impoverished lands where sanitation 
is primitive, infectious diseases are rife, and suitable alternatives 
to breast-feedings are nonexistent. In such situations, the risks of 
HIV transmission by milk seem far less than the almost certain 
early deaths of babies taken off the breast. An alternate possibility 
is breast-feeding by a surrogate HIV-negative woman. 

The HIV infections in infants and children are somewhat differ
ent from those in adults, although children also have an asympto
matic period of variable length before they develop immunological 
defects and AIDS-like illnesses. The incubation period is shorter 
in children, and the infection is characterized by a failure to thrive 
(21), reductions oflean body mass (37), which may even include 
the myocardium, and often by retarded cerebral development, 
which may have a nutritional component (38). Infants with HIV 
encephalopathy can progress to microcephaly. In contrast to HIV
infected adults, parotid gland swelling is frequent in infants and 
children. 

Secondary infections in children also tend to be different, with 
gram-negative sepsis and lymphotrophic interstitial pneumonitis 
(as a result of the Epstein-Barr virus) being common. Chronic 
chest infections occur more frequently in HIV -infected children 
than in adults. Persistent diarrheas are accompanied by fecal shed
ding of retroviral nucleic acids (39). Secondary intestinal infec
tions with cytomegalovirus and herpes simplex virus are seen, but 
Pneumocystis carinii are more frequent pathogens, which often 
can resist immunoprophylactic regimes directed at their preven
tion (40). 

Malnutrition in infants and children was noted quite early in 
the AIDS epidemic (1). A decline in weight and decreased linear 
growth may begin before 6 mo of age (41). Infected children 
commonly suffer from recurrent infections, protracted diarrheas, 
and malabsorption, all of which contribute to malnutrition. Child
hood malnutrition is manifest by PEM as well as by a depletion 
of essential single nutrients. Vitamin A deficiency appears to be 
far more important in the progression of HIV infections in children 
than in adults (21,42). Long-chain PUFAs (polyunsaturated fatty 
acids) are depressed in the plasma of children with AIDS, as they 
are during severe PEM in HIV-uninfected patients (43,44). 

Early and aggressive nutritional support is of great importance 
in HIV -infected children (45). Micronutrient deficiencies involv
ing vitamins A and E, copper, and PUPAs all occur during the 
asymptomatic stages of HIV infections (44). An adequate caloric 
intake can improve weight, but often has little effect on linear 
growth or lean body mass (41). Gastrostomy tube supplementation 
can improve body weight and fat mass when other oral intake 
methods fail, and this can lead to a prolongation of life (46). 

DOCUMENTED ALTERATIONS IN 
BODY NUTRITION DURING HIV INFECTIONS 

PROTEIN-ENERGY MALNUTRITION On a worldwide basis, 
PEM is the most common form of malnutrition, being seen pre
dominantly in Third World children, in the aged, and in patients 
with serious medical and surgical diseases. Clinically evident 
PEM is rarely "pure," for it is typically accompanied by varying 
shortages of other essential macronutrients and micronutrients. 
PEM, as previously noted, is also the most common precursor of 
NAIDS and diverse secondary infections. All of these facts hold 
true for the malnutrition seen in AIDS patients. 

In patients with HIV infections, all three major factors in the 
genesis of malnutrition (Fig. 1) do contribute. Of these, cytokine
induced malnutrition, with its many metabolic components, plays 
the major role by far, especially in the early development of both 
progressive disease and malnutrition. Conversely, diminished food 
intake and malabsorption are late participants. 

As previously noted, pro-inflammatory cytokines contribute to 
body hypermetabolism during HIV infections, and the increased 
expenditures of body energy stores that must support it. Metabolic 
rates increase 7% for every degree Fahrenheit rise in body tempera
tures (16). Pro-inflammatory cytokines also act directly on skeletal 
muscle proteins, causing a catabolic release of free amino acids 
and the loss of lean body mass. Branch-chain amino acids are 
then oxidized to supply muscle energy, with their nitrogen skeleton 
being resynthesized to gluconeogenic amino acids. Large quanti
ties of newly released free amino acids are taken up by the liver, 
where they are used for the synthesis of proteins necessary for 
host defenses. At the same time. hepatic synthesis of albumin and 
retinol-binding proteins is reduced. 

Thus, in AIDS, as in other generalized infections, protein catab
olism and protein anabolism are stimulated concurrently, as con
firmed by 4°K (47) and leucine kinetic studies (48). Nitrogen 
components from amino acids sacrificed for gluconeogenesis are 
then synthesized into urea and excreted from the body. Clinically, 
the catabolic effects (as evidenced by falling body weight, loss 
of lean body mass, and low albumin values) are far more evident 
than the simultaneously ongoing anabolic responses. 

LIPIDS AND ESSENTIAL PUFAS Although body fat depots 
play an obvious role in energy generation, excess serum concentra
tions of various lipids are generally immunosuppressive. Signifi
cant increases in serum PUFA and triglyceride values are present 
in patients with advanced AIDS (49), but it is not known if 
these increases contribute to immune system dysfunctions in these 
patients. Hypertriglyceridemia may be induced by TNF and other 
cytokines in AIDS patients (44,49), as it is during other infections, 
especially the gram-negative ones (16). 

Cytokines trigger the conversion of cell-wall PUPA to arachi
donic acid (from n-6 PUPA) or eicasapentenoic acid (from n-3 
PUFA), and then to biologically active eicosanoids, including the 
prostaglandins, thromboxanes, and leukotrines (16). Prostaglandin 
actions in the temperature-regulating center induce fever. Severe 
PEM in children with AIDS can retard this conversion of PUFA 
to eicosanoids (43). 

FAT-SOLUBLE VITAMINS Fat-soluble vitamins in serum 
may be reduced in concentration in patients with AIDS because 
of the combined effects of hyperutilization, increased excretion, 
decreased intake and intestinal absorption, cytokine-induced 
effects (21), as well as a diminished production of carrier pro
teins. 

Vitamin A Vitamin A and carotenoids have been most widely 
studied during HIV infections (5,6,21,42,44,50-53), with the 
greatest deficiencies being noted in infants and children. HIV
infected women with the lowest serum vitamin A values are the 
most frequent transmitters of the virus to their infants (42). Vitamin 
A deficiencies contribute to the various secondary infections seen 
in these children (51). Vitamin A deficiency during advancing 
AIDS is also an excellent predictor of mortality (50). 

Vitamin E Values for vitamin E, an antioxidant, show only 
minimal reductions in patients with AIDS (5,6,52-54). However, 
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both free oxygen radical production and lipid peroxidation are 
increased during AIDS (54). 

WATER-SOLUBLE VITAMINS 
B-Group Vitamins Many B-group vitamins appear unaf

fected by HIV infection, but declines may occur in riboflavin (B2), 

pyridoxine (B6), folate, and cobalamine (B 12) (5,6,52,55). Of these, 
B6, B12, and folate are of greatest importance for supporting 
immune system functions (16), although B12 deficiency is the only 
one that seems to adversely influence the course of HI V infections. 
Patients with low Bl2 values are 3.4 times more likely to progress 
rapidly from an asymptomatic state to a full AIDS (55). 

Vitamin C Ascorbic acid has important functions as an antiox
idant in the production of adrenal glucocorticoid hormones and in 
the locomotion of phagocytic cells ( 16) . Its concentrations generally 
decline during infectious illnesses. Little has been reported about 
the nutritional status of vitamin C in HIV infections, but depressed 
concentration in the brain have been postulated to permit damage 
from oxidative stress and to the development of dementia. 

TRACE AND ULTRATRACE ELEMENTS 
I ron As a result of cytokine actions during generalized infec

tious illnesses, iron is quickly removed from the plasma and 
sequestered in storage depots. The sequestered iron is not used 
for incorporation into the hemoglobin of new red blood cells. 
Thus, in chronic infections, an anemia may develop that is both 
hypochromic and microcytic, although it is unlike the usual form 
of iron-deficiency anemia, because body iron stores remain high 
and plasma ferritin values are elevated (16). This same pattern of 
iron sequestration appears to hold true for patients with advancing 
HIV infections, for iron accumulates in their bone marrow and 
livers, in macrophages, and in cells of the brain and muscle (56). 

On the other hand, anemia associated with a deficiency of 
iron has been described in HIV-infected children, in an apparent 
association with intestinal malabsorption of iron (57). In these 
children, oral or parenteral iron therapy resulted in an improved 
production of hemoglobin. 

Because iron is essential for the growth of many microorgan
isms and parasites, controversy exists as to whether to administer 
iron or to withhold it in patients with infectious diseases. This 
question is still an unsettled one in HIV-infected patients (56,57). 

Zinc Zinc is undoubtedly the most important trace element 
with respect to its role in supporting immune system functions. 
In addition to its presence in scores of important enzymes, zinc 
is the activating element that allows thymic hormones to play a 
stimulatory role in bodywide T-Iymphocyte functions. Unfortu
nately, there are no reliable methods to measure zinc deficiency 
in a given patient and no body site where zinc is stored. Hair zinc 
measurements are unreliable for demonstrating body deficiencies 
and serum values can change dramatically during severe illness. 
Serum zinc values decline abruptly, by as much as 50%, during 
acute-phase reactions, in which zinc enters the liver and becomes 
bound to newly synthesized metallothionein (16). However, such 
abrupt sequestrations of zinc do not indicate that the body is 
deficient in zinc. 

In HIV-infected patients, serum zinc values generally decline 
progressively as the disease advances in severity (54,58,59). This 
decline usually occurs in association with a heightened incidence 
of secondary infections (60). Although declining zinc values are 
undoubtedly caused by acute-phase reactions, it is equally possible 
that actual zinc malnutrition develops concomitantly with the PEM 
cachexia of advancing AIDS. 

Copper Copper values in the serum of patients with HIV 
infection have been found to be normal (58) or elevated (60). 
Serum copper values typically become elevated during acute
phase responses because of the increased hepatic production of 
ceruloplasmin, the copper-transporting protein (16). 

Selenium Selenium in the most important antioxidant trace 
element, appearing to act in synergy with both vitamin C and E. 
Selenium also plays a role in supporting the immune system. 
Concentrations of selenium in serum are significantly reduced in 
patients with HIV infections, even during asymptomatic stages 
(54,58,61). Such low values can be corrected by low-dose selenium 
supplementation (61). 

MANAGEMENT OF HIV INFECTIONS, 
WITH EMPHASIS ON THE ROLE OF 
NUTRITIONAL PROPHYLAXIS AND THERAPY 
As with all generalized infectious diseases, the primary aim of 
therapy is to bring infecting microorganisms under control. Pre
vention or elimination of concomitant malnutrition is usually a 
secondary concern, one that can eventually be resolved after the 
infection is cured. However, the persistence of HIV, despite the 
best available antiretroviral therapy, makes concomitant malnutri
tion a very important issue, especially because malnutrition and 
HIV infections are intensely synergistic. The following steps are 
suggested for preventing, or managing, both infections and malnu
trition during progressive stages of HIV disease. 

MANAGEMENT DURING ASYMPTOMATIC AND 
L YMPHOADENOPATHIC PHASES 

• Establish an unequitable serological diagnosis of HIV 
infection. 

• Determine the viral burden at the onset of management (two 
assays separated by a 2- to 4-wk period) and at 3- to 4-mo 
intervals thereafter. Use viral burden assays to evaluate the 
effectiveness of antiretroviral therapy, including any neces
sary changes in drug combinations (31). 

• Measure CD4+ cell counts at baseline and at 3- to 4-mo 
intervals. 

• If CD4+ counts/mm are greater than 500 and the viral burden 
is less than 10,000 copies/mL, antiretroviral therapy may be 
delayed until these indices are exceeded (31). 

• Otherwise, initiate antiretroviral therapy with at least three 
drugs (see Table 3), including two nucleotide analogs plus 
one protease inhibitor or one non-nucleoside reverse tran
scriptase inhibitor (31). 

• Based on viral burdens and CD4+ counts, consider the use 
of available prophylactic measures or drugs, in an attempt 
to block anticipated secondary infections by organisms fre
quently encountered in AIDS patients (see Table 3). 

• Obtain an accurate initial body weight (without shoes or 
heavy clothing). Inform patients about their baseline body 
weights and about the exact weights that will indicate 5% 
and 10% declines. Stress to each patient the prognostic impli
cations of these declines. 

• Initiate prophylactic nutritional support by consultations with 
knowledgeable dieticians, if possible. Diets should include 
balanced amounts of energy, protein, and all other essential 
nutrients. Attempt to maintain a stable ideal body weight, 
with lean body mass at optimal levels. Ensure the adequacy 
of all nutrients known to support immunological functions. 
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Table 3 
Pharmacologic Agents Used in the Complex Treatment of HIV Infections (generic name [trade name]) 

1. Antiretroviral Drugs. A combination of three drugs is now considered optimal, taking care not to combine drugs that react adversely 
with each other. 
A. Nucleoside Analogs 

Zidovudine [Retrovir] 
Didanosine [Videx] 
Zalcitabine [HIVID] 
Stavidine [Zerit] 
Lamivudine [Epivir] 

B. Protease Inhibitors 
Saquinavir [Invirase] 
Ritonavir [Norvir] 
Indinavir [Crixivan] 
Nelfinavir [Viracept] (approval pending) 

C. Non-nucleoside Reverse Transcriptase Inhibitors 
Nevirapine [Viramune] 
Delaviridine [Rescriptor] (approval pending) 

2. Prophylactic agents used to decrease the chance of contracting specific secondary infections, listed in order of preference. 
A. Against Pneumocystis carinii-trimethoprim-sulfamethoxazole [Bactrim], dapsone, pentamidine (aerosolized) [NebuPent] 
B. Against Mycobacterium tuberculosis-isoniazid [INH] plus pyridoxine (vitamin B6), Rifampin [Rifadin] 
C. Against Mycobacterium avium-clarithromycin [Biaxin], azithromycin [Zithromax] 
D. Against Streptococcus pneumoniae-pneumococcal vaccine 
E. Against Toxoplasma gondii-Trimethoprim-sulfamethoxazole [Bactrim], dapsone plus leucovorin, or plus pyrimethamine 
[Daraprim], or plus both 

3. Appetite stimulants, for possible use in advanced AIDS 
A. Megestrol [Megace], normally used for the palliative treatment of advanced malignancies 
B. Dronabinol [Marinol], a bioactive substance derived from marijuana 

4. Anabolic hormones, for helping rebuild lean body mass 
A. Testosterone, long acting, [DEPO-testosterone], useful in both sexes 
B. Growth hormone, nonvirilizing in women 
C. Synthetic androgens, may further depress testosterone production Nandrolone [Deca-durabolin, Durabolin] 

Consider additional daily supplementation with a complete 
multivitaminlmultimineral preparation but do now allow the 
daily intake of zinc to exceed 15 mg/d. 

• Emphasize the need for a healthy lifestyle and the importance 
of prophylactic measures that may delay the progression 
of infection. 

• Recommend a program of daily physical training, within the 
patients exertionallimits (i.e., one that will help maximize 
lean body mass). 

• Although the CDC diagnostic standards (see Table 1) require 
a 10% unexplained los of body weight for establishing diag
noses regarding the progression of HIV infections to AIDS, 
a 5% loss of body weight should trigger intensive nutritional 
intervention by the therapist. 

• Attempt to provide the nutritional support and virological 
control measures necessary to allow normal growth and 
development in HIV-infected infants and children. 

MANAGEMENT AFTER HIV INFECTIONS 
HAVE PROGRESSED TO FULL-BLOWN AIDS 

• Continue use of three antiretroviral drugs. If a drug combina
tion becomes ineffective, change therapy by the simultaneous 
substitution of at least two different antiretroviral drugs (31). 

• Continue surveillance of CD4+ counts, viral burden, and 
body weight. 

• Continue to emphasize the importance of nutrition in slowing 
the progression of AIDS. If it seems useful in individual 
patients, plan additional small meals each day, making sure 

that they do not interfere with the timing of prescribed drugs. 
Encourage the patient not to skip meals, especially breakfast. 

• Emphasize the continuing importance of physical exercise, 
again within the limits of individual patients. 

• Whenever fever develops in HIV-infected patients, espe
cially those with advanced disease, a diagnostic search is 
required to determine if the fever is caused by advancing 
HIV infection per se or by the onset of a new, secondary, 
opportunistic infection. 

• Establish exact diagnoses of intercurrent infections or malig
nancies and initiate appropriate therapy. 

• Establish the etiologic diagnosis of any persistent diarrhea, 
if possible, and employ appropriate therapeutic measures to 
minimize losses or malabsorption of body nutrients. 

• Provide whatever nutritional support is necessary in patients 
with neurological manifestations of AIDS. 

• Treat developing malnutrition vigorously, attempting to 
restore adequate body nutrition and normal body composi
tion. Use supplements whenever indicated, paying special 
attention to those that impact strongly on immune system 
functions and lean body mass. As noted earlier, weight loss 
must be managed aggressively if it reaches 5%. 

• Consider the use of select nutritional supplements, especially 
those that support immune system functions. These supple
ments are particularly valuable in the treatment of AIDS. 
These include the following: 

Vitamin A. Supplementation with vitamin A and/or beta
carotene have been recommended for patients with HIV 
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infection (50,51). In children born to HIV-infected mothers, 
supplementation reduced overall morbidity, especially that 
caused by diarrheas (51). Doses should be aimed at prevent
ing deficiencies but not at overloading storage depots that 
engenders vitamin A toxicity. The intake of vitamin A and 
the rate of progression to AIDS appears to be U-shaped, 
with patients in both the lowest and the highest quartiles of 
intake doing most poorly and those in the middle two quar
tiles showing the slowest progression of disease (62). 

B-Group Vitamins. Although all members of the B group 
of vitamins play some role in supporting the immune system, 
vitamin B6, folate, and vitamin B12 are especially important. 
The same may hold true in patients with HIV infections, 
where low plasma values are common. Vitamin B6 benefits 
on CD4+ counts and mortality were evident at doses higher 
than two times the RDA, whereas vitamins B1 and B2 benefits 
became evident at doses five times normal (63). Vitamin B]2 
deficiencies, like body weight, are predictive of AIDS pro
gression. 

Vitamin C. Supplemental increases of vitamin Care 
often recommended in AIDS patients, although the value 
(or potential danger) of megadose intakes have never been 
established. In fact, from data generated by Tang et al. (in 
281 carefully followed patients, over an 8-yr period), the 
largest dietary intakes of vitamin C caused a marginally 
significant increase in the progression of illness to full-blown 
AIDS (62). 

Vitamin E. Like vitamin C, tocopherols function as 
important antioxidants. Supplemental doses of 400 mg/d 
appear to have no harmful effects. In fact, supplementation 
with a combination of both vitamins C and E may have 
synergistic effects. 

Iron. As noted earlier, different opinions have been 
expressed concerning whether to administer iron supple
ments to HIV -infected patients, to withhold them, or to 
administer chelators designed to reduce body iron stores. In 
a controlled study of dapsone (given to HIV -infected patients 
in a prophylactic attempt to prevent P. carinii pneumonia), 
a preparation that contained iron as well as dapsone was 
used (64). Test patients actually received 30 mg/d of iron 
and showed a quickened mortality (64). Based on these data 
(64), iron supplementation is contraindicated during HIV 
infections. In contrast, true iron-deficiency anemia is often 
seen in children with AIDS, and for them, iron therapy has 
proven to be beneficial rather that harmful (57). 

Zinc. As with uncertainties about iron supplementation, 
questions have been raised about the value and safety of 
zinc supplements in patients with AIDS. Depressed serum 
zinc concentrations are typical in patients with AIDS and 
are said to be of prognostic importance. Because low serum 
zinc values typify cytokine-induced acute-phase reactions, 
their diagnostic importance must be questioned, for low 
plasma zinc values could indicate active ongoing secondary 
infections rather than a depletion of body zinc. Nevertheless, 
the use of zinc supplements has often been recommended. 
Zinc supplements may serve as adjuncts of zidovuline anti
retroviral therapy and may help reduce the risk of secondary 
Candida and P. carinii infections (59). 

On the other hand, detailed lengthy studies of zinc supple-

mentation in HIV -infected patients, conducted by Tang et 
al. (62,63), showed that any zinc supplementation was associ
ated with poorer survival. In their first study, the survival 
of patients who took zinc supplements became longer than 
that of other HIV patients, beginning at about 2000 d postdi
agnosis. Survival in the two groups were markedly different 
by d 3000, with more rapid deaths among the zinc-supple
mented group (62). 

In the second Tang et al. study (63), HIV patients whose 
zinc intake was greater than 20.2 mg/d showed a decreased 
survival rate beginning at about 1000 d, when compared with 
HIV patients whose zinc intake was less than 14.2 mg/d. Sur
vival differences between these groups continued to increase 
throughout 2500 d of observation. Survival of patients who 
consumed zinc in the 14.2- to 20.2-mg/d range was intermedi
ate between the low and high zinc intake groups (63). 
Increased dietary intakes of zinc are also known to be immuno
suppressive in normal subjects (16). Based on the excellence 
and long-term follow-ups in the studies by Tang et al. (62,63), 
it can be recommended that dietary zinc intakes of HIV 
patients should not exceed the Recommended Daily Allow
ance, with zinc supplementation excluded at all times. 

Selenium. Low-dose selenium supplementation in HIV
infected patients is effective in returning depressed serum 
values to normal (61). However, the value of these supple
ments in supporting the immune system, in controlling anti
oxidant toxicity, or in prolonging the life of AIDS patients 
have yet to be established. 

Amino Acids. Two amino acids, glutamine and arginine, 
have shown promise in improving the immunological func
tions of seriously ill surgical patients. Glutamine also plays 
an important role in maintaining the structure and function 
of the intestinal mucosa. These amino acids may also be of 
value in AIDS patients, as illustrated by the supplemental 
administration of arginine (see Fig. 3). Arginine has an addi
tional unique value in infected patients, in that it is the sole 
source of nitric oxide, an important antimicrobial agent. 

• Pay very close attention to declines in lean body mass, as best 
measured by bioelectrical impedance analysis. Restoration of 
lean body mass should be the primary goal of nutritional 
rehabilitation, but it can seldom be accomplished if infections 
are progressing. Antiviral control of HIV and elimination 
of secondary infections is mandatory. Thus, infection control 
has considerable nutritional value, in that it is necessary in 
order to allow concomitant dietary therapy to restore body 
weight and fat depots. Unfortunately, such weight gains are 
seldom accompanied by a meaningful correction of deficits 
in lean body mass. 

• Additional pharmacologic measures may be necessary in an 
attempt to restore muscle protein deficits. These steps could 
include the use of growth hormone and/or androgenic ste
roids (Table 3), especially in patients with low serum testos
terone concentrations and CD4+ cell counts below 200. 

• Consider the use of appetite stimulants, such as megestrol 
(Megace) or dronabinol (Marinol) (Table 3) in patients with 
wasting illness. Megestrol, widely used as an adjunct in 
cancer therapy, has a secondary effect of weight gain caused 
by a stimulation of appetite. In AIDS patients, it is generally 
well tolerated in doses twice as large as those used in cancer 
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Fig. 3. Effects on the averaged mitogenic responsiveness (to PHA 
and Con A) of peripheral blood lymphocytes from three asymptomatic 
mv -infected subjects to a 2-wk period of arginine supplementation. 
(From Barbul A, Cunningham-Rundels S, eds, Nutrient modification 
of the immune response. In: The Role of Arginine as an Immune 
Modulator, pp. 47-61. Marcel Dekker, New York, 1993; reproduced 
with permission.) 

patients, but still within its safety limits. Dronabinol may 
have side effects such as confusion and somnolence because 
it includes a marijuana-like component. 

• In the event of severe esophagitis or intestinal malabsorption, 
the use of aggressive alternatives to oral feedings may 
become necessary. These include gastrotomy tube feedings 
or total parenteral nutrition (46). 

• Anorexia, nausea, and vomiting are common components 
of the secondary infections seen in AIDS patients, especially 
children. These problems have a serious negative effect on 
all attempts to maintain an optimal nutritional status. If sec
ondary infections can be brought under control, every effort 
must then be made, after appetite is regained, to reverse the 
depletion of body nutrients that accompanied these infec
tions. 

ADDITIONAL DISCUSSION 
The maintenance, or restoration, of body nutrient stores must be 
regarded as one of the basic foundations for the management of 
mv infections. Optimal mv management demands that every 
patient be informed in full about the importance of maintaining 

body weight, about the detailed steps that must be accomplished 
BY THE PATIENT to achieve this goal, and about the prognostic 
risks generated by falling body weights. 

The huge daily pill burden and the timing of pill consumption 
required by HIV -infected patients has been recognized for its 
adverse consequences on food consumption, especially in infants 
and children. Consultation with dieticians to plan meal composi
tion, timing, and/or the need for extra small meals can be of great 
importance in maintaining a full intake of nutrients. 

Despite a lack of nutritional training for most practitioners, 
the nutritional side of HIV management cannot be shifted to 
dieticians, however knowledgeable they may be. The primary 
therapist must personally attend to nutritional issues in a very 
positive way, and at every follow-up visit. Hopefully, successful 
long-term reductions in viral load brought about by combined 
antiretroviral therapy will not lull patients or therapists into a 
reduced sense of importance about the value of prophylactic and 
therapeutic nutritional measures. Rather, although the years of 
asymptomatic illness may grow longer, body nutrition and losses 
of weight remain unchanged in their importance. 

SUMMARY 

The progression of HIV infections to AIDS is intimately linked 
to nutritional status. Optimal nutrition, involving protein energy, 
minerals, and essential micronutrients, serves to strengthen and 
protect the immune system as well as the many generalized (anti
gen nonspecific) aspects of host defense. 

At all times during HIV infections, proper nutrition and aggres
sive nutritional support play an essential role, but one that is 
secondary to the primary use of antiviral and antimicrobial thera
pies given to minimize mv replication and to eliminate secondary 
infections which typify the AIDS phase of illness. Combinations 
of three antiviral drugs, each aimed at a different phase of the 
HIV replicatory cycle, when given concurrently, can markedly 
reduce HIV burdens and the destruction of CD4+ T helper lympho
cytes. Combined antiviral therapy markedly lengthens the asymp
tomatic phase of mv infections and delays the onset of AIDS. 
Present success should be intensified further by improved antiviral 
drugs currently under development and testing. Antimicrobial 
therapies (or prophylaxis) for the secondary infections seen during 
AIDS are also of primary importance for helping to prevent or 
minimize the loss of body nutrients that accompany generalized 
febrile infections. 

Infections caused by the HIV and secondary invaders stimulate 
production of pro-inflammatory cytokines such as IL-l and TNF. 
These cytokines cause fever, various signs and symptoms of ill
ness, and the catabolism of skeletal muscle protein and exaggerated 
losses of body nutrients. Losses of body nutrients, in turn, lead 
to the development ofNAIDS and impaired body defenses. NAIDS 
and AIDS are intensely synergistic and lead to a rapid demise. 
However, aggressive nutritional support can reverse NAIDS and 
prolong survival. 

Patients should be taught to participate fully in maintaining 
optimal body nutrition. A proper balance of nutrients is essential, 
but excess iron and zinc should be avoided. Supplements with 
vitamin A, the B-group vitamins, and antioxidants are recom
mended. Appetite stimulants and exercise regimens may help in 
regaining muscle mass after secondary infections have been 
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treated. In advanced AIDS, total parenteral nutrition or gastrotomy 
tube feedings may become necessary. 
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Nutrition and Immunity 
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STATEMENT OF THE PROBLEM 
According to the final 1994 data released by the National Center 
for Health Statistics, life expectancy at birth in the United States 
for all races and both sexes is 76 yr (1). Future projections indicate 
that increases in the population sector of individuals age 65 yr 
and over will continue into the second millennium. Age-associated 
changes in physiological, psychological, social, and economic 
factors may adversely affect the nutritional and immunological 
status of older individuals; these changes are often reflected in 
poor health and reduced quality of life. Incidence of infections 
and diseases such as cancer, atherosclerosis, and autoimmunity 
have been shown to increase with age. 

Correction of nutritional deficiencies can restore compromised 
immune function and aid in the maintenance of health during 
aging. In addition, supplementation of some micronutrients may 
boost the immune responses of healthy elderly and aid in the 
establishment of optimal health and extension of a youthful, more 
vigorous lifestyle. 

INTRODUCTION 
Humans age at different rates, which are influenced by a wide 
range of factors (2). Interactions of a multifactorial nature contrib
ute to the aging process and include such variables as lifestyle, 
nutrition, physical activity, family and social support, education, 
genetic predisposition, monetary resources, mental ability, and 
culture. Because of the heterogeneity of variables among individu
als, chronological age is not necessarily equal to biological age 
(2). For example, one 75-yr-old individual may enjoy roller-skat
ing with her great-grandchildren, whereas another 75-yr-old indi
vidual may be in the intensive care ward of a hospital after major 
cardiac surgery waiting for her great-grandchildren to visit her. 
These two women are of the same chronological age, yet they 
differ greatly in their biological age, with the roller-skating grand
mother being effectively younger in her ability to maintain the 
physical vigor and quality of life she possessed decades earlier. 
Evidence is accumulating that emphasizes the importance of main
taining good nutritional and immunological status for the preserva-
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tion and maximization of a youthful biological status during chro
nological aging. 

Recognizing that different types or categories of aging exist, 
how, then, can "aging" be defined? Two major categories of the 
theories of aging have been proposed (3,4). The first describes 
aging as a genetically programmed series of events that occur as 
the years pass; the second category describes aging as a progressive 
accumulation of defective and/or disruptive molecules resulting 
in the dysregulation of cell processes and subsequent death (3,4). It 
is this second theory of aging that can best describe the differences 
between chronological and biological aging, and to which inter
ventions can best be applied for the preservation and maximization 
of good health. 

Physiological changes associated with aging may produce out
comes that alter the nutritional and immune status of older individ
uals. Increases in illness and chronic diseases result in physical 
weakness, dependence on others, decreased mobility, and isola
tion. These physical changes and impediments can, in turn, result 
in psychological repercussions such as lowered self-esteem and 
sense of worthlessness as well as depression, at least in part 
because of the loss of independence. Increased financial burdens 
because of lowered income in retirement years and concomitant 
increases in health care costs add to feelings of distress. Together, 
these age-associated changes in physiological, psychological, 
social, and economic conditions contribute to a reduction in the 
quality of the diet of many older individuals, which can have 
quantifiable repercussions on their immune and health status 
(Fig. 1). 

On the other hand, immune dysregulation resulting from envi
ronmental factors or aging itself may be found at the root of the 
physical ailments that contribute to a reduction in the quality of 
diet among older individuals. Dysregulation of immune function 
may be a result of the reduction in beneficial immune responses, 
such as innate and acquired immunity, or increases in harmful 
immune responses such as the production of antibodies against 
one's own body (Fig. 1). 

Incidence of infections (5) and diseases such as cancer, athero
sclerosis, and autoimmunity (6) have been shown to increase with 
age, reflecting, in part, alterations in immune function seen in the 
aged. Oxidative stress is an important factor in both aging and 
the onset and progression of disease. Oxidative stress is postulated 
to be an important contributor to the age-associated decline in 
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Fig. 1. Relationship between factors associated with aging, nutrition, immune function, and health status in elderly individuals. 

different immune responses and to the progression of various 
diseases such as cancer, atherosclerosis, autoimmunity, and amy
loidosis (6,7). 

The human body's ability to combat and clear foreign invaders 
or "non-self' antigens is an important part of health maintenance 
and contributes to decreased incidences of infection and illness. 
Healthy immune function has also been linked to greater life
spans. There are two main branches of immunity: innate or natural 
immunity and acquired immunity (8). Innate immunity involves 
immune surveillance and killing mechanisms, which do not require 
a previous encounter with foreign substance by immune cells. 
Examples of innate immunity include phagocytosis by neutrophils 
and macrophages (M<j» and the tumoricidal and virucidal activities 
of natural killer (NK) cells. On the other hand, acquired immunity 
necessitates the encounter of an antigen for the priming of a 
specific immune response. Acquired immunity involves M<j>, 
T cells, and B cells and includes cell-mediated functions and 
humoral immunity or antibody production. 

Dysregulation of immune function with aging has been well 
established (9,10) and contributes to higher incidence of as well 
as morbidity and mortality from cancer and infectious, autoim
mune, and neoplastic diseases. A decrease in T-cell mediated 
function, including thymus involution and in vivo decreases in 
the delayed-type hypersensitivity (DTH) skin response, the graft
versus-host reaction, resistance to tumors, viruses, and parasites, 
T-cell-dependent primary and secondary antibody responses, and 
the proportion of T-cell subsets with naive cell-surface markers 
encompasses a large part of the overall decline (11). In addition, 
in vitro mitogen-stimulated lymphocyte proliferation, interleukin 
(IL)-2 production, and responsiveness to IL-2 have also been 

shown to decline with age. It appears that decreases and dysfunc
tions in cell function occur largely as a result of the aging cell's 
decreased ability to receive and respond to cell signals (12-16). 
Some decline is also seen in humoral immune function, particularly 
in the loss of high-affinity cell-surface receptors for antigen and 
for cytokines. Proliferation of B cells is fairly well maintained; 
however, old animals show impaired response to antigens that 
stimulate CD5- B cells (foreign antigens). On the other hand, the 
ability of CDY B cells to respond to auto antigens remains intact 
(17). Thus, whereas the ability to respond to foreign antigens 
declines with age, autoantibody formation increases with age, 
which may contribute to autoimmune disease (18-20). This "dys
regulated" immune response is also observed in T cells in which 
production ofTh1 cytokines is decreased and the production ofTh2 

cytokines is reported to be increased with age (21). Furthermore, 
increased production of suppressive factors such as prostaglandin 
(PG) E2 by M<j> has been reported to contribute to the dysregulation 
of T-cell function (22,23). However, there is no clear consensus 
on age-related changes in NK activity. Reviews on research in 
NK activity (24,25) summarize reports of decreases, stasis, and 
increases in NK activity with aging. Differences in sample size, 
criteria used for the inclusion of "healthy elderly," and age range, 
as well as contamination by other cell types are possible contribut
ing factors to these wide-ranging results (26). 

CHANGES IN NUTRITIONAL 
STATUS WITH AGING 

Specific nutrient requirements during the life cycle, including old 
age, are discussed in Part II of this book; therefore, in this section, 
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only the age-related changes in the intake, absorption, and metabo
lism of nutrients that have been shown to play a part in the 
regulation of immunity in older individuals are summarized. 

Intake of antioxidant nutrients lower than the Recommended 
Dietary Allowance (RDA) has been reported for the elderly. For 
example, Garry et al. (27) reported that 50% of the elderly (mean 
age 60 yr) have less than two-thirds of the RDA intakes of vitamin 
E, vitamin C, and zinc. Ryan et al. (28) conducted a national 
household survey of food consumption practices of individuals 
65 yr of age and older and reported that more than 40% of men 
and women had intakes of vitamin E and zinc below two-thirds 
of the RDA. Panemangalore and Lee (29) recently showed that 
37% of elderly (average age 73 yr) had tocopherol intake below 
the RDA. 

The low intake and poor nutritional status of vitamin C among 
the elderly in Great Britain have been suggested as significant 
contributory factors to the high disease prevalence among individ
uals in this age group (30,31). Burr et al. (32) studied the residents 
of a British village who were over 65 yr of age; the researchers 
found that women had higher plasma and leukocyte ascorbate 
contents than men and that subjects over 75 yr of age, regardless 
of sex, had significantly lower plasma and leukocyte vitamin C 
levels. These values were also found to decline with advancing 
age. The lower plasma and leukocyte levels appeared to be caused 
by a lower dietary intake of ascorbate, as there was a significant 
correlation between frequency of fruit of green vegetable con
sumption and plasma and leukocyte ascorbate concentration. 

In contrast to many antioxidant nutrients, there is no RDA 
established for p-carotene. Therefore, it is difficult to evaluate 
changes in dietary intake of p-carotene with age. In addition, there 
is a limited amount of data available on elderly p-carotene levels 
in plasma and blood cells (33-36). These limited studies indicate 
no age-related differences in p-carotene levels, nor do they indicate 
age-related differences in response to p-carotene supplementation. 

Dietary intake of vitamin B6 among the elderly has been shown 
to fall well below established RDAs, including free-living healthy 
individuals as well as the institutionalized elderly (37). In addition, 
plasma levels of pyridoxal phosphate (PLP) diminish with aging, 
and some age-related differences in vitamin B6 metabolism, 
including tryptophan loading, urinary excretion of pyridoxic acid, 
and enzyme activation may also contribute to age-associated 
changes in vitamin B6 status (37). Because a large quantity of 
corporal PLP is found in muscle and is involved in glycogen 
phosphorylase activity and because decreases in this enzyme and 
in overall muscle mass are associated with aging, these factors 
likely play an additional role in the age-associated reduction in 
vitamin B6 levels (38). 

Marginal and clinical zinc deficiencies occur at a high fre
quency among the elderly population; this may be partially the 
result of the fact that intake of dietary zinc in the elderly is affected 
by social and economic factors, including total calorie intake, 
food selection, and amount of money spent on food (the main 
sources of zinc-meats, fish, and poultry-are expensive menu 
items) (39). Marginal and clinical zinc deficiencies may also occur 
in the elderly, particularly when they are challenged with illness 
and infection and/or are hospitalized (40). Clinical symptoms of 
zinc deficiency include impairment of a wide variety of cell
mediated immune responses, particularly T -cell-dependent and 
NK-cell-mediated functions (41), in addition to impaired taste 
acuity and wound healing. 

The varied soil content of selenium is a major contributing 
factor in its availability in the food supply at different geographical 
locations; this makes it difficult to establish usual intakes. Limited 
information is available on selenium intake among the elderly, 
but it has been postulated that reductions in selenium intake may 
contribute to reduced levels of plasma selenium seen in the elderly 
(42). Dietary selenium from grain products is usually reduced in 
conjunction with a reduced intake of total kilocalories, which is 
often observed among the elderly. Reduced selenium intake among 
the elderly may be a result of the consumption of fewer good sources 
of selenium: reduced intake of grain products, coupled with reduced 
intake of seafood because of economic constraints (43). 

EFFECTS OF NUTRIENTS 
ON IMMUNITY WITH AGING 
The last two and a half decades of immunogerontological investi
gation have focused more and more on nutrition as an important 
component in the process of aging. Consequently, micronutrient 
and macronutrient supplementation in frail and healthy elderly 
has been considered in order to develop optimal immune function 
for the promotion of health during chronological aging (44-46). 

It is important to establish that "immune function" and 
"immune response" are not all-inclusive terms; nor does an 
increase in a specific parameter always mean that the clinical 
outcome will be positive. For these reasons, the literature must 
be carefully interpreted both by the investigators as well as by 
the readers of the publications. There are many branches of immu
nity that require different tools for assessment of function. To 
date, there is not a single micronutrient that has been able to 
enhance all parameters of immune function tested. It is more 
common to see a single micronutrient affect a specific branch or 
area of immunity, which, in the case of the aged "dysregulated" 
immune response, could be advantageous. 

Some of the effects of macronutrient and micronutrient supple
mentation in the elderly result in the restoration of immune 
response after correction of subclinical or marginal nutrient defi
ciencies, whereas some immunostimulatory effects are observed 
in healthy elderly in the absence of deficiencies, at least as deter
mined by the classic definition of "deficiency." This immunostim
ulatory effect restores a phenotypically young, more vigorous 
immune response. 

MACRONUTRIENTS 
Protein and Calories Many elderly are at high risk of malnu

trition because of their limited income, limited food preferences, 
and overall health status resulting from chronic disease. Linn and 
Jensen (47) studied the prevalence of malnutrition in young «65 
yr) and old (>65 yr) outpatients of an ambulatory care unit, exclud
ing those with infection, autoimmune diseases, and major medical 
diseases. Malnutrition was more prevalent in the older than in the 
younger group. Malnourished subjects in both age groups had less 
lymphocyte response to allogenic cells and to phytohemagglutinin 
(PHA) but greater response to pokeweed mitogen (PWM) and 
higher IgA levels. Polymorphonuclear cells (PMN) from malnour
ished elderly patients had lower stimulated chemotaxis than those 
from well-nourished individuals, as assessed by migration of neu
trophils through a Boyden chamber with or without zymosan
activated serum. 

Chandra and Puri (48) showed that nutritional supplementation 
of 30 malnourished elderly men aged 70-84 yr improved their 
antibody response to influenza vaccine. Hamm et al. (49) examined 
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the effect of protein levels (6% vs 25 %) in the diet on Fc and 
C3b receptor-mediated phagocytosis of elicited peritoneal M<j> of 
young (6 mo) and old (24 mo) C57BLl6NIA mice. They found 
that Fc receptor-mediated phagocytosis was depressed after 5 wk 
of feeding a 6% protein diet in 24-mo-old mice but not in 6-mo
old animals. Furthermore, old mice fed the 25% protein diet had 
augmented C3b receptor-mediated phagocytosis. These effects 
were not explained by changes in membrane fluidity. 

The respiratory burst activity of neutrophils, as well as the 
level of the various neutrophil enzymes secreted during degranula
tion, from elderly individuals is decreased in response to a wide 
variety of stimuli (50-52). These changes in function were not 
sufficient to cause a measurable decrease in the ability of neutro
phils from the elderly subjects to phagocytize or kill bacteria. 
Nonetheless, infections are more common among the elderly, 
especially when they are malnourished (53). Lipschitz and Udupa 
(54) examined the combined effect of aging and protein deficiency 
on neutrophil function in mice. Six-mo-old or 24- to 26-mo-old 
C57BLl6NIA mice were fed isocaloric diets containing 2% or 
20% casein for 3 wk, respectively. The old mice fed the 20% 
protein diet had significantly less phorbal myrestate acetate 
(PMA)-induced superoxide generation than young mice fed the 
same diet. Neutrophils from both young and old mice fed the 2% 
protein diet produced less superoxide than those from mice fed the 
20% protein diet. Neutrophils from old mice also had significantly 
lower baseline and PMA-stimulated lysozyme, myeloperoxidase, 
and glucoronidase levels than those from young mice. Lower 
levels of these enzymes were detected in the mice fed the 2% 
protein diet compared with those fed the 20% protein diet. There 
was no difference in phagocytic or bactericidal activity between 
young and old mice fed the 20% protein diet. However, neutrophils 
from young mice fed the 2% protein diet killed a higher percentage 
of the ingested bacteria than those from old mice fed the same 
diet. Thus, although neutrophil activity is compromised by aging, 
in the absence of additional environmental stress such as protein 
deficiency, these changes do not necessarily affect their functional 
capacity. These studies emphasize the importance of protein-calo
rie malnutrition on changes in host-defense mechanisms in the 
elderly. 

Lesourd (55) studied the effect of protein-calorie undernutrition 
in three populations as defined by the SENIEUR Protocol (56): 
healthy young adults (20-50 yr), healthy elderly subjects (78.7±7 
yr), and healthy elderly subjects (79.4±7.5 yr) with low nutritional 
status as defined by a serum albumin level between 30 and 35 gIL. 
Several indices of immune response were evaluated; the authors 
noted that whereas certain indices of immune response (percent 
CD3+ cells, mitogenic response, IL-2 production, and antibody 
response to influenza vaccine) were lower in both elderly groups 
compared to the younger group, other indices (e.g., percent CD4+ 
cells and DTH response) were lower only in the undernourished 
elderly group compared with the young group. Furthermore, in 
almost all indices examined, the age-related difference was more 
pronounced in the undernourished group. Lesourd (55) also dem
onstrated that the magnitude of the decrease in nutritional status, 
as determined by serum albumin levels, was important in determin
ing the immune response in the elderly (i.e., the lower serum 
albumin levels the lower the immune response). It is important 
to note that in these studies, the low albumin level was not the 
result of the presence of disease; rather, it reflected low nutritional 
status. These studies clearly demonstrate that undernutrition con-

tributes to the decline of immune responsiveness with aging. This 
is further supported by the observation that the immune response 
in undernourished elderly supplemented with 500 kcalJd of ready
to-use complete nutritional supplement was significantly higher 
than in the nonsupplemented undernourished elderly (55). From 
these studies, however, it is not clear how much of the effect is 
the result of protein-calorie undernutrition and how much is the 
result of micronutrient deficiencies present under these conditions. 

Lipids Changes in the fatty acid composition of the diet are 
known to modulate membrane phospholipid fatty acid composition 
(57,58), resulting in alteration in the oxygenated products of ara
chidonic acid (AA) (59-63). Eicosanoids originated from AA are 
the most abundant as well as, in most cases, the most active 
mediators. The n-3 polyunsaturated fatty acids (PUFAs) can inter
fere with arachidonic acid (AA) metabolism at the cyclooxygenase 
and lipoxygenase levels. Increased intake of n-3 PUFAs decreases 
the generation of eicosanoids from AA (60,63) and promotes the 
generation of the 3-series PG (59,61,62) and 5-series leukotrienes 
(LT) (64-66). 

The AA metabolites, including PG, LT, and hydroxyeicosate
traenoic acid (HETE), can be produced by immune cells in 
response to different stimuli. In general, cellular and humoral 
immune responses are negatively regulated by cyclooxygenase 
products. PGE2 has been shown to inhibit lymphocyte proliferation 
(67,68), cytokine production (69), the generation of cytotoxic cells 
(70), and NK activity (71). Lipoxygenase products of AA (i.e., 
LT and HETE) also affect these immune functions (72,73). 
Because PGE2 production has been shown to increase with age 
(23,74) and contributes to the decline in T-cell proliferation and 
IL-2 production (75), we investigated the effect of n-3 PUFA 
supplementation on inflammatory cytokine production and T-cell
mediated function of heathy young and elderly subjects (76). 

Six healthy young (23-33 yr) and six healthy older (51-68 
yr) women were recruited after they were screened for their disease 
history, health status, and drug use. Each subject's usual diet was 
supplemented with n-3 PUFAs contained in Pro-Mega capsules, 
providing 1.68 g eicosapentaenoic acid (EPA), 0.72 g docosahex
aenoic acid (DHA), 0.6 g other fatty acids, and 6 IU vitamin E 
per day for 3 mo. Blood was collected at baseline and at the end 
of I, 2, and 3 mo of supplementation with fish oil. Peripheral 
blood mononuclear cells (PBMC) were separated from blood and 
cultured in the presence or absence of mitogens for measurement 
of lymphocyte proliferation, cytokine, and PGE2 production. 

The results showed that n-3 PUFA supplementation for 3 mo 
significantly increased plasma levels of EPA and DHA in both 
young and older subjects; however, the increase in EPA and DHA 
was greater in older than in young subjects. AA was significantly 
decreased in older subjects, whereas it did not change in young 
subjects, resulting in a lower ratio of AAIEP A in older than in 
young subjects. There was no significant age-associated difference 
in the production of inflammatory cytokines. n-3 PUFA supple
mentation decreased the production of all the inflammatory cyto
kines tested in both young and older subjects, with a greater 
decrease observed in the older subjects. IL-l ~ synthesis was 
reduced 48% in young subjects and 90% in older subjects; TNF 
was reduced by 58% in young and 70% in older subjects; and 
IL-6 was reduced by 30% in young and 60% in older subjects. 

Interleukin-2, a T-cell growth factor necessary for lymphocyte 
activation, was produced in a significantly lower amount in older 
subjects than in young subjects at baseline and after I rna of n-3 
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PUFA supplementation. Consumption of n-3 PUFA tended to 
reduce IL-2 production, but only the reduction in older subjects 
reached significance. Proliferation response of PBMC to T-cell 
mitogens was significantly lower in older subjects at all time points 
compared to that in young subjects. n-3 PUFA supplementation 
inhibited lymphocyte to proliferation significantly in old subjects 
(36% reduction after 3 mo) but not in young subjects. PG~, a 
suppressive factor of T-cell function, was found decreased by 
57% in older subjects and by 40% in young subjects after 3 mo 
of n-3 PUFA supplementation. However, the decrease seen in 
young subjects did not reach statistical significance. Similar results 
were observed by Endres et al. (77,78), who demonstrated that 
n-3 PUFA supplementation (4.69 gld) in healthy men for 6 wk 
reduced IL-l~, TNF, and 1L-2 production, as well as lympho
cyte proliferation. 

It is interesting to note the age-associated difference in the 
suppressive effect of n-3 PUFA on these parameters. Although 
the mechanism of this age difference was not determined, the 
more dramatic changes in older subjects were associated with a 
larger increase in plasma EPA and DHA and a greater decrease 
in AA in older subjects compared to young subjects. This differ
ence in the magnitude of n-3 PUFA-induced changes in plasma 
fatty acid might be a result of age-associated differences in fatty 
acid absorption (79). 

Prostaglandin E2 has been shown to suppress IL-l and 1L-2 
production and lymphocyte proliferation (80,81). We showed that 
a decrease in PGE2 production by tocopherol supplementation 
enhances 1L-2 production and lymphocyte proliferation in old 
mice (82) and elderly human subjects (83). Contrary to the pre
sumption that reduced production of PGE2 should lead to enhanced 
IL-2 production and lymphocyte proliferation, n-3 PUFA supple
mentation resulted in suppressed T-cell-mediated function. Simi
larly, Meydani et al. (63) showed a decrease in both PGE2 produc
tion and NK activity in mice fed a fish-oil-supplemented diet, 
although PGE2 has been reported to inhibit NK activity (71,84). 
These results indicate that mechanisms other than those mediated 
through PGE2 may exist and may playa dominant role in the n-3 
PUFA-induced effect on immune function. 

Excessive production of lipid peroxides, such as hydrogen 
peroxide (H20 2), has been shown to suppress lymphocyte prolifera
tion (85). Meydani et al. (86) showed that n-3 PUFA supplementa
tion increased plasma malonaldehyde levels, with older women 
exhibiting a greater increase than younger women. IL-2 is a key 
cytokine in cell-mediated immune response, and its production 
may be affected directly by PUFA independent of the changes in 
eicosanoid production as indicated by Santoli and Zurier (87). 
Furthermore, Hughes et al. showed, in both in vivo (88) and in 
vitro (89,90) studies, that n-3 PUFA supplementation can inhibit 
the antigen-presenting function of human blood monocytes by 
reducing the expression of related cell-surface molecules, such as 
major histocompatibility complex (MHC) class II, intercellular 
adhesion molecule-l (ICAM -1), leukocyte function associated anti
gen (LAF)-l, and LAF-3. A recent study (91) showed that feeding 
mice a low-fat diet enriched in n-3 PUF A (EPA and DHA) for a short 
term (10 d) suppressed concanavalin (Con) A-induced lymphocyte 
proliferation and 1L-2 production, which was accompanied by a 
reduction in the production of lipid second messengers, diacyl
glycerol (DAG), and ceramide. DAG and ceramide play an import
ant role in murine T-cell proliferation (92). In vitro supplementation 
with EPA and DHA was also shown to inhibit phospholipase C 

activity in mouse splenocytes (93) and in rat peritoneal M<\> (94). 
These results indicate that the n-3 PUFA-induced effects on T 
cells might be mediated through a change in signal transduction. 

In order to determine if the suppressive effects observed were 
specific to n-3 PUFAs or not, we investigated the effect of long
term feeding on the National Cholesterol Education Panel (NCEP) 
Step-2 diet high in n-3 PUFAs or in plant-derived n-6 and n-3 
PUFA on the immune response of healthy adults (95). Twenty
two healthy volunteers over the age of 40 were divided into two 
groups and fed NCEP Step-2 diets enriched with either 1.23 gld 
EPA and DHA (high fish) or 0.27 gld EPA and DHA (low fish); 
the remaining n-3 PUFAs in the two diets was provided as plant
derived linolenic acid, l8:3n-3. After 6 mo of supplementation, 
the high-fish group had a small but significant decrease in the 
percentage of helper T cells, whereas the percentage of suppressor 
T cells was increased. This change was accompanied by a signifi
cant reduction in DTH response and proliferative response of 
PBMC to T-cell mitogen Con A. A significant correlation between 
changes in DTH and plasma EPA levels was observed. As reported 
in previous studies, IL-I~, TNF-a, and IL-6 produced by PBMC 
from subjects fed the high-fish diet were significantly reduced. In 
addition, an insignificant decrease in IL-2 and granulocyte M<\> 
growth factor (GM-CSF) was observed in this group. In contrast, 
the low-fish group showed increased PBMC proliferative response 
to Con A as well as production of IL-l ~ and TNF-a, but no 
significant effect on DTH, 1L-6, GM-CSF, or PGE2 production. 
These results indicated that the suppressive effect of n-3 PUFAs 
is not observed with plant-derived n-6 and n-3 PUFA. When 
expressed as a ratio to PUFAs (per double bonds), plasma tocoph
erol was significantly decreased in the high-fish group but not in 
the low-fish group. Because a decrease in tocopherol level has 
been shown to suppress T-cell-mediated function, these results 
indicate that n-3 PUFA may in part exert their effect indirectly 
through a reduction in tocopherol level. Reduction in tocopherol 
status has also been observed following fish oil consumption in 
animals (96-99). 

As discussed earlier, decreased PG~ production after n-3 
PUF A consumption does not result in an enhanced immune 
response as expected; rather, n-3 PUFAs in most studies were 
shown to suppress immune response. Increased lipid peroxidation 
(86,99-102) and compromised vitamin E status (96-99) have been 
implicated as contributing factors to the immunological effects of 
marine-derived n-3 PUFAs. Further support for this was provided 
by animal studies in which the provision of adequate tocopherol 
prevented the suppressive effect of n-3 PUFAs on T-cell func
tion (103,104). 

This is consistent with the studies reported by Kramer et al. 
(l05) in which supplementation of humans with 15 gld of fish oil 
for 10 wk suppressed the mitogenic responsiveness of PBMC to 
Con A, and supplementation with 200 mg tocopherol for 8 wk 
reversed the depressed mitogenic response induced by feeding 
fish oil. They further showed a positive correlation between plasma 
a-tocopherol concentrations and responsiveness of PBMC to Con 
A. Further well-designed human studies are needed to determine 
the appropriate levels of n-3 PUF A and vitamin E supplementation 
to optimize the beneficial anti-inflammatory effect of n-3 PUFA 
and minimize their suppressive effect on T-cell function of the 
elderly. 

MICRONUTRIENTS Several vitamins and minerals have 
been shown to play a regulatory role in the immune response. 
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Marginal and severe deficiencies of some of these nutrients are 
associated with impairment of T -cell-mediated function similar to 
those observed with aging. With decreases in immunity associated 
with aging and increases in malnutrition among the elderly estab
lished, the question was asked whether a multivitamin/mineral 
supplement could remedy the multifactorial etiology of immuno
senescence. In a landmark study, Chandra analyzed the immuno
modulating and clinical effects of a l-yr supplementation of a 
multivitamin/mineral supplement that contained close to RDA 
levels of a variety of micronutrients; the only exceptions were 
vitamin E and ~-carotene (as provitamin A), which were included 
at levels four times greater than the RDA (106). 

This was a randomized, double-blind, placebo-controlled trial 
of 96 men and women over the age of 65-yr who had no known 
chronic or serious illnesses and/or were taking no known medica
tions that might alter immunological or nutritional status. It is 
interesting to note that those characterized as healthy elderly had 
a variety of micronutrient deficiencies, defined as blood concentra
tions below the 95% confidence interval (CI). One year after 
supplementation had begun, significant reductions in deficiencies 
of vitamin A, ~-carotene, vitamin B6, vitamin C, iron, and zinc 
were seen among those taking the supplement; however, no differ
ences in deficiencies were seen among those taking placebo. Sig
nificantly greater levels of total T cells (CD3+), as well as T-cell 
subsets (CD3+/CD25 [IL-2R), CD4+) and NK cells (but not B 
cells or T-cell subsets CD4+/CD45RA+ or CD8+) were observed 
in the supplemented group. Lymphocyte function was also 
improved in all three branches of peripheral immunity. Significant 
increases in lymphocyte proliferation in response to PHA, in pro
duction of IL-2, and IL-2 receptor release (cell-mediated immu
nity), NK activity (natural or innate immunity), and antibody 
response to influenza vaccination (humoral immunity) were all 
observed (106). 

These indices of immune function also proved to be clinically 
relevant. Those receiving the micronutrient supplements were sig
nificantly less likely to suffer infection-related illnesses compared 
to those receiving placebo. 

In 1994, a l-yr, placebo-controlled, double-blind trial tested 
the effectiveness of a daily micronutrient formulation to augment 
the delayed-type hypersensitivity skin response to seven recall 
antigens in apparently healthy older individuals (59-85 yr; n = 
56) (46). No significant differences in DTH responses were seen 
among those older individuals receiving placebo, and they were 
more likely to have micronutrient deficiencies, measured as nine 
blood micronutrient values, than those who received the daily 
micronutrient supplement. Midpoint analysis after 6 mo supple
mentation revealed significant increases in circulating blood 
micronutrient ascorbate, ~-carotene, folate, and vitamin B6; how
ever, significant increases in the DTH skin response were not 
identified until after the full year of supplementation. This 
enhancement in the skin response was reflected by significant 
increases in both the number of positive antigens and the total 
diameter of induration. After the year's supplementation, signifi
cant increases in circulating a-tocopherol levels were identical in 
addition to the increases in the above-mentioned micronutrients. 
Weak but significant correlations between increases in DTH 
response and increases in blood levels of ascorbate, ~-carotene, 
folate, and a-tocopherol were also found. 

The micronutrient content differed in the vitamin/mineral sup-

plements utilized in the two studies discussed, with the formulation 
used by Bogden et al. (46) containing the additional micronutrients 
pantothenic acid, biotin manganese chromium, molybdenum, and 
phosphorus and the formulation used by Chandra (106) containing 
higher levels of ~-carotene, vitamin E, selenium, and calcium than 
that of Bogden (46). Nonetheless, both l-yr studies (46,106) point 
to amelioration of micronutrient deficiencies in apparently healthy 
older individuals as the potential mechanism of immunomodula
tion. Enhancement in immune indices and immune cell functions 
were identified in those receiving active supplements when com
pared to those receiving placebo. In the case of Chandra's study, 
this immunomodulation was translated into improvements in the 
clinical outcome of lower frequency of infection-related illnesses. 
In a subsequent study, Pike and Chandra (107) evaluated the 
effect of the same supplement on the immune response of another 
apparently healthy group of elderly subjects. Particular attention 
was given to initial health status through clinical and laboratory 
investigations. However, no significant improvement in functional 
assays of immune response as a result of supplementation was 
observed. Thus, multivitamin/mineral supplements using the 
approximate RDA level of nutrients might be more effective in 
improving immune response of less healthy elderly with a lower 
nutritional status. 

The question, however, still remains as to the source of effec
tiveness of the micronutrient supplement: Could the immunoen
hancement be attributed to specific individual nutrients, and which 
micronutrients are responsible for modulating different immune 
indices and functions? For example, Penn et al. (108) showed that 
short-term (28 d) supplementation with vitamins A, C, and E (800 
IU, 100 mg, and 50 mg, respectively) significantly improved the 
number of T cells, T helper cells, the ratio of T helper to 
T suppressor cell, and the PHA-induced proliferation of lympho
cytes in the elderly. Furthermore, as will be discussed, single
micronutrient supplementation has been shown to enhance the 
immune response in the aged. Studies analyzing the immunologi
cal effects of individual micronutrients will shed light on these 
questions. 

Vitamin 86 Animal studies reporting the detrimental effects 
of vitamin B6 deficiency and restoration of immune responses 
with repletion have been summarized elsewhere (38,109), and 
although not focused on aspects of aging immunity, they provided 
useful information on which clinical trials to develop for testing 
the effects of vitamin B6 supplementation on the elderly, who are 
known to have poor vitamin B6 status (see Section 3). 

Two studies have examined the effects of vitamin B6 supple
mentation on elderly immune responsiveness, although study 
designs and purposes were distinct. The first study by Talbott et 
al. (110) was a 2-mo supplementation trial of 50 mg pyridoxine 
hydrochloride (PN) or placebo in 14 elderly women (and 1 man) 
who lived independently and ate their normal diets. Fourfold to 
eightfold increases in plasma PLP were seen in the supplemented 
group. Proliferation of both T lymphocytes (PHA stimulation, but 
not Con A) and B lymphocytes (PWM, SAC) was significantly 
enhanced after 2 mo of PN supplementation. Those subjects who 
began the study with the lowest levels of plasma PLP had the 
greatest lymphoproliferative responses to PN supplementation, 
suggesting that restoration of marginal vitamin B6 deficiency pro
duced more prominent immune responses than enhancement of 
immunity during a nondeficient state of vitamin B6 nutriture. Pre-
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liminary analyses of total T cells and T-cell subsets by flow 
cytometry from a subset of subjects (n = 5) revealed significant 
increases in percentages of total T cells (CD3+) and T helper cells 
(CD4+) and a trend (not significant) for greater percentages of 
CD8+ T cells (110). The dose of pyridoxine used in this study 
was 25 times the RDA (adults +51 yr: l.6 mg/d for women and 
2.0 mg/d for men), and although no toxic side effects were reported 
in this study, sensory neuropathies have been documented after 
ingestion of gram quantities of vitamin B6 for prolonged periods 
( 111). Therefore, results of this study must be considered carefully 
and applied cautiously (38). 

The second study, which examined the effects of vitamin B6 
supplementation on immune responsiveness in elderly men (n = 
8), involved a depletion period (less than or equal to 20 d) followed 
by three-wk repletion phases (3.00, 15.00, 22.50, and 33.75 Ilg 
BJkg body wt), and a final 4 d of 50 mg B6 supplementation 
(112). Vitamin B6 deficiency resulted in significantly impaired T 
(Con A and PHA stimulated) and B (SAC stimulated) lymphocyte 
proliferation and IL-2 production (Fig. 2), which correlated with 
decreased levels of plasma PLP, in addition to reduced percentages 
of lymphocytes. Repletion of vitamin B6 (to l.9 mg/d in women 
and 2.88 mg/d in men) partially restored immune function to 
levels similar to those of baseline values; however, measures of 
immune function in over half of the subjects were not completely 
restored to baseline levels at the end of the repletion period (or 
final period). These results suggest that the levels of vitamin B6 
necessary to restore declines in the numbers of lymphocytes and 
depression in their proliferative and secretory (IL-2) functions in 
the elderly are greater than those dietary levels currently recom
mended (112). 

Although not addressed directly in either of the studies pre
sented, potential mechanisms through which vitamin B6 may be 
operating to maintain sufficient numbers and immune responsive
ness oflymphocytes may resolve around the importance of vitamin 
B6 in the utilization of single carbon units from serine for the 
synthesis of DNA and RNA (113). Nucleic acid synthesis is vital 
for the replication of lymphocytes, both in maintenance of cell 
numbers and in the proliferative response to antigenic challenge. 
Decreases in numbers of lymphocytes, particularly CD4+ T helper 
cells, resulting from insufficient synthesis of nucleic acids, could 
explain decreased production ofIL-2. Because IL-2 is an important 
T-cell growth factor, lowered levels of this cytokine could also 
have negative repercussions on the ability oflymphocytes to prolif
erate (112). 

Vitamin C Kennes et al. (114) examined the effect of intra
muscular injections of vitamin C (500 mg/d for 1 mo) on prolifera
tive response of lymphocytes to PHA and Con A and DTH 
response to tuberculin in 20 elderly subjects over the age of 70. 
A significant increase in pH]-thymidine incorporation stimulated 
by PHA and Con A was observed after 30 d of supplementation. 
Vitamin C-supplemented subjects also had an increase in the mean 
DTH induration diameter to tuberculin relative to placebo-treated 
subjects. As vitamin C status was not determined, it is not clear 
whether the observed improvement was caused by correction of 
a vitamin C deficiency state or by a direct immunostimulatory 
action of injected vitamin C. An immunostimulatory effect of 
vitamin C has been claimed in young people with presumably 
normal vitamin C levels (115). 

Delafuente et al. (116) studied a group of elderly patients over 
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Fig. 2. Effect of vitamin B6 status on mitogenic response and IL-2 
production of PBMC from healthy elderly adults to optimal doses of 
Con A (A), PHA (B), and SAC (C). IL-2 production (D) was measured 
in response to Con A. Data in (A), (B), and (C) are expressed as 
percent of response of control subjects tested in the same day as 
experimental subjects. Data represent mean ± SEM. *tl Significantly 
different from baseline at *p < O.Ol,tl P < 0.05. (Data reprinted from 
ref. J J 1 with permission.) 

65 yr of age with chronic cardiovascular diseases receiving a 
variety of medication and examined the effect of in vitro and in 
vivo supplementation of vitamin C on lymphocyte proliferation 
and DTH to Candida albicans and mumps skin test antigen. They 
found that although in vitro addition of vitamin C to lymphocytes 
from elderly subjects increased their Con A-stimulated prolifera
tion to levels comparable to those of young subjects, in vivo 
supplementation with 2 g/d vitamin C for 3 wk did not significantly 
affect mitogenic responses or reverse anergy. These in vivo results 
are in contrast to those of Kennes et al. (114) described earlier, 
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who employed healthy elderly subjects receiving 500 mg/d of 
vitamin C intramuscularly with no other medication and found 
improvement in the immunologic parameters measured following 
supplementation. Unfortunately, plasma or white blood cell vita
min C levels were not measured in these studies. 

Ziemlanski et al. (117) found significantly increased IgG, IgM, 
and complement C3 levels in 158 women over 78 yr of age 
receiving 400 mg ascorbic acid supplements. Goodwin and Ceup
pens (118) found that the healthy elderly subjects within the top 
10% for plasma vitamin C concentrations had significantly fewer 
anergic subjects in response to four different antigens and higher 
mean DTH scores. However, no difference in mitogenic response 
to PHA was observed between those with high and low vitamin 
C status. 

Several studies have indicated that a low vitamin C intake 
(119) or blood level (120,121) is associated with increased risk 
of death. However, in two randomized, controlled trials, vitamin 
C supplementation of elderly people with low blood ascorbate 
levels did not decrease the mortality rate (121,122). The failure 
of supplementation trials to show any beneficial effect may be 
because irreversible damage had occurred as a result of a long
standing vitamin C deficiency, and supplementation should have 
started earlier in life. On the other hand, low vitamin C status may 
have occurred as a consequence of poor health, which ultimately 
caused death. 

The mechanism of the immunostimulatory effect of vitamin C 
is not known. However, the serum level of lipid peroxides rises 
in healthy subjects with increasing age (123,124), suggesting that 
the immunostimulatory effect of vitamin C might be mediated 
through its antioxidant function. The concentration of certain anti
oxidants such as vitamin C, selenium, and superoxide dismutase 
decreases with advancing age (125). Supplementation of elderly 
women with vitamin C or vitamin E for 12 mo decreased serum 
peroxide levels by 13% and 26%, respectively (126). On the other 
hand, vitamin C has been reported to increase in vivo generation 
of cyclic GMP (127), a signal cell for cell commitment into the 
S phase (128). 

In summary, lower plasma and leukocyte levels of vitamin C 
and age-related increases in serum lipid peroxides have been 
reported in the elderly. Compromised vitamin C status appears to 
contribute to the decreased immune responsiveness observed in 
the elderly, although conflicting reports on the beneficial effects 
of high-dose supplementation with this vitamin makes an unequiv
ocal recommendation impossible. 

Vitamin E Vitamin E is the most effective chain-breaking, 
lipid-soluble antioxidant in biologic membranes of all cells, but 
it is found in especially high concentrations in the membranes of 
immune cells because their high polyunsaturated fatty acid content 
puts them at especially high risk for oxidative damage (129,130). 
Free-radical damage to immune cell membrane lipids may ulti
mately impair the ability of immune cells to respond normally to 
challenge. Several animal and human studies have shown that 
vitamin E deficiency is associated with an inadequate immune 
response, whereas higher than recommended amounts have, in 
some instances, improved immunity. 

Vitamin E supplementation has been successfully used to 
improve some aspects of the age-related decline in laboratory 
animal immune function (131). Meydani et al. (82) showed that 
increasing the level of dietary vitamin E from 30 to 500 ppm 
significantly increases plasma vitamin E levels, DTH, lymphocyte 

Table 1 
Effects of Vitamin E on Immune Response of 24-mo-Old Mice 

Parameters 30 ppma 500 ppma 

Serum a-tocopherol 71 194b 
DTH skin test 36b 75 
T-cell lymphocyte proliferation 5b 38 
B-celllymphocyte proliferation 24b 85 
Interleukin-2 44b 85 
Ex vivo splenic PGE2 synthesis l23b 89 

a All values expressed as a percentage of 3-mo-old control group (fed 30 
ppm vitamin E). 
bSignificantly different from control and other experimental group, 
p:S;0.05. 

proliferation to Con A, and IL-2 production in old mice; this effect 
of vitamin E was associated with a decrease in PGE2 production 
(Table 1). Vitamin E-supplemented animals from this study also 
had a lower incidence of kidney amyloidosis than control (30 ppm 
vitamin E) animals (132). Another recent study confirmed these 
findings (133). Sakai et al. (133) reported that vitamin E supple
mentation (585 mg/kg diet) for 12 mo significantly improved 
T-cell-mediated function compared with rats fed a control diet 
containing 50 mg vitamin E/kg. In another study, Meydani et al. 
(76) showed that although vitamin E supplementation did not have 
an effect on natural killer cell activity of unchallenged young or 
old mice, it was effective in preventing sheep red blood cell 
(SRBC)-induced suppression of NK activity in old mice. 

Relatively few controlled clinical studies have been conducted 
to determine the effect of vitamin E on the immune response of 
elderly persons. Vitamin E supplementation has been shown to 
enhance immunity in elderly popUlations. Ziemlanski and co
workers (117) supplemented institutionalized healthy elderly 
women with 100 mg vitamin E twice daily and assessed serum 
proteins and immunoglobulin concentrations after 4 and 12 mo. 
Vitamin E increased total serum protein with the principal effect 
seen in the a2- and 132-globulin fractions occurring at 4 mo. No 
significant effects were noted in the levels of either immunoglobu
lins or complement C3 after 12 mo, although there was a significant 
increase in serum protein concentration. However, another group 
that was supplemented with vitamin C along with vitamin E 
displayed significant increases in IgG and complement C3 levels. 

Harman and Miller (134) supplemented 103 elderly patients 
from a chronic care facility with 200 or 400 mg/d a-tocopherol 
acetate but did not see any beneficial effect on antibody develop
ment against influenza virus vaccine. Unfortunately, data on the 
subjects' health status, medication use, antibody levels, and other 
relevant parameters were not reported. 

In a double-blind, placebo-controlled study, Meydani and co
workers (135) supplemented 34 healthy men and women (> 60 
yr of age) with either a soybean oil placebo or 800 mg dl-a
tocopherol for 30 d. The study evaluated the subjects' DTH, 
mitogenic response, and IL-l, IL-2, and PGE2 production. Vitamin 
E supplementation was associated with increases in plasma vita
min E, DTH score, mitogenic response to Con A, and IL-2 produc
tion (Fig. 3). Vitamin E supplementation was associated with 
decreases in PHA-stimulated PGE2 production by PBMC as well 
as plasma lipid peroxide levels. IL-l production and PHA-induced 
proliferation of PBMC were not affected by vitamin E supplemen
tation. 
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Fig. 3. Effect of vitamin E supplementation on mitogen response, 
IL-2 production, and DTH in elderly humans. Thirty-four elderly men 
and women were supplemented with either placebo or 800 IU u
tocopherol for 30 d. (Data reprinted from ref. 208 with pennission.) 

In a recent study, Meydani et al. (136) supplemented healthy 
elderly (>65 yr old) with placebo, 60 mg/d, 200 mg/d, or 800 mg/d 
of dl-u-tocopherol for 235 d using a double-blind, randomized 
design. All three vitamin E doses significantly enhanced DTH. 
Subjects consuming 200 mgld vitamin E had the highest percent 
increase in DTH. The median percent change in DTH in the 
subjects supplemented with 200 mg/d vitamin E (65%) was sig
nificantly higher than that of the placebo group (17%) (Fig. 4). 
Although the median percent change in the groups supplemented 
with 60 and 800 mg/d vitamin E (41 % and 49%, respectively) 
were similar to the 65% change observed in the 200 mg/d group, 
these changes did not reach statistical significance compared with 
those of the placebo group. There was no significant effect of 
supplementation with 60 mg/d in response to hepatitis B or tetanus 
and diphtheria vaccines. However, a significant increase in anti
body response to hepatitis B was observed in subjects consuming 
200 or 800 mg/d (Table 2). Those consuming 200 mgld also 
had a significant increase in antibody response to tetanus toxoid 
vaccine. There was no effect of vitamin E supplementation on 
the level of two autoantibodies, anti-DNA and antithyroglobulin, 
or the ability of neutrophils to kill C. albicans. These data suggest 
that although supplementation with 60 mg/d vitamin E might 
enhance DTH, it is not adequate to cause a significant increase 
in antibody titer against hepatitis B or tetanus toxoid. Supplemen
tation with 200 mg/d vitamin E, however, caused a significant 
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Fig. 4. Effect of vitamin E supplementation on DTH of healthy 
elderly. Subjects were supplemented with placebo, 60, 200, or 800 
IU/d of vitamin E for 4.5 mo. DTH was assessed before and after 
supplementation using Multi-test CMI (Pasteur M6rieux Conn aught, 
Lyon, France). Data represent the sum of induration of all positive 
responses. (Data reprinted from ref. 208 with permission.) 

increase in DTH and antibody response, and the magnitude of 
response for both indices was higher than those observed in the two 
other vitamin E groups. Thus, it was concluded that 200 mg/d 
represents the optimal level of vitamin E for the immune response 
of the elderly. The observation that the optimal response was 
detected in the 200-mg/d group suggests that there may be a 
threshold level for the immunostimulatory effect of vitamin E. 
Interestingly, vitamin-E-supplemented subjects had a 30% lower 
incidence of self-reported infections, indicating that the immuno
stimulatory effect of vitamin E might have clinical significance 
for the elderly. 

This is supported by studies conducted in laboratory animals. 
Hayek et al. (137) fed young and old mice either 30 or 500 ppm 
vitamin E for 8 wk, at which time they were infected with influenza 
virus. Old mice fed 30 ppm of vitamin E had higher viral titer 
than young mice fed 30 ppm vitamin E. Influenza lung viral titers 
were lower in old mice fed 500 ppm vitamin E compared with 
the age-matched mice fed 30 ppm vitamin E. The authors sug
gested that the effect of vitamin E may be the result, in part, of 
preservation of antioxidant status and NK cell activity because 
old mice fed 500 ppm vitamin E maintained a higher antioxidant 
index than age-matched controls, and the age-associated decline 
in NK activity was prevented by feeding old infected mice 500 
ppm vitamin E. Furthermore, vitamin E supplementation at 500 
ppm did not affect secondary splenic cytotoxic T-cell activity or 
primary pulmonary cytotoxic T lymphocytes (CTL) activity in 
this study. However, the mechanism for the effect of vitamin E 
on reducing influenza viral titer is still unclear. In a subsequent 
study, Han et al. (138) showed that the preventive effect of vitamin 
E was not observed following supplementation with other antioxi
dant compounds such as glutathione (OSH), melatonin, or straw
berry extract. Furthermore, vitamin E prevented the weight loss 
associated with influenza infection; other dietary antioxidant treat
ments did not have an effect on weight loss. 

No adverse effects because of short-term, high-dose vitamin 
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Table 2 
Effect of Vitamin E (E) Supplementation on Antibody Titer to Hepatitis B in Elderly Subjects 

Geometric mean (JU/mL) 
% with detectable 

Group Baseline Post J Post 2 Post 3 pa Hep B Titer b 

Placebo (n = 16) 4.0 4.0 4.6 7.3 0.2 19 
60 mg E (n = 18) 4.0 4.0 6.2 10.4 0.12 28 
200 mg E (n = 18) 4.0 7.2 12.1 23.9 0.05 41 
800 mg E (n = 18) 4.0 4.0 4.4 9.2 0.03 42 

Note: A standard dose of hepatitis B was administered on d 156 of the study. Two additional hepatitis B booster doses were administered on d 186 
and 216 of the study. Blood for serum antibody level measurement was collected before, 1 mo after vaccination, and 1 mo following the second and 
third hepatitis B booster administration. Sera with undetectable levels were assigned 4 units/mL for the purpose of calculating geometric means. 
apost 3 compared with baseline using Wilcoxon signed rank test followed by Bonferroni correction for multiple comparisons. 
bGreater than or equal to 8 IU/mL as detected by RIA after third hepatitis B (Rep B) booster. 
Source: ref. 136 with permission. 

E supplementation were observed on the immune indices tested. 
Recently, the safety of 4 mo of supplementation with 60, 200, 
and 800 IUld of dl-ex-tocopherol on general health, nutrient status, 
liver enzyme function, thyroid hormones, creatinine levels, serum 
autoantibodies, killing of Candida albicans by neutrophils, and 
bleeding time in elderly subjects was assessed. Supplementation 
with vitamin E at these levels and for this period of time had no 
adverse effects on these parameters (139). 

In another study, Cannon et al. (140) supplemented young 
(22-29 yr) and old (55-74 yr) subjects with 400 IV dl-ex-tocoph
erol twice daily for 48 d before undergoing eccentric exercise 
(downhill running). They reported that young subjects consuming 
placebo capsules had a significantly greater neutrophilia and 
plasma creatine kinase in response to eccentric exercise compared 
with old subjects consuming placebo. Vitamin E supplementation 
eliminated the age difference in neutrophilia and creatine kinase. 
In a subsequent report, Cannon et al. (141) demonstrated that 
although vitamin E supplementation did not affect production of 
IL-I or TNF, it prevented the eccentric exercise-induced rise in 
IL-1. Vitamin E supplementation, however, inhibited the produc
tion of another cytokine, IL-6. Because IL-l and IL-6 have been 
implicated in the inflammatory process and the acute-phase 
response and IL-1 has been found to be involved in exercise
induced muscle proteolysis and damage, their inhibition by vita
min E during damaging exercise could have practical implications. 
These studies indicated that in addition to its enhancement of cell
mediated immunity, vitamin E, by its modulation of cytokine 
production, can affect the catabolic consequences of the inflam
matory process and acute-phase response. 

Several epidemiologic studies have investigated the interaction 
between vitamin E supplementation and immune function of free
living elderly. Goodwin and Ceuppens (118) studied a population 
of healthy adults (65-94 yr old) consuming high doses of vitamin 
E and did not find any correlation between vitamin E intake 
and DTH, mitogen-stimulated lymphocyte proliferation, serum 
antibodies, or circulating immune complexes. In this study, sub
jects taking supplemental doses of vitamin E greater than five 
times the RDA had lower absolute circulating lymphocyte counts 
than the rest of the population. Unfortunately, the results from 
this study are confounded by the fact that the subjects were con
suming high doses of several vitamin supplements in addition to 
vitamin E. 

Chavance et al. (142,143) conducted a community-based SUf-

vey on the relationship between nutritional and immunological 
status in 100 healthy subjects over 60 yr of age. They reported 
that plasma vitamin E levels were positively correlated with posi
tive DTH responses to diphtheria toxoid, C. albicans, and tricho
phyton. In men only, positive correlations were also observed 
between vitamin E levels and the number of positive DTH 
responses. Subjects with tocopherol levels greater than 135 mgIL 
were found to have higher helper-inducer/cytotoxic-suppressor 
ratios. Blood vitamin E concentrations were also negatively corre
lated with the number of infectious disease episodes in the preced
ing year. 

Payette et al. (144) reported a negative correlation between 
dietary vitamin E and ex vivo IL-2 production in free-living elderly 
Canadians. This result is suspect, however, because 70% of the 
presumably "healthy" elderly in this study had undetectable IL-2 
levels. Others have reported that although IL-2 production in 
healthy older adults is about one-half to two-thirds that of young 
subjects, it is still detectable (83,145,146). The study is further 
complicated because dietary vitamin E intake rather than plasma 
vitamin E level was used as the indicator of a subject's tocopherol 
status. Nutrient databases for vitamin E are incomplete and do 
not necessarily represent the actual tocopherol status of a given 
individual. 

The mechanism behind the immunostimulatory effect of vita
min E has eluded scientists to this day. However, there is compel
ling evidence suggesting that vitamin E exerts its immunoenhanc
ing effect by reducing prostaglandin synthesis (82,83) andlor 
decreasing free-radical formation (147). 

Increased free-radical formation, whether the result of aging, 
environmental pollutants, or diet, damages the components of the 
immune system. Oxygen metabolites, especially H20 2, produced 
by activated M<I> depress lymphocyte proliferation (148). Tocoph
erol has been shown to decrease H20 2 formation by neutrophils 
(149). Additionally, the immunosuppressive effect of vitamin E 
deficiency appears to be the result of increased free-radical reac
tions that result in increased non-enzyme-catalyzed lipid peroxida
tion as well as enzyme-catalyzed lipid peroxidation (i.e., formation 
of PGE2). M<I> from vitamin E-deficient rats showed a threefold 
increase in chemiluminescence and increase in membrane viscos
ity compared with those from control rats (150). 

Vitamin E supplementation may provide protection for the 
cells of the immune system against oxidative damage. Villa et al. 
(151) reported that vitamin E supplementation in vitro caused a 
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concentration-dependent inhibition of arachidonic acid-induced 
aggregation ofPMN and mononuclear leukocytes. They suggested 
that this may have been the result of interference with lipoxygenase 
activity. Topinka et al. (152) found that the addition of a-tocoph
erol (0.2 Ilmol/L) to human lymphocytes in vitro suppressed lipid 
peroxidation and oxidant damage to DNA when induced by the 
catalytic system of Fe2+ -sodium ascorbate. Sepe and Clark (153) 
studied neutrophil lysis in liposome target vesicles, demonstrating 
that stimulated neutrophils secrete myeloperoxidase and H20 2, 
which combine with extracellular lipids to form a membrane lytic 
system. In vitro addition of a-tocopherol to the liposomes 
increased their resistance to the myeloperoxidase-H20 2 system. 

In addition to its reduction of nonenzymatic products of lipid 
peroxidation, vitamin E may also modulate immune responsive
ness through its effect on the synthesis of arachidonic acid metabo
lites. At low concentrations, PGE2 is believed to be necessary for 
certain aspects of cellular immunity; however, at higher concentra
tions, PGE2 has a suppressive effect on several indices of cellular 
and humoral immunity, such as antibody formation, DTH, lym
phocyte proliferation, and cytokine production. Vitamin E defi
ciency was shown to increase the production of eicosanoids, 
whereas vitamin E supplementation decreased their formation 
(82). Beharka et al. (75) used an in vitro coculture system in 
which purified M<\> and T cells from young and old mice were 
cultured together to demonstrate that M<\> from old mice were 
inhibitory to T cells from young mice resulting, at least in part, 
from increased M<\> production of PGE2. Vitamin E improved 
T-cell responsiveness in this system by reducing M<\> PGE2 produc
tion, although a direct effect of vitamin E on T cells was also 
observed. Furthermore, Wu et al. (154) demonstrated that vitamin 
E supplementation of old mice decreased the age-associated 
increase in PGE2 production and inducible cyclooxygenase 
(COX)-2 activity in M<\> from old mice (74). Although it appears 
that vitamin E enhancement of the aged immune system is mostly 
mediated through a decrease in PGE2 production, further studies 
are needed to determine the direct effect of vitamin E on T cells 
and its contribution to the immunostimulatory effect of vitamin E. 

I3-Carotene The human trials investigating the immunologi
cal effects of ~-carotene supplementation in elderly individuals 
have been reviewed (155). The first documented trial was a vari
able-dose ~-carotene supplementation (0, 15, 30, 45, 60 mg/d) 
trial in a mixed-gender, older population (mean age = 56 yr) of 
a very limited sample size (four subjects per group) (156). A 
significant increase in the percentage of T helper (CD4+) cells, 
NK cells (CDI6+), and cells expressing IL-2R (CD2Y) and TFR 
was reported for subjects taking 30, 45, and 60 mg/d ~-carotene 
when compared to those receiving placebo. However, no signifi
cant changes in total T cells or T suppressor/cytotoxic (CD8+) 
cells were reported as a result of ~-carotene supplementation. 
Because of the small per group sample size and the lack of measure
ments of immune cell function, it is difficult to evaluate the signifi
cance of the findings of this study. 

Two distinct ~-carotene trials of short and long duration were 
presented together in support of similar conclusions. The short
term effect of ~-carotene (90 mg/d for 3 wk) on T-cell mediated 
immunity was assessed in a randomized, double-blind, placebo
controlled longitudinal comparison of healthy elderly women (60-
80 yr; n = 23) (157). The long-term effect of ~-carotene (50 mg 
every other day for 10-12 yr) on T-cell-mediated immunity was 
assessed in a randomized, double-blind, placebo-controlled longi-

Table 3 
Effect of I3-Carotene Supplementation 

on the Lytic Activity of NK Cells 

Treatment group 

Placebo 
Middle-aged (n = 17) 
Elderly (n = 13) 

~-Carotene 
Middle-aged (n = 21) 
Elderly (n = 8) 

156.3 ± 37.7b 

39.8 ± 6.7 

102.1 ± 23.8 
63.5 ± 7.4b 

aLytic unit (LU) = the number of PBMC required to cause 30% target 
cell lysis. 
bX ± Sem. Greater than elderly placebo group; p < 0.05, unpaired t-test 
on log-transformed data. 
Source: ref. 158, with permission. 

tudinal comparison of men (51-86 yr; n = 59) enrolled in the 
Physicians' Health Study (157). Subjects from both the short- and 
long-term studies who were taking ~-carotene had significantly 
greater plasma ~-carotene levels than subjects from respective 
studies taking placebo. The change in delayed-type hypersensitiv
ity skin responses from baseline to follow-up between ~-carotene 
and placebo groups were not significantly different in the short
or long-term study. There were no significant effects of ~-carotene 
supplementation on in vitro lymphocyte proliferation and produc
tion of interleukin-2 or prostaglandin E2 as a result of short- or 
long-term ~-carotene supplementation. In addition, there were no 
differences in the profiles of lymphocyte subsets (total T cells, 
CD3+; T helper cells, CD4+; T cytotoxic/suppressor cells, CD8+; 
B cells, CDI9+) as a result of short- or long-term ~-carotene 
supplementation, nor were there differences in percentages of 
CDI6+ NK cells or activated lymphocytes (cells expressing IL-2 
receptor, or transferrin receptor) because of long-term ~-carotene 
supplementation. Consistent results from these two distinct trials 
demonstrate that ~-carotene supplementation does not have an 
enhancing or suppressive effect on the T-cell-mediated immunity 
of healthy elderly individuals. 

The potential chemopreventive effect of ~-carotene is of partic
ular importance to the elderly, whose cancer incidence is greatest. 
In a recent study, the effects of long-term ~-carotene supplementa
tion on a healthy aging population were investigated, focusing 
on NK cell activity as a potential immunological link between 
~-carotene and cancer prevention ( 158). N atural-killer-cell activity 
among 59 (38 middle-aged, 51-64 yr; 21 elderly, 65-86 yr) Boston 
area participants in the Physicians' Health Study, a randomized, 
double-blind, placebo-controlled trial of ~-carotene (50 mg on 
alternate days) for prevention of cancer and cardiovascular disease, 
was evaluated after a 10- to 12-y ~-carotene supplementation. No 
significant difference was seen in NK cell activity resulting from 
~-carotene supplementation in the middle-aged group. The elderly 
had significantly lower NK cell activity than the middle-aged. 
~-Carotene supplementation eliminated the age difference in NK 
cell activity. ~-carotene-supplemented elderly had significantly 
greater NK cell activity when compared to the elderly receiving 
placebo (Table 3); this was not the result of an increase in the 
percentage of NK cell cells, in IL-2R expression, or in IL-2 
production (158). 

In a subsequent study designed to further explore the mecha
nisms of ~-carotene-induced enhancement of elderly NK cell 
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activity (159), Boston area participants in the Physicians' Health 
Study (men 65-88 yr, mean age 73 yr) who had supplemented 
with ~-carotene (50 mg on alternate days) for an average of 
12 y participated. It was confirmed that long-term ~-carotene 
supplementation significantly enhances NK cell activity in elderly 
men in the absence of differences in percentages of NK cells 
(CDI6+ CD56+). Production of cytokines interleukin-12, inter
feron-a, or interferon-y, all of which possess NK-cell-enhancing 
properties, was not significantly different between ~-carotene
supplemented elderly and elderly taking placebo. This enhance
ment in NK cell activity is not explained by upregulation of 
individual NK-cell-stimulatory cytokines interferon-a, Con A-sti
mulated interferon-y, interleukin-12, or interleukin-2 (158), nor 
by downregulation of NK-cell-suppressive factor prostaglandin 
E2 ( 158). Although the exact mechanisms have not been delineated, 
potential upregulation of tumor necrosis factor-a, or synergism 
between two cytokines that act to costimulate NK cells and subse
quently upregulate NK cell activity might contribute to the higher 
NK cell activity of ~-carotene-supplemented elderly men. 

~-Carotene supplementation is not an effective immunomodu
lator for the T -cell-mediated branch of immunity in the elderly; 
however, long-term ~-carotene supplementation may be beneficial 
for enhancing NK cell activity (innate immunity), potentially 
increasing viral and tumoral surveillance in older individuals and 
providing one possible link between ~-carotene intake and preven
tion of certain cancers (105). 

Results from two large, randomized, placebo-controlled trials, 
whose subjects were primarily cigarette smokers, have raised ques
tions concerning the safety of ~-carotene supplementation. 
Because primary outcomes of these studies include incidences of 
cancer and cardiovascular disease, diseases that may involve 
T-cell-mediated and innate immunity, it is important to consider 
potential negative effects of ~-carotene supplementation on 
immune responses. Both the Alpha-Tocopherol, Beta Carotene 
(ATBC) Cancer Prevention Trial (160) and the Beta Carotene and 
Retinol Efficacy Trial (CARET) (161) reported no benefits of 
supplementation with regard to cancer or cardiovascular disease, 
but, instead, reported higher rates of lung cancer and cardiovascu
lar disease in subjects supplemented with ~-carotene. On the other 
hand, results of the Physicians' Health Study (the cohort from 
which the immunological substudies described above were 
derived) have indicated no benefit nor any harm for an average 
of 12-yr ~-carotene supplementation among male physicians fol
lowed for endpoints of malignant neoplasms, cardiovascular dis
ease, and death (162). These results held for nonsmokers, former 
smokers, and current smokers. 

Zinc The effects of zinc supplementation on elderly immune 
function were thoroughly reviewed by Beisel in 1991 (163). One 
of the first studies measuring the effects of zinc supplementation 
on elderly immune responses was carried out in healthy institution
alized elderly (n = 38; 70 yr and older) for 1 mo with a dose of 
440 mg zinc sulfate/d (176 mg zinc/d) (164). Significant increases 
among in vivo measures of immunity included increases in DTH 
cutaneous response to several recall antigens and in the IgG anti
body response to tetanus vaccination. The numbers of T cells 
were also elevated with zinc supplementation. However, in vitro 
measurements ofT- and B-Iymphocyte proliferation and the num
bers of total circulating lymphocytes did not change. The investiga
tors concluded that the large quantity of zinc was acting pharmaco
logically (versus physiologically) to produce some beneficial 

immunostimulatory effects (164). Because zinc status was not 
monitored in the plasma or blood cells, it was difficult to interpret 
whether the increase in immune response was the result of the 
correction of a latent zinc deficiency or a clear immunostimulatory 
effect (165). 

A 3-mo, double-blind, randomized, placebo-controlled trial of 
zinc (25 mg zinc sulfate/d) and/or vitamin A (800 )..tg retinal 
palmitate/d) supplementation in 118 elderly people (mean age 80 
yr) from a home for older people was recently reported (166). 
Dietary analysis showed that approximately 80% of the subjects 
had zinc intakes below 7 mg (RDA = 15 mg for men and 12 
mg for women). The zinc-supplemented group showed a slight 
significant improvement in the lymphocyte proliferative response 
to T-cell mitogen Con A (not PHA) when compared to baseline 
values, and they showed trends for greater T helper and cytotoxic 
T cells. When the data were reanalyzed to compare those who 
received zinc (alone or in combination with vitamin A) to those 
who did not receive zinc (placebo or vitamin A), significantly 
greater numbers of CD4+IDR+ T cells, and CD3+/CD16+/CD56+ 
cytotoxic T cells were seen in those supplemented with zinc. In 
contrast, significantly lower numbers of CD3+ and CD4+ T cells 
were seen among those elderly supplemented with vitamin A 
compared to those who received no vitamin A. Results from this 
reanalysis were confirmed to be statistically robust after multiple 
adjustments for baseline immune status and prognostic factors 
(body mass index, depression, chronic disease, smoking, and acute 
respiratory diseases) and after comparison of regression coeffi
cients. No significant immunological effects were reported for the 
zinc/vitamin A combination (166). 

When zinc-deficient elderly (65-78 yr) were deliberately 
selected for a 4.5-mo study, supplementation with 60 mg zinc/d 
in the form of zinc acetate resulted in a significant improvement 
in the number of positive antigens in the DTH response (167). 
Significantly greater levels of zinc in plasma and lymphocytes 
were also documented (167). 

In vitro addition of zinc was found in one study to correct 
impaired NK cell activity in the elderly (168). 

In contrast to studies showing some immunomodulatory effects 
by zinc supplementation in the elderly, other studies showed no 
effects. Elderly subjects (mean age = 74 yr) supplemented for 1 
mo with zinc (50 mg ionic zinc/d) in the elderly showed no 
significant difference in antibody response to influenza vaccine 
when compared to placebo (169). Other investigators later docu
mented a similar lack of effect of zinc supplementation on antibody 
response to influenza vaccination in the elderly (170). 

Additional studies of immunity in zinc-deficient elderly, for 
which results are difficult to interpret or apply at large as a result 
of the study design and/or limited sample sizes, reported enhanced 
DTH responses (171,172), whereas others reported no effect of 
zinc on lymphocyte proliferation, DTH cutaneous responses, or 
NK activity (173,174). 

Mildly zinc-deficient elderly subjects had significantly lower 
IL-2 production compared with zinc-adequate elderly and young 
subjects (175). Zinc supplementation for the elderly deficient in 
the mineral may act to modulate or restore lowered levels of 
T-cell mediated immunity through its antioxidant-and membrane
stabilizing ability, or by increasing levels of the thymic hormone 
thymulin, which is normally reduced in the elderly as a result of 
age-associated thymic atrophy (176). An improvement in plasma 
thymulin activity (as well as increased production of IL-l) was 
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seen among zinc-deficient elderly (n = 13) who were supplemented 
with 30 mg zinc for 6 mo (177). Differences in the effects of zinc 
supplementation on the humoral branch of immunity in elderly 
individuals may vary depending on the antigen, in addition to the 
status of zinc nutriture at the time the antibody response was 
induced. An immunostimulatory effect of zinc supplementation 
beyond correction of impaired immunity because of zinc defi
ciency has not been clearly documented and might cause impair
ment of the immune response (178). 

Selenium Selenium has been shown to be an essential nutri
ent for the maintenance of the immune response. Recent animal 
studies have indicated that Se supplementation might improve the 
immune response in the aged. Kiremidjian-Schumacher and Roy 
(179) showed that 24-mo-old mice supplemented with 2.0 ppm 
Se for 8 wk had higher mitogenic response to PHA and cytolytic 
T -lymphocyte activity against malignant cells. This effect was not 
the result of increases in IL-l, IL-2, or INF-y production; it was 
related to the ability of Se to enhance the expression of a(p55) and! 
or P(p70175) subunits ofthe 1L-2R on the surface of activated cells. 

A 6-mo, double-blind, placebo-controlled trial of selenium 
supplementation (100 /lg/d as selenium-enriched yeast) in institu
tionalized elderly (mean age 78 yr; n = 22) revealed significantly 
greater lymphocyte proliferation in response to PWM (180). This 
increase in proliferative response was limited to B cells and was 
not exhibited in proliferative responses to T-cell mitogens PHA 
or OKT3. No significant correlations between plasma selenium 
levels and lymphoproliferative responses were established, 
although it is interesting to note that the greatest increases in 
B-cell proliferation occurred in subjects who had the lowest plasma 
selenium levels at baseline. Based on this, the authors concluded 
that Se supplementation enhances immune response in the elderly. 
This conclusion, however, is not supported by the data presented. 
As mentioned earlier, the main age-related difference occurs in 
T-cell-mediated function. Selenium supplementation did not 
improve mitogenic response to T-cell mitogens; thus, Se supple
mentation in this study was not effective in changing the age
associated defect in T cells. 

Potential mechanisms through which selenium may enhance 
lymphocyte proliferation may revolve around selenium being an 
integral component of the enzyme glutathione peroxidase, a mem
ber of the antioxidant enzyme system. Glutathione peroxidase is 
involved in reducing the oxygen metabolites H20 2, which has 
been shown to impair lymphocyte proliferation and lipid hydroper
oxides (LOOH), which can be deleterious to cellular membranes 
and also lead to impaired immune responses (181). A reduction 
in the activity of erythrocyte glutathione peroxidase has been 
reported with aging, which may be the result of significantly lower 
plasma levels of selenium with aging (42); therefore, restoration 
of selenium pools through supplementation could work to restore 
glutathione peroxidase activity and, in tum, restore some measures 
of immune function. Why the restoration of lymphocyte prolifera
tion would be selective to B cells is not known and remains to 
be explored. Additional studies among the elderly are warranted 
to determine if the aging immune response will benefit from 
additional selenium supplementation. 

OTHER SUBSTANCES 
Glutathione Glutathione is the most abundant intracellular 

nonprotein thiol. This ubiquitous tripeptide is known to be 
involved in numerous cellular functions, including DNA and pro
tein synthesis, transport of amino acids, metabolism of various 

endogenous compounds (182), enzyme activation (183), and pro
tection of cells from harmful effects of radiation, oxygen interme
diates, and free radicals. Since the early 1980s, numerous studies 
have shown the association of glutathione with immune function. 
Intracellular glutathione has been proven to be essential for lym
phocyte activation and proliferation. Altered glutathione status 
results in a corresponding change in cell-mediated immune 
response. 

It has been suggested that GSH status is inversely related to 
aging and may be a predictor of morbidity and mortality (184). 
Lower GSH levels were observed in the brain, liver, lens, lung, 
and spleen of old mice compared with young mice (185-188). 
Lang et al. (184) showed that about half of healthy human subjects 
over 60 yr of age had lower blood GSH levels compared to young 
subjects. A positive correlation between the tissue GSH levels 
and the life-span in mice (189) and mosquitoes (190) has been 
demonstrated. These changes occur as a function of age and have 
been suggested to be responsible in part for the progression of 
aging process. GSH status might also be related to increased 
incidence of tumors in the aged. It is well known that the incidence 
and mortality rates from most cancers increase with age. GSH 
plays an important role in the detoxification of a wide variety of 
exogenous and endogenous carcinogens and free radicals, as well 
as in the maintenance of immune function. Administered GSH 
reduced the tumor burden of oral cancer in hamsters (191) and 
inhibited hepatocellular carcinoma growth in humans (192). 
Therefore, decreased GSH status with age might contribute to 
increase incidence of tumors in the aged. 

A limited number of studies have been performed to investigate 
the effect of GSH on the immune response of the aged. We 
conducted a study to find if the decline in immune response with 
age can be reversed by GSH supplementation (185). In this study, 
young (4 mo), middle-aged (17 mo), and old (24 mo) C57BLI 
6NIA mice were fed diets containing different amounts of GSH 
(0, 0.1, 0.5 1.0%) for 4 wk. The results revealed a lower GSH 
level and decreased in vivo (as indicated by DTH test) and in 
vitro (as indicated by mitogenic response of splenocytes) T-cell
mediated immune responses in old mice compared to young mice. 
Dietary GSH supplementation reversed the age-associated decline 
in GSH level while significantly improving their immune response. 
Franklin et al. (193) reported that in vitro addition of GSH to 
splenocytes from young and old rats significantly enhanced their 
mitogenic response; a higher percentage increase was seen in old 
(eightfold) as compared to young animals (threefold). Liang et 
al. (194) found that GSH magnified the effect of IL-2 on the 
proliferation of IL-2-dependent cytotoxic T cells, increased the 
amount of IL-2 bound to high affinity receptors, and shortened 
its internalization and degradation time. 

To further extend these findings to humans, we conducted an 
in vitro GSH supplementation study (195). A wide range of GSH 
supplementation levels was used to determine the optimal level of 
GSH. At concentrations between 2 and 10 mmol/L, GSH enhanced 
mitogenic response of PBMC from both young and old subjects, 
with maximal enhancement occurring at 5 mmol/L, which was, 
therefore, considered the optimal level. It is interesting to note 
that this optimal level is about or slightly higher than the physio
logical level of GSH found in most body tissues. At lower concen
trations (0.5 and 1.0 mmol/L) however, GSH significantly 
decreased mitogenic response of PBMC from both young and 
old subjects. 
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Similar to the observation in rats (193), we noticed that glutathi
one-induced enhancement of proliferative response to the T-cell 
mitogens Con A and PHA was greater in lymphocytes from old 
subjects than in those from young subjects. This increased respon
siveness of lymphocytes was accompanied by an elevated cellular 
glutathione concentration. GSH significantly increased IL-2 pro
duction while decreasing PGEz production, both of which can 
contribute to immunostimulatory effect of GSH. 

We examined the effects of GSH supplementation on produc
tion of eicosanoids and IL-2 by the lymphocytes from young 
and old subjects. PGEz, a cyclooxygenase product of AA, is an 
important suppressive factor in immunoregulation (73), and AA 
lipoxygenase product L TB4 has been reported to inhibit lympho
cyte proliferation (196). We observed that the addition of 5 mmolJ 
L GSH inhibited calcium ionophore A23187 -stimulated PGE2 and 
LTB4 synthesis in the lymphocytes from young and old subjects. 
IL-2 production, on the other hand, was found to be enhanced by 
197% and 140% in young subjects versus 306% and 372% in 
old subjects for PHA and Con A, respectively. A GSH-induced 
decrease in PGE2 and LTB4 as well as increase in IL-2 production 
can contribute to the stimulatory effect of GSH on mitogenic 
proliferation. It is interesting to note that the age-associated differ
ence in immunostimulatory effect of GSH was observed despite 
equal reduction by GSH in PGEz production in young and old 
subjects. This can be the result of the fact that the cells from old 
subjects are more sensitive to inhibitory effect of PGEz• The 
addition of PGE2 at 0.1 Ilmol/L significantly inhibited lymphocyte 
proliferation in old subjects (36%,p < 0.01), but only a marginally 
significant inhibition (19%, p < 0.07) was seen in young subjects. 
This altered sensitivity with age to PGE2 inhibition has also been 
observed by other investigators in humans (197) and rats (198). 
In these experiments, the PGEz-induced inhibition of lymphocyte 
proliferation was totally reversed by adding 5 mM GSH. 

Glutathione may also regulate immune function by affecting 
transmembrane signal transduction and activation of nuclear tran
scription factors. Depletion of GSH results in reduced [Ca2+] mobi
lization and impaired tyrosine phosphorylation of several proteins, 
including phospholipase C-yl in lymphocytes following stimula
tion of the CD3 receptor (199). GSH was shown to protect signal 
transduction from impairment induced by oxidant stress in pulmo
nary type II epithelial cells (200). Nuclear transcription factors 
have also been shown to be sensitive to the intracellular thiol 
level. It is interesting to note that NF-KB activation was recently 
shown to be impaired in T cells from old subjects (201). 

Functional Foods To date, very few studies have evaluated 
the effect of "functional foods" on the immune response of the 
aged, yet it has been speculated that several of these "foods" have 
anti aging and immunoenhancing effects. In two separate studies, 
we evaluated the effect of two such food components-mushroom 
extract and conjugated linoleic acid (CLA)-on the immune 
response of young and old mice. 

Protein-bound polysaccharides (PSP) are a class of compounds 
found in abundance in certain mushrooms. They have been widely 
used as biological response modifiers to enhance immune response 
and reduce tumor burden (202). There are, however, few pub
lished, well-controlled studies, particularly in unchallenged and 
healthy hosts, to substantiate the immunostimulatory claims attrib
uted to these compounds. Therefore, we examined the effect of 
dietary supplementation with a mushroom extract containing PSP 
on in vitro and in vivo immune function of old (23 mo) and young 

(5 mo) C57BLl6NCrlBR mice. Animals were fed purified diets 
containing extract derived from the mycelia of Coriolus versicolor 
with either 0%, 0.1 %, 0.5%, or 1.0% PSP. After 1 mo of this 
supplemented diet, indices of immune function were measured. 
PSP supplementation had no significant effect on mitogenic 
response to Con A, PHA, or lipopolysaccharide (LPS) nor any 
significant effect on the production of IL-I, IL-2, IL-4, or PGEz. 
Of the in vivo indices of immune function tested, old mice fed 
1 % PSP had significantly higher DTH response than those fed 
0% PSP. No significant effect of PSP on the DTH response of 
young mice was observed. These results suggest that PSP-contain
ing mushroom extract might have a modest immunoenhancing 
effect in aged mice but not in young mice. 

Conjugated linoleic acid is a naturally occurring substance 
originally described as an anticarcinogenic agent in grilled ground 
beef (203). CLA added in vitro to porcine lymphocyte cultures 
increased mitogen-induced lymphocyte blastogenesis, lymphocyte 
cytotoxic activity, and murine M<j> killing ability (204). An increase 
in PHA-stimulated blastogenesis was also noted in CLA-fed chicks 
challenged with LPS (205). The immunostimulatory effect of CLA 
has been attributed to its antioxidant properties and its ability to 
interfere with arachidonic acid metabolism (e.g., PGEz (203,206)). 
We, therefore, evaluated the effect of CLA supplementation on 
the immune response of young and old mice (207 ). Young (4 mo) 
and old (24 mo) C57BLl6NCrlBR mice were fed semipurified 
diets containing either 0% or 1 % CLA for 8 wk. In vitro and 
in vivo indices of the immune responses were evaluated. CLA 
supplementation significantly increased all CLA isomers measured 
in hepatic neutral lipids and phospholipids. Young mice fed 1% 
CLA had greater proliferative response to Con A and PHA than 
those fed 0% CLA. No effect of CLA supplementation on mito
genic response of old mice to PHA was observed. However, old 
mice fed 1 % CLA had significantly higher mitogenic response to 
Con A compared with those fed 0% CLA. Old mice fed 0% 
CLA had significantly lower IL-2 production than young mice. 
In addition, IL-2 production in old mice fed 1 % CLA was not 
significantly different from that of young mice. CLA supplementa
tion had no effect on NK cell cytotoxicity, DTH, antibody response 
to SRBC, or PGEz production. Thus, CLA supplementation 
appears to enhance in vitro T-cell-mediated function, but it has 
no effect on the in vivo indices of the immune response. It is, 
therefore, not clear if CLA supplementation would be of clinical 
significance to the aged. 

There is great interest in determining the health benefits of 
other (than essential nutrients) components of foods, especially 
in the aged. The immune system provides a clinically relevant, 
easily accessible biological system to determine the health benefits 
of these components. Very few studies have addressed the immu
nological effects of these compounds. Further studies are needed 
in this area. 

SUMMARY 
Dysregulation of the immune response with age has been observed 
in all species studied, including humans. These changes contribute 
to increased incidence of tumors as well as infectious and neoplas
tic diseases. Decreased intake and/or serum levels of several nutri
ents with known immunoregulatory functions have been reported 
in the elderly. This has led to the proposal that the age-related 
immunological changes could be, in part, the result of deficiencies 
and/or increased utilization of certain nutrients. This is supported 
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by the results of interventional studies using single-nutrient or 

multinutrient cocktails, which have shown improvement in certain 

aspects of the aged immune response. Several studies have indi
cated that in malnourished elderly individuals, a general nutritional 

supplement will improve their immune response. A few studies 

have also shown that supplementation with higher than currently 

recommended levels of a single nutrient can improve the immune 

response in healthy elderly subjects. This raises the question of 

whether higher than currently recommended levels of certain nutri

ents are needed to maintain an optimal immune response in the 

elderly. Studies in which clinical significance of nutrient-induced 

immunoenhancement in the aged has been determined will help 

address this question. Further studies are also needed to determine 

the effect and mechanisms of action of specific nutrients on the 

immune response of the aged. Such information will shed light 

on our understanding of the etiology of age-related immune dys

regulation, which, in tum, should result in the design of more 

effective nutritional interventions to maintain optimal immune 

response in the elderly. This information would also be useful in 

determining the specific nutrient requirements for the elderly. 
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34 Role of Nutrition in 
Common Oral Diseases 

CECILIA CORREL AND TIFFANY L. BIERER 

INTRODUCTION 
Oral diseases are extremely common in man and animals. In fact, 
animal dentistry is a rapidly expanding specialist area within 
veterinary medicine. The two most common conditions seen in 
man are dental caries and periodontal disease. Developmental 
lesions of the teeth (e.g., enamel hypoplasia) are not uncommon 
and have a multitude of causes. In our domesticated pets, the 
pathology seen encompasses the whole spectrum of problems as 
seen in man. Periodontal disease is, however, the most common 
oral condition seen in dogs and cats. Indeed, it is probably the 
single most common disease in small animal practice (1). 

Nutrition plays an important role in tooth formation and devel
opment, as well as in bone development and metabolism. It may 
also be involved in disease processes affecting the tooth and its 
supporting structures. It is well documented that an increased 
consumption offermentable carbohydrates, especially simple sug
ars, plays an important role in the etiology and pathogenesis of 
caries. Although there is currently no known single nutrient, or 
combination of nutrients, that will prevent the development of 
periodontal disease, deficiencies of many nutrients are thought to 
be linked to the development and progression of both gingivitis 
and periodontitis. 

This chapter will discuss the etiology and pathogenesis of 
common oral conditions and discuss the potential effects of nutri
tional factors on these conditions. 

THE DENTITION 
The dentition of the dog and cat resembles that seen in man. There 
are differences in tooth number and shape, but the basic anatomy 
is similar. Each tooth has a crown (above the gum) and one or 
more roots (below the gum). The bulk of the tooth is composed 
of dentine, which is covered by enamel on the crown and by 
cementum on the roots. The center of the tooth contains the pulp 
or endodontic system. Figure 1 depicts the basic structure of 
a tooth. 

The crowns of dog and cat have teeth have a more tapered 
shape with sharp cutting edges and fewer chewing surfaces as 
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compared to human teeth. Also, the teeth are spaced further apart 
and where there is contact between teeth, the contact area is 
smaller and not as tight. 

Man, dog and cat are diphyodont (i.e., primary [deciduous] 
teeth are followed by a permanent dentition). The respective dental 
formulas of the primary and permanent dentitions of man, dog 
and cat are depicted in Fig. 2. 

The formation of the crown of both primary and permanent 
teeth occurs within the alveolar bone. Enamel formation is com
pleted before the tooth erupts. Once the enamel has been formed, 
the ameloblasts (the cells that produce the enamel matrix) are lost 
and further development of enamel does not occur. The only 
natural form of repair that can occur to enamel after eruption is 
surface mineralization (i.e., through deposition of minerals, mainly 
from saliva, into the superficial enamel layer). Thus, when the 
tooth erupts, enamel formation is completed but dentine produc
tion is just beginning. Moreover, root development (i.e., growth 
in length and formation of a root apex) is by no means complete 
at the time of eruption. Figure 3 depicts maturation of a permanent 
tooth following eruption. 

In man, tooth formation and maturation occurs over a prolonged 
period of time. The formation of the crowns of the primary teeth 
starts in utero and root development commences shortly after 
birth. The primary teeth start erupting during the first year of life, 
and by 2 yr of age, most children have a full set of primary teeth. 
However, root development of the primary teeth is not completed 
until 3 yr of age. The crowns of the permanent dentition start 
forming in the alveolar bone at around the time of birth. Between 
the age of 5.5 and 8.5 yr of age, the primary teeth start to exfoliate 
and are replaced by the permanent teeth. Permanent teeth eruption, 
with the exception of the third molar (wisdom tooth), is usually 
complete by 12 yr (± 18 mo) of age. The third molar tooth 
commonly erupts later in life. In some instances, one or more of 
the wisdom teeth do not erupt. Congenital absence of one or more 
wisdom teeth is also not uncommon. 

In the dog and cat, tooth formation and maturation occurs over 
a much shorter period of time. The primary teeth start forming 
in utero and erupt between 3 and 12 wk of age. The permanent 
crowns start forming at or shortly after birth and mineralization 
of the crowns is complete by around 11 wk of age. Exfoliation 
of the primary teeth and replacement by the permanent dentition 
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Fig. 1. Basic structure of the tooth. 

occurs between 3 and 7 mo of age in the dog and between 3 and 
5 mo of age in the cat. Once the crowns of the permanent teeth 
have erupted, root development continues for several months. 

ANATOMY OF THE TOOTH 

As already mentioned, the tooth consists of enamel, dentine, 
cementum, and pulp. The detailed structure of these tissues will 
be discussed in the following subsections. 

ENAMEL Enamel is the hardest and most mineralized tissue 
in the body. It does not have a nerve or a blood supply. The 
inorganic content of mature enamel amounts to 96-97 % by weight, 
the remainder being organic material and water (2). The inorganic 
material consists of calcium hydroxyapatite crystals arranged in 
an orderly fashion at right angles to the tooth surface. The organic 
content is made up of soluble and insoluble proteins and peptides. 

The enamel of dog and cat teeth is thinner than that of humans, 
generally being 0.2 mm in the cat and 0.5 mm in dogs, rarely 
exceeding 1 mm even at the tips of the teeth (3), compared with 
up to 2.5 mm in man (4). 

DENTINE The bulk of the tooth is made up of dentine, which 
is continuously deposited throughout life by odontoblasts lining 
the pulp system. The primary dentine is the layer that is present 
at tooth eruption. Throughout life, there is a slow continuous 
physiologial deposition of dentine, which is called secondary den
tine. In response to trauma, dentine is laid down rapidly and in 
a less organized fashion. This type of dentine is called reparative 
or tertiary dentine. 

The composition of dentine on a wet weight basis is 70% 
inorganic material, 18% organic material, and 12% water (5). 
Because of the normal and progressive mineralization of dentine 
after the tooth is fully formed, the composition will vary depending 
on the age of the tooth. The inorganic portion of dentine consists 
mainly of calcium hydroxyapatite crystals, which are similar to 
those seen in cementum and bone, but smaller than the hydroxyap
atite crystals in enamel. Other inorganic calcium salts, as well as 
trace elements such as fluoride, copper, zinc, and iron are also 
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'I' represents incisors, 'C' represents canines. 'P' represents premolars, 
'M' represents molars 

Fig. 2. Dental formulas of man, dog, and cat. Teeth can be recorded 
as a dental formula, which shows the number of teeth in the upper 
and lower jaws of one side of the head. 

present. The organic portion consists mainly of collagen. Fractions 
oflipids, mucopolysaccharides, and other proteins are also present, 
as well as citric acid. 

Dentine has a tubular structure. The tubules traverse the entire 
width of dentine, from the pulpal tissue to the dentino-enamel 
junction (DEJ) in the crown or the dentino-cementum junction 
(DCJ) in the root. They contain dentinal fluid and the cytoplasmic 
processes of the odontoblasts. The dentine tubules are more numer
ous and have a wider diameter closer to the pulp than toward the 
enamel or cementum surface. Exposed dentine tubules thus allow 
communication between the pulp and the external environment. 
The number of dentine tubules (20,000-40,000/mm2) and diameter 
(tapering from 3 to 4 11m near the pulp to under 1 11m in the outer 
layer of dentine) are similar in cats, dogs, monkeys, and humans 
(6). Dentinal tubules make up 20-30% of the volume of dentine. 

CEMENTUM Cementum, although part of the tooth, is classi
fied as part of the periodontium and is discussed later in this 
chapter. 

PULP The pulp is composed of connective tissue liberally 
interspersed with tiny blood vessels, lymphatics, myelinated and 
unmyelinated nerves, and undifferentiated mesenchymal cells. As 
already mentioned, the pulp system is lined by odontoblasts, which 
produce dentine. 

In the crown, the section containing the pulp is called the pulp 
chamber, and in the root(s), it is called in the root canal(s). The 
root canal opens into the periapical tissues at the root apex. The 
apical foramen of immature teeth is a single wide opening. As 
the individual ages, closure of the apex (apexogenesis) occurs by 
continuous deposition of dentine and cementum (Fig. 3) until, in 
mature teeth, the root apex consists of numerous small openings 
or foramina, allowing the passage of blood vessels, lymphatics, 
and nerves. 
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Fig. 3. Tooth development of an upper canine tooth in a dog. At 4 months (A), the crown has formed, with its full complement of enamel, 
but is usually still unerupted or just beginning to come through the gingiva. By 7 months (B), the root has elongated, which contributes to 
tooth eruption. The apex closes at approximately 12 months. Dentine deposition then continues throughout life, resulting in a progressively 
narrower pulp system. Cementum deposition also occurs throughout life, but at a much slower rate. C = 1.5 years of age; D = 2 years; E = 
3.5 years. 

ANATOMY OF THE PERIODONTIUM 

The periodontium is an anatomical unit whose main functions are 
to attach the tooth to the jaw and provide a suspensory apparatus 
resilient to normal functional forces. It is made up of the gingiva, 
periodontal ligament, cementum, and alveolar bone (Fig. 4). 

THE NORMAL GINGIVA The normal gingiva surrounds 
the teeth and the marginal parts of the alveolar bone, forming a 
cuff around each tooth. 

The gingiva (Fig. 5) can be divided into the free gingiva, which 
is closely adapted to the tooth surface, and the attached gingiva, 
which is firmly attached to the underlying periosteum of the alveo
lar bone. The attached gingiva is delineated from the oral mucosa 
by the muco-gingival line except in the palate where no such 
delineation exists. An interdental papilla is formed by the gingival 
tissues in the spaces between the teeth (the interproximal spaces). 

The margin of the free gingivia is rounded in such a way that 
a small invagination or sulcus is formed between the tooth and 
the gingiva. The gingival sulcus is thus a shallow groove surround
ing each tooth. The depth of the sulcus can be assessed by gently 
inserting a graduated periodontal probe until resistance is encoun
tered. This resistance is taken to be the base of the sulcus. The 
depth from the free gingival margin to the base of the sulcus can 
thus be measured (Fig. 6a). In the periodontally healthy individual, 
the sulcus is 1-3 mm deep in man and dog and 0.5-1 mm in 
cats. Measurements in excess of these values usually indicates 
the presence of periodontitis when the periodontal ligament has 
been destroyed and alveolar bone resorbed, thus allowing the 
probe to be inserted to a greater depth. The term used to describe 
this situation is periodontal pocketing (Fig. 6b). Gingival inflam
mation resulting in swelling or hyperplasia of the free gingiva 

Periodontal 
19ament 

----~--__ ~~r~e 

Fig. 4. Anatomy of the periodontium. 

will, of course, also result in measuring sulcus depths in excess 
of normal values. In these situations, the term pseudo-pocketing 
is used because the periodontal ligament and bone are intact and 
the increase in measurement is the result of swelling or hyperplasia 
of the gingiva (Fig. 6c). 

The oral surface of the gingiva is lined by a parakeratinized 
squamous cell epithelium, the oral gingival epithelium. The gingi
val sulcus is lined by the oral sulcular epithelium. In addition to 
the sulcular epithelium closely apposed to the tooth surface but not 
attached to it, there is a thin layer of highly permeable epithelium 
adherent to the tooth surface called the epithelial attachment or 
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MGJ = Mucogingival junction or line. 

AM = Alveolar mucosa 

AG = Attached gingiva 

FG = Free gingiva 
IP = Interdental papilla 
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Fig. 5. The visible landmarks of clinically nonnal gingiva. 
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Fig. 6. (A) Gingival sulcus. The gingival sulcus is the narrow space between the sulcular epithelium and the enamel of the tooth. It can 
be measured using a periodontal probe. Note that the base of the junctional epithelium is nonnally at the cemento-enamel junction (CEJ). 
(B) Periodontal pocket. The junctional epithelium has migrated apically and now attaches on the root surface well below the CEJ. 
(C) Pseudo-pocket. The gingiva is hyperplastic, but the junctional epithelium is in its nonnal position. 
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junctional epithelium (Fig. 7). Both the oral sulcular epithelium 
and the junctional epithelium are nonkeratinized squamous cell 
epithelia and have a very rapid cell turnover (5-8 d). 

The gingival connective tissue is densely fibrous and firmly 
attached to the periosteum of the alveolar bone. 

PERIODONTAL LIGAMENT The periodontal ligament is 
the connective tissue that attaches the root cementum to the alveo
lar bone. It acts as a suspensory ligament for the tooth and is in 
a continual stage of physiologic activity. 

The collagen fibers within the ligament are arranged in func
tional groups. Individual fibers do not span the entire distance 
between bone and cementum; they branch and reunite in an inter
woven pattern. All fibers follow a wavy course that allows for 
slight movement of the tooth and will absorb mild impact to 
the tooth. 

CEMENTUM The cementum is an avascular bone-like tissue 
that covers the root surfaces. It does not contain Haversian canals 
and is, therefore, denser than bone. It is less calcified than enamel 
or dentine, but like dentine, cementum deposition is continuous 
throughout life. The initial thin layer of cementum is acellular. 
The continuous deposition is more marked at the apical area 
(toward the tip of the root) and is comprised of cellular cementum. 
Cementum is a very important component involved in tooth sup
port, as it is capable of both resorptive and reparative processes. 
Resorption and apposition phenomena are, however, slower than 
in bone. 

ALVEOLAR BONE The alveolar bone is composed of the 
ridges of the jaw that support the teeth. The roots of the teeth are 
contained in deep depressions, the alveolar sockets, in the bone. 
The alveolar bone develops during tooth eruption and undergoes 
atrophy with tooth loss. It responds readily to external and systemic 
influences. The usual response to stimuli results in resorption, but 
this may be accompanied by apposition in some situations. 

Alveolar bone consists of four layers. In addition to the three 
layers found in all bones, namely periosteum, dense compact bone, 
and cancellous bone. there is a fourth layer, the cribriform plate, 

Fig. 8. Enamel hypoplasia in a dog. A number of factors may affect 
amelogenesis resulting in the formation of defective enamel. In this 
instance, the dog has a history of fever of unknown origin when it 
was around 4 wk of age, resulting in enamel hypoplasia of the cusps 
of several teeth. In the dog and cat, amelogenesis of the permanent 
dentition is completed by around 11 wk of age. 

that lines the alveolar sockets. Radiographically, this appears as 
a fine radiodense line called the lamina dura. The alveolar crest 
is normally located around I mm below the cemento-enamel 
junction (Fig. 4). Vessels and nerves run through the alveolar 
bone and perforate the cribriform plate. The majority of these 
blood and nerve vessels supply the periodontal ligament. 

ENAMEL HYPOPLASIA 
Enamel hypoplasia may be defined as an incomplete or defective 
formation of the organic enamel matrix of teeth. 

In man, two basic types exist: 

1. A hereditary type (many subclassifications based on the 
different modes of inheritance and clinical appearance). 
Both the primary and permanent dentition is affected and 
the defect is usually limited to the enamel. Some types 
show hypocalcification as well as hypoplasia of the 
enamel matrix. 

2. A type caused by environmental factors. Either dentition 
may be involved, sometimes only a single tooth; both 
enamel and dentine are usually affected, at least to 
some degree. 

Enamel hypoplasia results only if the injury occurs during the 
formative stage of enamel development (i.e., during amelogen
esis). In animals, as well as in man, disease or trauma may affect 
amelogenesis. Affected teeth may appear normal at the time of 
eruption, but the porous enamel soon becomes discolored and 
flakes off sometimes. In more severe cases, the enamel is visibly 
deficient, discolored in patches, or partly missing already at the 
time of eruption (Fig. 8). The clinical significance of these defects 
is that exposed dentine is painful, particularly in young individuals 
in whom the dentine is relatively thin and the pulp thus proportion
ally larger than in mature teeth. These teeth do become less sensi
tive with increasing age as secondary dentine is lain down continu
ously by the pulp tissue, thus reducing the communication of the 
pulp with the external environment. 
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Environmental factors known to cause enamel hypoplasia in 
man are nutritional deficiency (vitamins A, C, and D, calcium, 
zinc, magnesium), exanthematous diseases (measles, scarlet fever, 
chicken pox), hypocalcemia, birth injury (permaturity, Rh hemo
lytic disease), local infection or trauma, ingestion of chemicals 
(chiefly fluoride), and idiopathic causes (7). 

There has been considerable controversy as to whether there 
is any relationship between enamel hypoplasia and dental caries. 
Clinical reports have given conflicting results. Most authors 
assume that the two are not related, although hypoplastic teeth 
do appear to decay at a more rapid rate once decay has started (7). 

DENTAL PLAQUE-THE PROBLEM 
Plaque deposition on the tooth surfaces is the primary cause of 
periodontal disease and caries. Dental plaque is composed of 
aggregates of bacteria and their by-products, salivary components, 
oral debris, and occasional epithelial and inflammatory cells. The 
initial accumulation of plaque occurs supragingivally (on the tooth 
surfaces above the gingiva margin) but will extend into the sulcus 
and populate the subgingival region if left undisturbed. 

The microbiota of the oral cavity is a complex ecological 
system. Nutrients and microbes are repeatedly introduced into and 
removed from the oral cavity. The flow of saliva is so high that 
the only organisms that can colonize the oral cavity are those that 
can adhere to surfaces within the cavity or that are in some other 
way retained. In addition to salivary flow, the flow of gingival 
fluid in the gingival sulcus, chewing, oral hygiene procedures, 
and desquamation of epithelial cells from the mucous membranes 
serve to remove bacteria from the oral surfaces. Some bacteria 
may be retained simply by obtaining refuge in pits and fissures 
of the teeth; others need to rely on specific mechanisms of adher
ence. The oral cavity contains several sites that will each support 
the growth of a particular type of microbial community. Enormous 
differences thus exist between the composition of the microbiota 
on the mucous membranes, the tongue, the teeth, and in the gingi
val sulcus. 

The tooth surfaces are initially covered by the pellicle, which 
is a highly structured organic film derived from salivary glycopro
teins (mucins). The pellicle alters the charge and free energy 
of the tooth surface, which increases the efficiency of bacterial 
adhesion. The bacterial flora together with salivary glycoproteins 
form the major components of plaque, which rapidly covers the 
tooth surface when no oral hygiene measures are performed. 

Calculus (tartar) is mineralized plaque. Both supragingival and 
subgingival plaque become mineralized. Supragingival calculus 
is not thought to exert an irritant effect on the gingival tissues. 
In fact, it has been shown that under certain circumstances, a 
normal attachment may be seen between the junctional epithelium 
and calculus (8). It has also been shown that sterilized calculus 
may be encapsulated in connective tissue without causing marked 
inflammation (9). The main importance of calculus in periodontal 
disease seems to be its role as a retention surface for plaque; 
however, subgingival calculus may be more directly involved in 
the pathogenesis of periodontitis. 

PERIODONTAL DISEASE 
Periodontal disease is a collective term for a number of plaque
induced inflammatory reactions that affect the periodontium of 
the tooth. Gingivitis is inflammation of the gingiva (Fig. 9), which 
is reversible. Periodontitis is the term used when the inflammatory 

Fig. 9. Generalized gingivitis in an 8-mo-old dog. This dog has 
never received any oral hygiene measures. The gingivae are inflamed 
(erythema and swelling) as a result of the undisturbed plaque accumu
lation. Note that plaque is not readily visible to the naked eye unless 
disclosed with a dye. 

reactions also involve the periodontal ligament, root cementum, 
and alveolar bone (Fig. 10). The end result of periodontitis is loss 
of the tooth due to progressive destruction of its attachment appa
ratus. 

Periodontal disease is one of the most common oral diseases 
seen in man and the most common oral disease in the dog and 
cat. The disease can cause discomfort to affected individuals. 
Moreover, there is mounting circumstantial evidence that period
ontitis could lead to development of disease in other organs and 
tissues (10). Consequently, prevention of periodontal disease is 
of importance for the general health and welfare of both man and 
companion animals. 

ETIOLOGY AND PATHOGENESIS OF PERIDONTAL DIS
EASE The primary cause of gingivitis and periodontitis is accu-

Fig. 10. Periodontitis in a middle-aged dog. The lower canine tooth 
and the distal root of the lower first molar tooth (arrows) exhibit 
marked destruction of the periodontal ligament and alveolar bone in 
combination with gingival recession, thus exposing the root surfaces. 
These teeth could be maintained with regular oral hygiene measures. 
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mulation of plaque on the tooth surfaces. Calculus (tartar) is a 
secondary etiologic factor. 

The pathogenesis of periodontal disease is by no means fully 
elucidated. The plaque bacteria and their products, as well as the 
inflammatory and immune reactions of the host, contribute to 
the destruction of the periodontium. The pathogenic mechanisms 
involved in periodontal disease include the following: 

I. Direct injury by plaque micro-organisms 
2. Indirect injury by plaque micro-organism via inflammation 

Although numerous microbiological studies have been performed, 
the association between specific periopathogens and periodontitis 
remains to be conclusively proven, and it is not yet possible to 
state whether the microbiota found in deep periodontal pockets, 
where supporting structures have been destroyed, are the cause 
or an effect of periodontitis. 

Many microbial products have little or no direct toxic effect 
on the host; instead, they possess the potential to activate nonim
mune and immune inflammatory reactions. It is these inflammatory 
reactions that actually cause the tissue damage. 

In many instances, disease progression may be an episodic 
occurrence rather than a continuous process. Tissue destruction 
occurs as acute bursts of disease activity followed by relatively 
quiescent periods. The acute burst is clinically characterized by 
rapid deepening of the periodontal pocket as a consequence of 
detachment of periodontal ligament fibers from root cementum 
and loss of alveolar bone. The quiescent phase is not associated 
with clinical or radiographic evidence of disease progression. 
Complete healing does not occur during this quiescent phase 
because subgingival plaque remains on the root surfaces and 
inflammation persists in the connective tissue. The inactive phase 
often lasts for extended periods of time. 

Other conditions, such as physical or psychological stress and 
malnutrition, may impair protective responses, such as the produc
tion of antioxidants and acute-phase proteins, and can, as such, 
aggravate periodontitis but not cause destructive tissue inflamma
tion per se. The effect of nutritional factors on periodontal disease 
is reviewed in detail as a separate section later in this chapter. 

In summary, it is not yet possible to entirely account for the 
pathogenesis of periodontal disease. The dog has for the last 30 
yr been used as the experimental model for human periodontal 
disease. Despite this, we still do not fully understand the mecha
nisms involved in disease development in either species. It is now 
well accepted, however, that it is the host's response to the plaque 
bacteria rather than microbial virulence per se that directly causes 
the tissue damage (11). 

CLINICAL CONSIDERATIONS Undisturbed plaque accu
mulation will result in gingivitis. However, all animals with 
untreated gingivitis will not progress to periodontitis. 

Clinically healthy gingivae (Fig. 11) can be maintained by 
frequent, usually daily, plaque removal. Animals with clinically 
healthy gingivae will not develop periodontitis. Untreated gingivi
tis will, in some individuals, progress to periodontitis. At our 
current level of knowledge, we cannot predict which individuals 
with gingivitis will develop periodontitis. 

Conservative or cause-related periodontal therapy consists of 
professional periodontal therapy followed by the daily mainte
nance of oral hygiene. In individuals with clinically healthy peri
odontal tissues the goal is to prevent all gingivitis and, conse
quently, periodontitis. In individuals with gingivitis, the aim is 

Fig. 11. Clinically healthy gingivae in a 9-yr-old dog. This dog has 
better periodontal health and hygiene than many human patients. The 
gingivae are pale pink and firmly attached to underlying structures. 
There is no sign of erythema, swelling, or bleeding on examination. 
This dog has had its teeth brushed daily since it was 5 mo of age. 
Thus, maintaining periodontal health in our pets is possible! 

to restore the tissues to clinical health, and in individuals with 
established periodontitis lesions, the aim of therapy is to prevent 
progression of disease. Mechanical plaque control is the mainstay 
of periodontal disease prevention and therapy with adjunctive 
chemical plaque control being indicated in some situations. 

CONTROL OF DENTAL PLAQUE Periodontal disease can 
be prevented by means of meticulous plaque control. Plaque con
trol is also an integral part of caries prevention. In man, the single 
most effective means of removing plaque is frequent, preferably 
daily, toothbrushing. This has also been shown to hold true for 
the dog (12,13). 

Several recent studies have investigated mechanical means of 
reducing accumulation of dental deposits (plaque and calculus) 
via dietary texture (14-17) in the dog. These modified dry diets 
and dental hygiene chews do reduce the accumulation of plaque 
and calculus and also the severity of gingivitis. They do not 
maintain clinically healthy gingivae in the absence of toothbrush
ing. Moreover, it has yet to be demonstrated that reducing the 
severity of gingivitis will necessarily prevent the development of 
periodontitis. The relationship between dietary texture and the 
accumulation of plaque and development of gingivitis has not 
been clearly demonstrated in humans, although a link has been 
determined in dogs (14-18). Several workers have investigated 
the effect of the daily addition of raw apples or carrots to the diet 
on gingival health in man. With the exception of one study (19) 
that showed a reduction in gingivitis, others showed no beneficial 
effect being derived from the addition of these foods (20-22). It 
has been proposed that differences seen between studies in man 
and dogs may be the result of the different tooth anatomy (i.e., 
dog teeth are more tapered, which may allow for more efficient 
cleaning of the tooth surface through chewing). Although fibrous 
foods may help to remove plaque from chewing surfaces, the area 
around the gingival margin (the important area for the initiation 
of periodontal disease) is not efficiently cleansed by chewing. 

Aside from mechanically cleaning the teeth, food that encour
ages chewing will also stimulate salivary flow. Saliva contains 
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antibacterial agents that help keep the mouth clean. It has also 
been speculated that chewing helps strengthen the alveolar bone 
and periodontal ligament, thus reducing the risk of developing 
periodontitis. However, the evidence to support this theory is 
lacking. 

Another point to consider concerning texture of the diet is the 
stickiness of a food product and the risk of developing caries. 
Foods like potato chips, which are high in starch carbohydrates and 
tend to stick to the teeth when eaten, provide a readily accessible 
substrate for cariogenic bacteria once the starches are broken down 
into sugars through enzymatic activity by the saliva. 

Numerous chemical agents have been evaluated for the supple
mentation of patient-dependent mechanical plaque control. Clini
cally effective antiplaque agents are characterized by a combina
tion of intrinsic antibacterial activity and good oral retention 
properties. Agents that have been evaluated include chlorhexidine, 
essential oils, triclosan, sanguinarine, fluorides, oxygenating 
agents, quaternary ammonium compounds, substituted amino 
alcohols, and enzymes. Of the above, the greatest effect on the 
reduction of plaque and gingivitis can be expected from chlorhexi
dine, essential oils, triclosan, and substituted amino alcohols. Anti
plaque agents delivered from toothpastes, gels, or mouthrinses 
can augment mechanical oral hygiene to control the formation of 
supragingival plaque and the development of early periodontal 
disease. It must be emphasized that none of these agents will 
prevent gingivitis on their own (i.e., in the absence of mechanical 
plaque removal) (23,24). Moreover, all these agents are associated 
with adverse side effects. These effects vary according to the 
chemical agent and include poor taste, a burning and/or numbing 
of oral mucous membranes, staining of teeth and soft tissues, and 
allergic reactions. The use of chemical antiplaque agents should 
be seen as adjunctive to the mechanical removal of plaque by 
means of toothbrushing. 

The incorporation of fluoride into toothpaste (as well as other 
means of delivering fluoride) has been of paramount importance 
in reducing the incidence of caries in man. The mechanisms of 
action of fluoride are discussed later in the chapter. 

NUTRITIONAL INFLUENCES The primary cause of peri
odontal disease is the accumulation of plaque on the tooth surfaces. 
However, possible nutritional influences on the development and 
progression of disease may occur at several points, as shown in 
Fig. 12. The role of dietary texture as a mechanical means of 
plaque reduction has been discussed in Subheading 7.3. Other 
mechanisms by which nutrition may affect periodontal disease 
include the following: 

1. Antimicrobial action. Many nutrients have antimicrobial 
activity. These may alter the quantity and/or quality of 
dental plaque, and thus be associated with a reduction in 
gingival inflammation. 

2. Anti-inflammatory effect. Nutrients that decrease the host 
response to injury may result in a reduction in the severity 
of gingivitis and/or development and progression of peri
odontitis. These work by affecting the enzymes involved 
in the production of the anti-inflammatory compounds or 
by altering which compounds are actually produced. 

3. Immune system modification. Some nutrients are thought 
to act as immune system modifiers in that they optimize 
the host's immune response so that the protective immune 
reactions outweigh the self-destructive ones. This could 

also be accomplished by alteration of the permeability of 
the gingival epithelium, thus changing host resistance to 
bacterial products. 

4. Antioxidant effect. Nutrients with an antioxidant action 
help maintain cell integrity by reducing the free-radical 
damage to host tissues that is initiated by the host's 
inflammatory and immune reactions. They also serve to 
protect the host from bacterial damage. 

In the following, the most common nutrients and their possible 
role in periodontal disease will be discussed. 

Protein/Energy Malnutritions Protein/energy malnutritions 
(PEM) are the most common nutritional diseases found in man 
and occur quite frequently in underdeveloped countries. Chronic, 
severe PEM can eventually lead to the development of other 
nutritional deficiencies. It has been noted in man and in other 
animals that PEM can result in a decrease in the quantity as well 
as the antibacterial properties of saliva, leading to increases in 
plaque accumulation on the tooth surfaces (25,26). Insufficient 
protein in the diet will also reduce the production of essential 
components of the immune system, resulting in an increased sus
ceptibility to infections, which may include periodontal disease. 
Protein deficiencies have also been associated with increased loss 
of the periodontal ligament, osteoporosis of the alveolar bone, 
and delayed wound healing (27). However, experiments looking 
at the effects of protein supplementation on the development and 
progression of periodontal disease have been inconclusive (28). 

Whereas the initial host responses in early periodontal disease 
are protective to the host and need to be maintained, the host's 
inflammatory and immune reactions in more advanced periodontal 
disease are actually self-destructive. Research with immune-com
promised individuals suggests that although these individuals have 
a decreased ability to mount an adequate immune response to fight 
infections, this may actually provide a protective effect against 
developing periodontitis (29). The complicated balance between 
essential protective and self-destructive components of the host 
response makes modulation of the immune response as a method 
of reducing periodontal disease a difficult and perhaps impossi
ble task. 

Fats Evidence exists that nonsteroidal anti-inflammatory 
drugs (NSAIDS) can aid in reducing periodontal disease through 
reductions in gingival inflammation as well as decreases in alveolar 
bone loss (30,31). This effect is accomplished through inhibition 
of the cyclooxygenase fatty acid metabolic pathway, which, in 
normal metabolism of some essential fatty acids, can produce a 
series of prostaglandins that are inflammatory and can trigger 
bone resorption. Some polyunsaturated fatty acids (PUFAs), 
among which are the omega-3 fatty acids, can also affect inflam
mation through the cyclooxygenase pathway by production of 
an alternate series of prostagandins, which are, in general, less 
inflammatory. The effects of these fatty acids or other naturally 
occurring anti-inflammatory nutrients on gingival inflammation 
and alveolar bone loss warrant further investigation. 

Vitamin C (Ascorbic Acid) Although deficiencies of several 
vitamins exhibit oral manifestations, only vitamin C deficiency is 
directly associated with the development of a specific form of 
peridontal disease, namely scorbutic gingivitis. It is characterized 
by swollen, bluish colored, bleeding gums and tooth loss. One of 
the main functions of ascorbic acid in the body is in the area of 
collagen synthesis. Defects in collagen synthesis are thought to be 
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Fig. 12. Potential targets for nutritional influences on the progression and development of periodontal disease. 

one of the main factors in the development of scorbutic gingivitis. 
Inverse relationships have also been seen between levels of vitamin 
C in gingival sulcular epithelium and permeability of that tissue 
(32,33). Although adequate vitamin C intake will prevent scorbutic 
gingivitis, supplemental intakes above recommended levels, while 
shown to raise gingival sulcular epithelial vitamin C levels, have 
not been shown to prevent or reduce other forms of gingivitis or 
periodontitis (34). 

Vitamin A Vitamin A deficiency is one of the most common 
nutritional deficiencies in the world. Vitamin A plays an integral 
role in vision and is also an important player in the maintenance 
and differentiation of epithelial cells, making it critical for those 
cells with a rapid turnover rate. 

There are several factors that indicate that vitamin A may be 
important for the prevention of periodontal disease. First, the 
gingival sulcular epithelium and the junctional epithelium, which 
playa critical role in the initiation and progression of the disease, 
both have a very rapid turnover rate and adequate levels of vitamin 
A would be important for their maintenance and differentiation. 
Of further importance is that the vitamin also plays a role in the 
differentiation of immune cells, and deficiency is often associated 
with a decreased resistance to infection. Vitamin A also plays a 
role in normal bone metabolism and deficiencies have been associ· 
ated with alveolar bone loss (35). Finally, there is evidence to 
indicate that the vitamin has a coenzyme role in the formation of 
glycoproteins which contribute to the formation of dental plaque. 

Epidemiological studies in man have seen a possible weak asso
ciation between serum vitamin A levels and periodontal disease 
(36). The main problem with many of these studies is that serum 
vitamin A levels are a poor indicator of vitamin A status unless the 
individual is severely deficient. However, in animals with severe 
vitamin A deficiency, increases in both gingivitis and periodontitis 
have been recorded (35), although the methods used to diagnose 
disease have not always been strictly accurate. As with vitamin C, 

supplemental intakes above recommended levels have not been 
shown to prevent or reduce gingivitis or periodontitis. 

Folic Acid Folic acid plays a role in the synthesis of DNA. 
It is therefore, like vitamin A, a particularly important nutrient 
for those cells in the body that have a high rate of turnover, such 
as the gingival sulcular epithelium and junctional epithelium. Such 
cells would theoretically be more sensitive to a mild folic acid 
deficiency. 

Studies in man and animals have shown that deficiencies in 
folic acid may increase the permeability of the oral mucosa and, 
more specifically, the gingival sulcular epithelium (37,38). This 
would affect the animal's exposure to plaque bacteria and their 
products on the tooth surfaces. 

Women who are pregnant or taking oral contraceptives are 
reported as having an increased incidence and severity of gingivi
tis. This has been attributed to an increased permeability of the 
gingiva sulcular epithelium, possible the result of decreases in 
folate levels also associated with these conditions. However, the 
nutritional status of other nutrients such as vitamin A, zinc, and 
vitamin C can also be affected by oral contraceptive use and 
pregnancy. Supplementation of women with folic acid during 
pregnancy and when taking oral contraceptives has shown 
improvements in gingivitis even though most of these women 
exhibited serum folacin levels within normal ranges (37,39). This 
suggests a possible end·organ deficiency of folic acid in the gingi
val tissues of women in these conditions. The use of folic acid 
supplementation for periodontal disease prevention warrants fur
ther investigation. 

Vitamin D, Calcium, and Phosphorus Adequate intake of 
calcium, phosphorus, and vitamin D are essential for the develop
ment and maintenance of bone, including alveolar bone. In man 
and animals, a calcium-deficient diet will result in low extracellular 
calcium levels and hypocalcemia. This triggers release of parathy
roid hormone, which promotes resorption of calcium from the 
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bone in an attempt to raise extracellular calcium levels. In the 
dog, alveolar bone has been shown to be especially susceptible 
to resorption (40). This condition is classified as nutritional sec
ondary hyperparathyroidism and can also be induced by a defi
ciency of vitamin D (Fig. 13). 

Excess phosphorus in the diet can also result in secondary 
hyperparathyroidism. The optimal ratio of calcium to phosphorus 
is believed to be approximately 1 : 1. A low ratio, as with a high
phosphorus diet, has been shown in animals to cause increases in 
bone resorption. In humans, a high-phosphorus diet has not been 
conclusively shown to cause increased bone resorption as long as 
calcium intake is adequate (41). 

In dogs and cats with hyperparathyroidism, a distinct pattern 
of bone loss is consistently seen. The first bone affected is the 
mandible, followed by the maxilla, then the other bones of the 
skull, the axial skeleton, and then, finally, the long bones of the 
limb. Before the rest of the skeleton is affected, the bones of the 
jaws may be severely demineralized, which is evident clinically 
as softening, hence commonly referred to as "rubber jaw." The 
bone will remineralize if the nutritional deficiency is corrected. 
Hyperparathyroidism does not cause periodontitis. It will, how
ever, exacerbate bone loss and exfoliation of teeth in animals with 
plaque-induced periodontitis. 

Antioxidants As discussed in previous chapters in this book, 
the intake and serum levels of antioxidant nutrients have been 
associated with reduced risks of many diseased states. Although 
there is no evidence to suggest that increased intakes of these 
nutrients are associated with a decreased risk of periodontal dis
ease, it is known that several antioxidant nutrients and enzymes 
are present in the sUlcular epithelium and gingival crevicular fluid. 
Some of the nutrients that influence an individual's oxidative 
status include vitamin C, vitamin E, zinc, copper, manganese, and 
selenium. Antioxidant enzymes include glutathione peroxidase 

and superoxide dismutase. It is not surprising that these antioxi
dants are found in the oral epithelium and secretions considering 
the responses elicited by the host against pathogenic oral bacteria. 
These antioxidant compounds are essential for helping to maintain 
cell integrity by reducing free-radical damage to the gingival 
tissues that is initiated by the host's inflammatory and immune 
responses. In PEM, antioxidant levels in the serum have been 
shown to be dramatically decreased (42), which may result in 
increased tissue damage throughout the body. The role and supple
mental use of antioxidant nutrients in the maintenance of oral 
health warrants further investigation. 

Essential Oils, Herbs, and Other Phytonutrients There are 
several oils (tea tree, eucalyptus, and clove) that have known 
antimicrobial properties, and their use is currently being promoted 
in dental hygiene products. Although they may be efficacious as 
antimicrobial agents, there is limited knowledge about the true 
efficacy and safety of these compounds in the oral cavity. Even 
less information is available about their safety and efficacy than 
in animals other than humans. This is also true in regard to the 
vast majority of herbs (yucca, echinacea) and phytonutrients (pol
yphenols, carotenoids, tannins) which are thought to have immune 
modifying or antioxidant properties. Basic research investigating 
the effectiveness and especially the safety of these compounds is 
required before they can be justified for use in the prevention or 
treatment of periodontal disease. 

Summary Research to date shows that deficiencies of several 
nutrients have an effect on the development and progression of 
periodontal disease. On the other hand, there is no conclusive 
evidence that supplementation of any nutrient above and beyond 
required levels has an effect on the development of periodontal 
disease. Interestingly, the development of periodontal disease can 
have a profound effect on nutritional status of the individual. 
Pain and loss of teeth can affect the emotional well-being of the 
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individual and will also affect the food choices made. This can, 
in itself, result in the development of nutritional deficiencies and! 
or severe malnutrition, which are even more detrimental to the 
affected individual. 

It should be emphasized that there is no known nutritional 
intervention that can be used as a substitute for daily toothbrushing 
and regular dental checkups. Balanced nutrition should be used 
in conjunction with an effective dental hygiene program to reduce 
the risk of developing periodontal disease. 

CARIES 

Caries or dental decay is also primarily caused by plaque accumu
lation on the tooth surfaces. The disease is common in man. It 
does occur, but is less common, in the dog and it has not been 
reported in the cat. Dental caries can occur on any exposed tooth 
surface (i.e., crown and!or root). 

ETIOLOGY AND PATHOGENESIS In simple outline, den
tal caries occurs as plaque bacteria (notably Streptococcus and 
Lactobacillus species) and metabolizes fermentable carbohy
drates, producing organic acids such as lactic, acetic, and proprio
nic acids. These acids diffuse through the plaque into the enamel 
and dissolve mineral (calcium and phosphate). If mineral diffuses 
out of the tooth and into the oral environment, then demineraliza
tion occurs. If the process is reversed, the mineral goes back into 
the tooth and the damaged crystals are rebuilt; then we have 
remineralization. Caries occurs when demineralization exceeds 
remineralization. Frequent consumption of a diet rich in easily 
fermentable carbohydrates, in combination with inadequate plaque 
control, will result in a situation in which demineralization domi
nates and enamel substance is progressively lost. Once the dentine 
becomes involved, the process is irreversible and accelerates as 
an organic decay and will eventually involve the pulp tissue. 
Inflammation of the pulp is called pulpitis. Untreated chronic 
pulpitis often progresses to pulpal necrosis. Both chronic pulpitis 
and pulpal necrosis can induce a variety of inflammatory lesions 
in the alveolar bone surrounding the apex (the periapical region). 
These periapical lesions (Fig. 14) include granuloma, cyst, or 
abscess formation. In some instances, osteomyelitis of the jaw 
bone can occur as a consequence of a chronically inflamed or 
necrotic pulp. 

Dental decay can occur on any exposed tooth surface. Most 
research has concentrated on enamel caries. Caries does, however, 
also occur on exposed root surfaces. Research into the etiology, 
epidemiology, and pathogenesis of root caries is rather limited. 
Bacterial penetration of the dentine tubules occurs early but tends 
not to extend deeply into the tissue and only progresses slowly 
with minor accompanying inflammatory reactions in the pulp. 
No specific micro-organism species, such as Streptococcus and 
Lactobacillus species implicated in enamel caries, has been incrim
inated convincingly in root caries, although the Actinomyces spe
cies have attracted considerable interest. The optimal preventive 
measures have not been determined, although as with enamel 
caries prevention, the importance of plaque removal has been cited. 
It has been shown that frequent professional cleaning, coupled with 
a high standard of plaque control, is capable of almost totally 
preventing the development of root surface caries. 

CLINICAL CONSIDERATIONS The initial inorganic 
demineralization of the enamel can be halted as long as the process 
has not reached the enamel-dentine junction. Meticulous dental 

hygiene in combination with topical fluoride treatment can lead 
to remineralization of the initial defect. 

In the dog, caries is very rarely diagnosed at the early enamel 
demineralization stage. Moreover, the type of dental care required 
to halt the process is not usually practically feasible. Consequently, 
diagnosed caries in the dog is usually an indication for restorative 
dentistry. If pulpal pathology is present (Fig. 15), then endodontic 
therapy prior to restoration is required, but if too much tooth 
structure has been lost, extraction may be necessary. 

DIETARY AND NUTRITIONAL INFLUENCES The role of 
diet and nutrition in the etiology and pathogenesis of caries may 
be viewed as systemic and local effects. 

Systemic Effects Nutritional factors may have an effect on 
the following: 

1. The morphology of the teeth 
2. The quality of the dental hard tissues 
3. The quality of saliva 

It is well known that teeth with deep, narrow fissures and 
marked pits and grooves are more susceptible to caries than those 
with fewer plaque-retentive areas. The morphology of the tooth 
is largely determined by genetic factors, but animal studies have 
shown that they can be influenced by gross nutritional imbalances 
of protein, fat, and carbohydrate (43). In man, there are no such 
data available and it seems unlikely that changes in the anatomy 
of the teeth caused by nutritional imbalances of protein, fat, or 
carbohydrate playa significant role in the etiology or pathogenesis 
of caries. 

As already mentioned, nutritional deficiencies result in enamel 
hypoplasia. However, hypoplastic teeth have not been shown to 
be more prone to caries than normal teeth. 

The quality of the hard tissues of the tooth can be influenced 
by nutrition. These changes may be of importance for caries 
development and progression. In animal studies, it has been shown 
that feeding the females a diet high in sugar during pregnancy 
and lactation will result in changes in the offspring's dental tissues, 
namely higher levels of carbonate, mucopolysaccharides, and car
bohydrates in the enamel, which later in life made them more 
susceptible to caries. Feeding a diet high in protein to females 
during pregnancy and lactation resulted in offspring with lower 
levels of carbonate, mucopolysaccharides, and carbohydrates in 
the enamel. These animals were found to be more resistant to 
caries (43). 

Studies have linked the dietary changes in Europe during World 
War II with a drastic reduction in the incidence of caries during 
those years (44,45). The main dietary changes during the war 
were a marked reduction in per capita calorie intake, a marked 
decrease in the ingestion of protein, fat, and milk products, an 
increase in the consumption of vegetables, especially root crops 
such as turnips and beets, and a reduction in sugar and sweet 
consumption. In the years immediately after the war, the caries 
incidence in children whose teeth had been developing during the 
times of these dietary changes remained low (45) despite the fact 
that their diet returned to prewar status. In man, a low carbonate 
content in the enamel is also associated with decreased susceptibil
ity to caries. The fact that the carbonate content of the enamel of 
teeth mineralized during the war was low has been used by some 
investigators to explain the lag in the increase of the caries fre
quency seen after the war. 

Thus, in man and animals, nutrition will affect the composition 
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Fig. 14. Summary of pulp and periapical pathophysiology. 

Fig. 15. Caries in a dog. Dental caries has resulted in the destruction 
of most of the occlusal surface of the upper first molar. The process 
has invaded the pulp, which is exposed and inflamed. Treatment at 
this stage is extraction of a periodontally sound tooth. 

of the dental hard tissues. However, these changes are considered 
to be of secondary importance to other factors involved in caries 
development and progression. 

Nutrition may also affect the quality of the saliva. The main 
influence is the effect on the buffering capacity of saliva. It has 
been shown in man that individuals on a lacto-vegetarian, high
protein, or high-fat diet produce saliva with a high buffering 
capacity, whereas individuals on a high-carbohydrate diet produce 
saliva with a lower buffering ability (43). This reduction in buffer
ing capacity is associated with a reduction in the carbonate content 
of the saliva with high carbohydrate ingestion. The significance 

of these nutritional effects on salivary quality in the etiology of 
caries are unclear. 

Local Effects The local effects of diet and nutrition are more 
important in the development and progression of caries than the 
systemic effects. Numerous studies have shown that frequent con
sumption of rapidly diffusing and easily fermentable sugars, pri
marily sucrose, leads to the formation of large quantities of a 
plaque, which is rich in polyglycans and contains large numbers 
of acid-producing Streptococci, Lactobacillus, and yeasts (46-50). 
The frequent intake of meals and snacks rich in sucrose will favor 
colonization of the tooth surfaces by the most aggressive of the 
cariogenic bacteria, namely Streptococcus mutans. Under these 
circumstances, Streptococcus mutans will not only colonize reten
tion surfaces on the tooth such as occlusal fissure but also the 
smooth surfaces that are otherwise less readily colonized by 
oral bacteria. 

The critical pathogenic mechanism in human caries is the rapid 
acid production by plaque bacteria while fermenting various food 
substrates. This acid production causes a drop in pH in the dental 
deposits and an acid attack on the tooth surface. During the acid 
attack, the enamel is demineralized. The severity and duration of 
the acid attack is more extensive if the plaque accumulation is 
thick and rich in bacteria. It also increases in severity and duration 
in direct relation to a rising concentration of sugar in plaque and 
saliva. Thus, a frequent intake of sugars will induce a prolonged 
and intense acid attack on the tooth surfaces. Moreover, the time 
available for remineralization is thus decreased. 

The texture of the diet is also important, both for salivary 
secretion and elimination of fermentable carbohydrates from the 
oral cavity. A diet that requires thorough chewing will result in 
the secretion of large amounts of saliva with a high pH and a 
strong buffering capacity. The same effect on salivary flow and 
composition can be achieved with sour or bitter substances. In 
contrast, a finely textured diet that requires little mastication tends 
to be retained in the oral cavitv and eliminated slowlv. 
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In contrast to many other health problems associated with a 
high-fat diet, an inverse relationship between percentage of fat in 
the diet and the development of caries has been identified. High 
levels of fat in the diet binds to various sugars in the diet, thus 
reducing their solubility (51). The result is a lower drop in pH 
and weaker acid attacks. Fat is also thought to have a local protec
tive effect on the tooth surfaces. 

In addition to fluoride, which has a strong anticaries effect, 
other trace elements and organic compounds such as theobromine, 
vanilline, phytates, and polyphenols have been reported to have 
a protective effect against dental caries. 

In Summary The microflora of the oral cavity and the local 
effects of diet are the two most important aspects in the etiology 
and pathogenesis of dental caries. Local nutritional effects influ
ence the quantity and quality of the dental plaque formed, as well 
as its microflora. The frequent intake of sucrose results in the 
formation of a thick plaque, rich in cariogenic bacteria. The 
replacement of sucrose by nonfermentable or slowly fermentable 
sweetening agents (e.g., under experimental conditions, sorbitol 
has drastically reduced the incidence of caries in both man and 
animals) (52-54). 

THE ROLE OF FLUORIDE Fluoride is used extensively in 
human dentistry mainly because of its anticaries effect. To achieve 
this effect, it has been administered either systemically (water 
fluoridation, fluoride tablets) or topically (fluoride toothpastes, 
varnishes, gels). It must, however, be remembered that fluoride 
is a potentially hazardous substance. Systemic intake of large 
doses, or chronic ingestion of smaller doses, can result in a variety 
of side effects such as acute gastric and renal disturbances, dental 
and skeletal fluorosis, or even death (55,56). The main source of 
fluoride is in the drinking water, but various portions of the fluoride 
applied for topical uses are, however, swallowed and subse
quently absorbed. 

For many years, it was thought that the incorporation of fluoride 
into the apatite-like enamel crystals during their development, 
making the crystal more resistant to subsequent acid attack after 
the tooth had erupted, was the most important mode of action. 
Today, we know that caries reduction in humans is not dependent 
on systemic fluoride administration or having high levels of fluo
ride in sound enamel. It is now well accepted that the caries 
reduction is predominantly affected by fluoride being present dur
ing active caries development at the plaque-enamel interface 
where it will directly alter the dynamics of mineral dissolution and 
reprecipitation (i.e., reduce/inhibit demineralization and enhance 
remineralization) (57). A regime using high-frequency topical 
application of low fluoride concentrations is, therefore, the present 
recommendation. 

Fluoride treatment will not, of itself, arrest caries lesion devel
opment and progression of every caries-susceptible site in all 
individuals. The causative agent, the microbial plaque, has to be 
removed and patients made to understand the importance of proper 
oral hygiene. If oral hygiene is combined with dietary modification 
(reduction in the frequency of easily fermentable carbohydrate 
intake) and a selective use of fluoride therapy (frequent topical 
application of a low concentration of fluoride), a total arrest of 
caries can be achieved in most, otherwise healthy individuals. 

The role of fluorides in prevention and treatment of root caries 
remains unclear, although its cariostatic effect can be ascribed 
almost entirely to its topical effect on the ongoing caries processes 
(57). It is possible to reharden even extensive active root caries 

lesions and so avoid the need to restore such surfaces by means 
of topical fluoride application. 

There is no conclusive evidence that the fluoride ion has any 
benefit in preventing gingivitis. Stannous fluoride is an exception 
to this and does possess an antiplaque effect (58). This effect is 
almost certainly derived from the stannous rather than the fluoride 
ion. Other metal ions, including zinc and copper also have a 
moderate quantitative effect on plaque accumulation, although 
additional qualitative effects on plaque may occur (59). 

In veterinary dentistry, fluoride administration has been recom
mended for the treatment of a number of conditions ranging from 
caries to periodontal disease. Topical application of fluoride prepa
rations in the treatment of caries is certainly beneficial. There is, 
however, no good evidence that fluoride plays a useful role in 
the management of periodontal disease. Thus, although topical 
fluoride is theoretically of benefit in veterinary dentistry, there is 
the complication that our pets will swallow the fluoride-containing 
agents and have a variable and relatively uncontrolled systemic 
administration, which may result in fluoride toxicity. The use 
of professionally applied varnishes and gels associated with a 
moderate rise in plasma fluoride concentrations may well be safer 
than daily use of fluoride-containing toothpastes in the dog and cat. 

SUMMARY 
Periodontal disease is one of the most common diseases in man 
and pets. It is a collective term for plaque-induced inflammatory 
conditions affecting the periodontium. Gingivitis is a reversible 
inflammation of the gingiva, whereas periodontitis results in irre
versible destruction of the supporting structures and eventual tooth 
loss. The primary cause of periodontal disease is accumulation 
of plaque on the tooth surfaces, resulting in inflammatory 
responses by the host. Toothbrushing is the most effective means 
of regular plaque removal. Dietary texture has been shown to 
influence accumulation of dental deposits in the dog, although 
such a link has not been established in man. Nutritional deficienc
ies have been shown to affect periodontal disease primarily by 
altering the host response to plaque, but no nutrient will prevent 
disease development or progression. Supplementation of nutrients 
has not been shown to affect disease, although several, including 
folic acid and vitamin C, warrant further investigation. 

Caries is common in man and does occur in the dog. The 
development of caries is directly linked with the frequent con
sumption of a diet containing easily fermentable carbohydrate 
(notably simple sugars) in combination with poor oral hygiene. 
Frequent plaque removal, reduction in the frequency of consump
tion of easily fermentable carbohydrates, and frequent topical 
application of low concentration fluoride preparations will prevent 
caries in most individuals. 

Thus, although diet alone marginally affects common oral dis
eases, the combination of a well-balanced diet, regular dental 
examinations and cleanings, and a good home dental hygiene 
program will reduce the risk of developing periodontal disease 
and caries in man and animals. 

REFERENCES 
I. Gorre! C, Robinsonn J. Periodontal therapy and extraction technique. 

In: Crossley, DA, Penman S, eds, Manual of Small Animal Dentistry, 
pp. 139-49. British Small Animal Veterinary Association, U.K., 
1995. 

2. Fejerskov 0, Thylstrup A. Dental enamel. In: Mjor lA, Fejerskov 0, 



436 PART IV / CLINICAL ISSUES 

eds, Histology of the Human Tooth, 2nd ed, pp. 75-103. Munksgaard, 
Copenhagen, 1979. 

3. Crossley DA. Results of a preliminary study of enamel thickness in 
the mature dentition of domestic dogs and cats. J Vet Dent 1995; 
12(3): 111-3. 

4. Schroeder HE. Oral Structural Biology. Thieme, New York, 1991. 
5. Mjor IA. Dentin and Pulp. In: Mjor lA, Fejerskov 0, eds, Histology of 

the Human Tooth, 2nd ed, pp. 43-74. Munksgaard, Copenhagen, 1979. 
6. Ahlberg K, Briinnstrom M, Edwall L. The diameter and number of 

dentinal tubules in rat, cat, dog and monkey. A Comparative Scanning 
Electron Microscope StUdy. Acta Odont Scand 1975; 33:234. 

7. Shafer WG, Hine MK, Levy BM. Developmental disturbances of 
oral and paraoral structures. In: Shafer WG, Hine MK, Levy BM, 
eds, A Textbook of Oral Pathology 3rd ed, pp. 2-80. W.B. Saunders, 
Philadelphia, 1974. 

8. Fitzgerald R.J., McDaniel EG. Dental calculus in the germ free rat. 
Arch Oral Bioi 1960; 2:239-40. 

9. Allen DL, Kerr DA. Tissue response in the guinea pig to sterile and 
non-sterile calculus. J Periodontol 1965; 36:121-6. 

10. DeBowes LJ, et al. Association of periodontal disease and histologic 
lesions in multiple organs from 45 dogs. J Vet Dent 1996; 13(2):57-60. 

11. Kinane DF, Lindhe J. Pathogenesis of periodontitis. In: Lindhe J, 
Karring T, Lang NP, eds, Clinical Periodontology and Implant Den
tistry, 3rd ed, pp. 189-225. Munksgaard, Copenhagen, 1997. 

12. Troomp JA, Jansen J, Pilot T. Gingival health and frequency of tooth
brushing in the beagle dog model. Clinical findings. J Clin Periodontol 
1986; 13:164-8. 

13. Tromp JA, van Rijn LJ, Jansen J. Experimental gingivitis and fre
quency of tooth-brushing in the beagle dog model. Clinical findings. 
J Clin Periodontol 1986; 13:190-4. 

14. Logan EI. Oral cleansing by dietary means: results of six-month 
studies. Proceedings of a Conference on Companion Animal Oral 
Health, University of Kansas, 1996. 

15. Gorrel C, Rawlings JM. The role of a "dental hygiene chew" in 
maintaining periodontal health in dogs. J Vet Dent 1996; 13(1):31-4. 

16. Gorrel C, Rawlings JM. The role of tooth-brushing and diet in the 
maintenance of periodontal health in dogs. J Vet Dent 1996; 13(3): 
139-43. 

17. Gorrel C, Rawlings J, Markwell P. Effect of two dietary regimens 
on gingivitis in the dog. J Small Anim Pract 1997; 38:147-51. 

18. Egelberg J. Local effect of diet on plaque formation and development 
of gingivitis in dogs. I: effect of hard and soft diets. Odont Rev 
1965; 16:31-41. 

19. Slack GL, Martin WJ. Apples and dental health. Br Dent J 1958; 
105:366-71. 

20. Lindbe J, Wicen PO. The effects on the gingivae of chewing fibrous 
foods. J Periodontol Res 1969; 4:193-201. 

21. Reece JA, Swallow IN. Carrots and dental health. Br Dent J 1970; 
128:535-9. 

22. Longhurst P, Berman DS. Apples and gingival health; repeat on a 
feasibility study. Br Dent J 1973; 134:475-9. 

23. Matsson L, Klinge B, Willard LO, Attstrom R, Edwardsson S. The 
effect of Octapinol on dento-gingival plaque and development of 
gingivitis. II. Long term studies in beagle dogs. J Periodontal Res 
1983; 18:438-44. 

24. Hamp SE, Lindbe J, Joe H. Long term effect of chlorhexidine on devel
oping gingivitis in the Beagle dog. J Periodont Res 1973; 8:63-70. 

25. Johansson I, Ericson T. Biosynthesis of a salivary bacteria-agglutinat
ing glycoprotein in the rat during protein deficiency. Caries Res 
1992; 21:7-14. 

26. Johansson I, Ericson T, Steen L. Studies of the effect of diet on saliva 
secretion and caries development; the effect of fasting on saliva 
composition of female subjects. J Nutr 1984; 114:2010-20. 

27. Chawla TN, Glickman I. Protein deprivation and the periodontal 
structures of the albino rat. Oral Surg Oral Med Oral Pathol 1951; 
4:578-602. 

28. Cheraskin E, Ringsdorf WM Jr, Setyaadmadja ATSH, Barrett RA. 
An ecologic analysis of gingival state: effect of prophylaxis and 
protein supplementation. J Periodont 1968; 39:316-20. 

29. Alfano MC. Controversies, perspectives and clinical implications of 
nutrition in periodontal disease. Dent Clin North Am 1976; 20:519-48. 

30. Offenbacher S, Williams RC, Jeffcoat MK, et al. Effects of NSAIDs 
on beagle crevicular cyclo-oxygenase metabolites and periodontal 
bone loss. J Periodont Res 1992; 27:207-13. 

31. Howell TH, Williams RC. Nonsteroidal anti-inflammatory drugs as 
inhibitors of periodontal disease progression. Crit Rev Oral Bioi Med 
1993; 177-95. 

32. Alvares 0, Siegel I. Permeability of the gingival sulcular epithelium in 
the development of scorbutic gingivitis. J Oral Patho11981; 10:40-48. 

33. Mallek H. An investigation of the role of ascorbic acid and iron in the 
etiology of gingivitis in humans. Doctoral theses, Institute archives, 
Massachusetts Institute of Technology, 1978. 

34. Woolfe SN, Kenney EB, Hume WR, Carranza FA. Relation between 
ascorbic acid levels in blood and giungival tissue with response to 
periodontal therapy. J Clin Periodont 1984; 11:159-65. 

35. Shaw JH. The relation of nutrition to periodontal disease. J Dent Res 
1962; 41:264-74. 

36. Russell AL. International nutrition surveys; a summary of preliminary 
dental findings. J Dent Res 1963; 42:233-44. 

37. Vogel RI, Deasy M, Alfano M, Schneider L. The effect of folic acid 
on gingival health in women taking oral contraceptives. J Prev Dent 
1980; 6:221-31. 

38. Dreizen S, Levy B, Bernick S. Studies on the biology of the periodon
tium of marmosets. VIII. The effect of folic acid deficiency on marmo
set oral mucosa. J Dent Res 1970; 49:616-20. 

39. Pack A, Thomson M. Effects of topical and systemic folic acid 
supplementation and gingivitis in pregnancy. J Clin Periodont 1980; 
7:402-14. 

40. Henrickson PA. Periodontal disease and calcium deficiency. An 
experimental study in the dog. Acta Odont Scand 1968; 26(50): 1-132. 

41. Spencer H, Kramer L, Osis D. Do protein and phosphorus cause 
calcium loss? J Nutr 1988; 118:657-60. 

42. Huang CJ, Fwu ML. Degree of protein deficiency affects the extent 
of the depression of the anti-oxidant enzyme activities in the enhance
ment of tissue lipid peroxidation in rats. J Nutr 1993; 123:803-10. 

43. Frostell G. Kost och karies. In: Kariologiska Principer, Nordisk Laro
bok i Kariologi (Nutrition and caries: In: Principles of Cariology, 
Nordic Textbook of Cariology), 5th ed, pp. 187-215. Tandliikarforla
get, Stockholm, 1980. 

44. Sognnaes RF. Analysis of wartime reduction of dental caries in Euro
pean children. Am J Dis Child 1948; 75:792. 

45. Toverud G. The influence of war and postwar conditions on the teeth 
of Norwegian school children. Milbank Mem Fund Quart 1957; 
33:2.4. 

46. Frostell G. Dental plaque pH in relation to intake of carbohydrate 
products. Acta Odont Scand 1969; 27:3. 

47. Guggenheim B, Konig KG, Herzog E, Muhlemann HR. The cariogen
icity of different dietary carbohydrates tested on rats in relative gnoto
biosis with a Streptococcus producing extracellular polysaccharide. 
Helv Odont Acta 1966; 10:101. 

48. Jay P. The role of sugar in the aetiology of dental caries. J Am Dent 
Assoc 1940; 27:393. 

49. Weiss RL, Trithart AH. Between-meal eating habits and dental caries 
experience in preschool children. Am J Public Health 1960; 50: 
1097-104. 

50. WinhoIt AS. Sucrose content and plaque formation in extracts from 
various food products. Odont Rev 1970; 21:301. 

51. Stralfors A. Inhibition of hamster caries by substances in chocolate. 
Arch Oral Bioi 1967; 12:982. 

52. Newbrun E, Frostell G. Sugar restriction and substitution for caries 
prevention. Caries Res 1978; 12(suppl 1):65. 

53. Frostell G, et al. Substitution of sucrose by Lycasin in candy. "The 
Ros1agen Study." Acta Odont Scand 1974; 32:235. 

54. Frostell G. The caries reducing effect of carbamide in hamsters and 
rats. Svensk Tand1iik-Tidskr (Swed Dent J) 1970; 63:475. 

55. Whitford GM, Ekstrand F. Fluoride toxicity. In: Ekstrand J, Fejerskov 
0, Silverstone LM, eds, Fluoride in Dentistry, pp. 171-89. Munks
gaard, Copenhagen, 1988. 



CHAPTER 34/ THE ROLE OF NUTRITION IN COMMON ORAL DISEASES 437 

56. Fejerskov 0, Kragstrup F, Richards A. Fluorosis of teeth and bone. 
In: Ekstrand J, Fejerskov 0, Silverstone LM eds, Fluoride in Dentistry, 
pp. 190-228. Munksgaard, Copenhagen, 1988. 

57. Featherstone FDB, ten Cate FM. Physicocemical aspects of fluoride
enamel interactions. In: Ekstrand J, Fejerskov 0, Silverstone LM, eds, 
Fluoride in Dentistry, pp. 125-49. Munksgaard, Copenhagen, 1988. 

58. Svatun B, Gjermo P, Eriksen lIM, R~na G. A comparison of the 
plaque inhibiting effect of stannous fluoride and chorhexidine. Acta 
Odont Scand 1977; 35:247-50. 

59. Geddes DAM, R~la G. Fluoride in saliva and dental plaque. In: 
Ekstrand J, Fejerskov 0, Silverstone LM, eds, Fluoride in Dentistry, 
pp. 60-76. Munksgaard, Copenhagen, 1988. 



35 The Anti-Inflammatory Effects 
of Chinese Herbs, Plants, and Spices 

CHRISTOPHER CHANG AND M. ERIC GERSHWIN 

The Yellow Emperor said, "Man is afflicted when he cannot rest 
and when his breathing has a sound (is noisy)-or when he cannot 
rest and his breathing is without sound. He may rise and rest (his 
habits of the day may be) as of old and his breathing is noisy; he 
may have his rest and his exercise and his breathing is troubled 
(wheezing, panting): or he may not get any rest and be unable to 
walk about and his breathing is troubled .... 

Huang Ti Nei Ching Su Wen (1) 

INTRODUCTION 
Of all the herbal pharmacopoeias of the many ancient civilizations, 
those from China have the longest history and form perhaps the 
most complex and intricate systems of all forms of empiric medi
cine. The Chinese pharmacopoeia is a treasure chest of pharmaco
logical products, derived from plants, animals and minerals, which 
have been used to treat patients for over 5000 yr. In contrast 
to drugs used in Western medicine, which go through rigorous 
scientific study before being presented to the public, most of the 
herbal preparations or animal products used in Chinese medicine 
were developed by trial and error and have been handed down from 
physician to student, generation after generation. The enormity of 
this experience should not be lost on the reader. Thousands of 
products have been identified that have beneficial effects in thou
sands of diseases, without the help of the fundamental biochemical 
and biophysical knowledge and without the benefit of a double
blinded, placebo-controlled study method. Over the entire planet, 
other ancient civilizations have undergone the same evolution, 
from the Egyptians, to the Greeks, the Romans, Hindus, and 
American Indians. All of these cultures have their own collection 
of pharmaceutical and herbal products used in folklore medicine. 
Oftentimes, the same plant has been independently identified to 
work in the same disease states by cultures thousands of miles 
apart, separated in time by thousands of years, with completely 
different medical theories and doctrines. 

From: Nutrition and Immunology: Principles and Practice (ME 
Gershwin et al. eds.), © Humana Press, Inc., Totowa, NJ 

CHINESE MEDICINE AND 
THE IMMUNE SYSTEM: YIN AND YANG 
Although Traditional Chinese Medicine (TCM) does not even 
identify the existence of an "immune system," the concepts of 
Yin and Yang may be thought of as analogous to Western ideas 
of self and non-self. One finds that many original herbal prepara
tions from the Chinese pharmacopoeia may significantly modulate 
the human immune system. The extent of this modulation is cur
rently the subject of extensive research in Europe, Asia, and 
the Americas. 

AN IMMUNOLOGICAL COMPARISON BETWEEN EAST 
AND WEST Chinese medicine addressed self and non-self 
issues in terms of internal and external forces. Yin and Yang are 
the most popular terms derived from Chinese medicine, familiar 
though poorly understood concepts to the Western world. Yin and 
Yang represent two opposite poles, which are in balance during 
periods of good health, but when one is in excess over the other, 
the balance is upset and sickness ensues. The Chinese character 
for Yang was originally calligraphied to represent the sun, whereas 
the character for Yin represents the shade (Fig. 1). 

Yin is often described as the negative or female principle, 
representing the structure or composition of an organ, and Yang 
represents the positive pole or the active or functional component 
of the organ (2). Of course, this is an oversimplification and, as 
will be shown later, this is but one of the many representations 
of Yin and Yang. 

As we will discuss later, heat and cold are also important 
principles in Chinese medicine, manifested clinically by fever or 
chills. Yin represents cold, hypofunction, or internal forces, 
whereas Yang can represent hyperfunction, heat, or external forces. 
These two forces must be in balance in order for good health to 
be maintained. The two poles may augment or oppose one another, 
and descriptions of this are illustrated by the following translations 
from Chinese medical theory. In general, "the growth of Yin 
depends on the normal development of Yang" and "impairment 
of Yin would impede the generation of Yang and vice versa." 
Medications also have "hot" and "cold" properties. Often a medi
cation with "cold" properties is used to treat a disease where there 
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Fig. 1. Chinese characters representing Yin and Yang. 

is too much "heat" and vice versa. Properties of cold and hot 
medications are shown in Table 1. 

In order to begin to understand what the scholars and medical 
professionals of ancient China meant by these concepts, it is also 
important to introduce several other concepts. The first of these 
is the theory of the five elements, where each element represents 
an organ system or a combination of organ systems. The five 
elements are metal, wood, water, fire, and earth (Fig. 2). They 
represent the lung, liver, kidney, heart, and spleen, respectively. 
Indeed, the relationship between water (kidney) and fire (heart) 
and the need for these two elements to complement and balance 

Table 1 
Characteristics of "Cold" and "Warm" Medications 

Cold 

Damp heat clearing 
Anti-helminthic 
Anti-inflammatory 
Antirheumatic 
Analgesic 
Expectorant 
Antitussive 
Antipyretic 
Antiasthmatic 
Blood stimulant 
Astringent 
Hemostatic 

Mild 

Latent heat clearing 
Antipyretic 
Antirheumatic 
Vital-energy stimulant 

Warm 

Qi stimulant 
Spleen invigorative 
Digestant 
Damp clearing 
Mucolytic 
Antitussive 
Lung demulcent 
Antiasthmatic 
Spasmolytic 
Blood stimulant 
Antiheminthic 
Anti-inflammatory 
Antiarrythmic 
Antiemetic 
Diuretic 
Liver restoring 
Stasis eliminating 
Muscle relaxant 
Laxative 
Hemostatic 

Fig. 2. Chinese characters representing the five elements; starting 
from the top and proceeding clockwise: metal, wood, water, fire, 
and earth. 

each other makes fundamental biological sense to those trained 
in Western medicine, when one considers the close relationship 
between the kidney and the heart in classical anatomy and physiol
ogy. What is more interesting is the complex relationship between 
the five elements. This network of relationships was derived over 
thousands of years ago. Within the five elements, there is a pattern 
of evolution in which one element is derived from another. At 
the same time, one element may act opposite to the other (3 J. 

Another important concept in traditional Chinese medicine is 
the qi (pronounced chi), which is an inner strength that can be 
summoned from the deepest part of the human body. It is not 
something physical or tangible. Rather, it is a type of vital energy. 
There are several types of qi, relating to either inner forces or 
outer forces. There must be balance in qi for good health to be 
sustained. There are a series of exercises, called qigong, which 
helps to keep that balance in place. 

In Western medicine, all of the above major organ systems 
are also related, and we have nerves and other conduits in the 
body, which transmit signals similar to the way Chinese medicine 
explains the meridians. However, these systems are, at the same 
time, superficially different from one another. Therefore, we can
not always seek to find an analogous system between the two 
disciplines. Yet, the human body is fundamentally non variant, 
and no matter what tool one uses to understand it, the empirical 
experience that one gains leads to either continued use of a medica
tion or its dismissal as an effective agent. As an example, some 
of the medications, which we now use in Western medicine to 
treat asthma, have been actually used for centuries by Chinese 
physicians in their native forms of herbs (Table 2). 

Another important aspect of Chinese medicine that is important 
to note is the emphasis that Chinese medicine places on health 
maintenance and disease prevention. Chinese medicine seeks to 
preserve the equilibrium between internal and external forces and 
this involves correcting problems before disease strikes. Treating 
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Table 2 
Similarities Between Western and Chinese Medications 

Western medicine 

Bronchodilators 
B-adrenergic 
Theophylline/caffeine 
Anticholinergics 

Anti-inflammatory agents 
Steroids 
Cromolyn 
Steroid-sparing agents 

Others 
Platelet-activating factor inhibitors 
Leukotriene receptor antagonists 

Chinese medicine 

Ma Huang 

Zu Huang 
Dai Ling 
Steroid precursors 

Common spices 
Gingko 

the disease is frequently considered a failure and requires that the 
physician restore the natural energy balance and harmony among 
the body's organ systems and external agents. 

Western medicine has identified many types of immunological 
disorders, ranging from autoimmune disorders, such as systemic 
lupus erythematosis, to inflammatory disorders, such as asthma, 
to delayed hypersensitivity conditions like allergic contact derma
titis. In addition, there are many disorders that lead to the recruit
ment of inflammatory cells such as infections, cancer, and so 
forth. All of these disorders are also described in Chinese medicine. 
The way these disorders are thought of philosophically may be 
very different, but oftentimes the treatments are very similar. 

The definition of asthma in Western medicine is a reversible 
obstruction of the airways resulting from inflammatory processes, 
including cell infiltration and mucus production, leading to the 
clinical symptomatology of wheezing, cough, and respiratory dis
tress. One definition in Chinese medicine is as follows: "if evil 
air enters the nose during the accumulation of disease in the heart 
or lungs, nasal disease develops, either of chill lung or fever type 
lung." It is in some ways a very vague definition, but it does 
provide an early link between allergic rhinitis and asthma. 

HISTORY 
The use of herbal medications in inflammatory conditions dates 
back many centuries. The first recorded history of medicine can 
be found in the Huang Ti Nei Ching Su Wen (The Yellow Emper
ors Canon of Internal Medicine) (1) (Fig. 3). This text contains 
many of the concepts and practices of 4-5 thousand years ago, 
although the book was probably compiled during the Zhou dynasty 
between 475 and 221 Be. There are many descriptions of illnesses 
that resemble inflammatory conditions, such as arthritis, asthma, 
and lupus erythematosis. Along with descriptions of the clinical 
presentation of these diseases, there are also synopses of methods 
of treatment, including medicinal herbs, animal extracts, and how 
to combine them to achieve maximum effect. As early as 2000 
Be, the emperor Shen Nong was credited with introducing herbal 
medications. Indeed, many of the medications described do seem 
to have had benefit in modulating the immune system, most in 
ways as yet not understood or accepted by Western science. 

Other resources can be found in the many ancient Chinese 
texts of pharmacology that have been handed down throughout 
the ages, such as the Pen Ts'ao Kang Mu or Chinese Materia 

Medica, written during the Ming dynasty (AD 1368-1644 by Li 
Shih-chen) and spanning 52 volumes listing 1892 medical sub
stances, including illustrations. The Shen Nong Ben Cao ling, or 
Shen Nong's herbal encyclopedia, written in the first century Be 

is the world's earliest Materia Medica. 
Other well-known Chinese physicians and pharmacologists 

include Li Zhong-zi, who lived during the Ming dynasty and who 
wrote the "Essentials of Internal Classic." Ge Qian-sun also lived 
during the Ming dynasty and wrote on the treatment of pulmo
nary tuberculosis. 

Other cultures also have a rich history of using herbal products 
for maintaining good health and treating disease. Some examples 
of these are shown in Table 3. Some products have been discovered 
independently by more than one ancient culture for either the 
same or different conditions. For example, blackberry has been 
used in the Middle East for bleeding gums and in China to improve 
stamina and vigor. 

THE BENEFICIAL EFFECTS 
OF HERBS, SPICES, AND OTHER FOODS 
Although there are many exotic herbs known to contain medica
tions useful in asthma, we need not go too far from the kitchen 
to find some which have been in use by Chinese physicians. These 
include such plants as alfalfa, astragalus, bee pollen, dong quai, 
garlic, schizandra (Wu Wei Zi), capsicum, and licorice. Other 
familiar herbs also thought to have anti-inflammatory effects 
include gingko and ginseng. 

Other common household products that have beneficial effects 
in inflammatory diseases include cinnamon, capsicum (or red 
peppers), and orange peel. In general, according to traditional 
Chinese medicine, any food substance that enhances the moisture 
(or Yin) of the lung will help asthma. These include garlic, onion, 
leek, grapes, apricots, almonds, lychee, and mustard green. Foods 
that are thought to decrease inflammation are collard greens, garlic, 
onion, turnips, apricots, cherries, green vegetables, sprouted seeds, 
turnips, raw nuts and seeds, and elderberries (4). 

CHINESE MEDICINAL PLANTS 
Ginger (Zingiber officinale) Ginger grows perennially in 

warm climates. The active ingredients are thought to be a group 
of compounds called gingerols. Other components are zingerone, 
phellandrene, camphene, citral, borneol, and cineol. Ginger has 
been used in the treatment of motion sickness. It also improves 
digestion and is used to treat colds, chills, and other respiratory 
problems (5). Ginger (in Chinese, gan jiang) or dried ginger is 
used for flavoring in Chinese cooking. It is considered a warm 
medication in Chinese medication. It dissolves phlegm and is, 
therefore, useful in treating colds and chills, as well as coughs. 
It also has found frequent usage in Europe for its beneficial effects 
on the digestive system. 

Honey Honey has been used by many ancient cultures for 
many uses, including as an expectorant and in asthma. One of the 
side effects known to practitioners of Western medicine includes 
botulism. Honey has also been used in wartime to counter 
wound infections. 

Peppers Capsicum peppers are also a common food sub
stance among Chinese, although it has not had a wide use as a 
medicinal product in the Orient. Rather, it has been used for 
medicinal purposes in other areas of the world, including the 
United States, Africa, and India. In these areas, it has been used 
widely as a gastrointestinal stimulant. Of interest are its uses as 
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Fig. 3. Chinese characters representing Huang Ti Nei Ching Su Wen or The Yellow Emperor's Canon of Internal Medicine. 

a warming agent for the feet and as a therapy for topical neuritis. 
It is also known to inhibit histamine reactions of the skin and 
decrease sneezing, congestion, and running nose by inhalation of 
a solution containing capsicum (6). 

Rose Hips Rose hips have been used in Europe. Rose hips 
are one of the richest sources of vitamin C, and the beneficial 
effect of vitamin C is a subject that has been considered for 
decades. Vitamin C is thought to augment the immune system 
and prevent viral infections. The rose hips are the mature ovaries 
found on the branches of Rosa canina and other rose species. 
Other constituents of rose hips include citric acids, polyphenols, 
pectin, and carotenoids. Other common plants with a high concen
tration of vitamin C include the Barbados cherry, Terminalia 
ferdinandiana, guavas, and other tropical vegetables (7). 

Astragalus Astragalus is thought to be a very important and 
potent immune system booster; this plant also possesses significant 
antiviral effects. Astragalus is one of the herbs studied extensively 
by Western science. Some of the mechanistic effects that this 
medication possesses include stimulation of interferon production 
and inhibition of T-cell-suppressor activity. It also may possess 
anticancer activity. From a TCM standpoint, it is considered a 
"warm" medication. Astragalus is prepared from the root of the 
plant Astragalus hoantchy or huang chi (8). It is often used in 
combination with other immune-enhancing medications, such as 
ginseng or schizandra. 

Rosemary Rosemary is another of those common food prod
ucts used in ancient cultures throughout the world. In Greece, it 
was used as a memory enhancer, in Europe to treat headaches 
and wound infections, to improve memory, and to treat colds. In 
China, it was used to treat stomach disorders and headaches. It 
has also been known to be used as a mild antimalarial agent in 
China. Rosemary also has been indicated for treating skin prob
lems caused by allergies such as eczema. Typically, the whole 
plant is used to prepare either a tea or a tonic. Rosemary has also 
been found to prevent hair loss. 

Basil In TCM, basil is used as an expectorant for the treatment 
of coughs and colds. It also has antibacterial properties and is 
used in the treatment of hymenoptera stings and venomous bites. 

Cinnamon (Cinnamomum zeylanicum, C. Assia, or rou 
qui) Cinnamon is commonly used in the treatment of fatigue in 
TCM. It is native to Southeast Asia and the bark of the plant is 
used for medicinal purposes. It is considered very warming and 
is used along with ephedra in the treatment of colds and viral 
infection. It has a stimulating effect on perspiration, which "chases 
away" the undesirable energies of viral upper respiratory infec
tions. The plant contains an essential oil, cinnamon aldehyde, said 
to have antiviral effects. 

Alfalfa (Medicago sativa) Alfalfa is a common food sub
stance, with worldwide use as a medication as well. The Colum
bians used it for cough and native American Indians for earaches. 
The Egyptians used it in beverages and the English used it for 
stomach disorders. The Chinese also used alfalfa to treat asthma 
and allergies, among other illnesses. Alfalfa is also supposed to 
have a significant immune boosting activity. Alfalfa contains a 
high concentration of chlorphyll, vitamins, and minerals, including 
beta-carotene, vitamins C, D, E, and K, calcium, potassium, phos
phorus, and iron. 

Aloe Vera Aloe vera is well known to the Western world; aloe 
is used in shampoos, soaps, and other skin products. Aloe is a very 
"cold" medicine. Its Chinese name is Lu Hui. The part of the plant 
used is typically the juice of the leaves, and it has been found to be 
beneficial when used alone or in combination to treat eczema and 
psoriasis. Aloe has been suggested to possess anticancer activity. 
Dosages range from 0.1 to 1.0 g. It is sold as a juice in Chinese 
pharmacies. It is also used for digestive tract disorders, including 
constipation, heartburn, and intestinal parasites. 

Angelica (Angelica anomala) Angelica is a perennial herb 
native to China and Japan. The Chinese name of the plant is bai 
zhi. The root of the plant is used and made into a powder, pills, 
or capsules. Three grams a day are taken to treat nasal congestion, 
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Table 3 
Herbal Remedies Used by Ancient Cultures 

Herb 

Greeks 
Agrimony 
Aloe 

Amaranth 
Anise 
Coltsfoot 
Comfrey 
Thyme 

Rosemary 
Nutmeg 

Romans 
Bee propolis 
Chicory 
Coltsfoot 
Walnut 

Americas 
Alfalfa-Columbians 
Barberry-American Indians 
Birch bark-American Indians 
Echinacea 

European 
Sage-American Indians 
Alfalfa-English 
Agrimony-Anglo-Saxons 

Parsley-Middle Ages 

Rosemary-France 

Lavender 

Arabs 
Senna 
Lavender 
Blackberry 

Hindus 
Datura 

Egyptians 
Barberry 
Juniper 

South Africans 
Buchu 

Remedy 

Eye ailments 
Constipation, bums, kidney 

ailments 
Immune booster 
Coughs 
Coughs 
Bleeding, body tissue repair 
Antispasmodic, whooping 

cough, wound healing, 
asthma attacks 

Memory enhancement 
Digestive stimulant 

Antibiotic, immune booster 
"Blood purifier" 
Cough 
Parasites, anti-inflammatory 

Coughs, earaches 
Jaundice 
Headaches, abdominal cramps 
Immune deficiency, viral 

infections 

Healing skin sores 
Upset stomachs 
Wounds, gout, fevers, 

rheumatism 
Anti-asthmatic, expectorant, 

stimulant 
To kill germs, used in WWII 

to counter wound infection, 
bleeding gums 

Wound infection 

Cathartic 
Expectorant, antispasmodic 
Bleeding gums 

Asthma 

Hypertension, plague 
Cholera, thyphoid, dysentery, 

and tapeworms 

Stimulant 

itchy skin rashes, and bronchitis. It is also used to treat eye allergies 
and headaches. In Chinese medicine, it is used to treat problems 
caused by excessive wind. It is considered a warm medication. 
The English used a concoction of "Angelica water" mixed with 
nutmeg and made into a tea to treat the plague. However, caution 
should be exercised because angelica, if taken in large quantities, 

can cause complications. Angelica should not be taken during 
pregnancy, as large amounts can cause uterine contractions. 

Jasmine Jasmine is a component of tea leaves and the Chi
nese have known the flowers for centuries. There are more than 
one species of Jasmine, including J. officinale and J. Sambac. 
Though native to China, it is currently also grown in the Mediter
ranean. 

Parsley (Petroselinum sativu) Parsley was used by the 
Greeks and Romans as a food product, but in the second millen
nium in Europe, it was also used as an antiasthmatic and expecto
rant. It is truly ubiquitous, having been used in many cultures. In 
China, parsley is also used as a food substance. It is considered 
an immune booster and used to treat arthritis and other rheumato
logic conditions. 

Turmeric (Curcuma longa) Tumeric is a common house
hold spice used in India, China, and the Pacific Islands not only 
as a food substance but also to fight ringworm, bruises, sores, and 
menstrual problems. It has been known as the yellow cancer 
fighter. It is commonly used in foods, but it has been thought to 
have anticancer properties and anti-infammatory activity. 

Cumin (Cuminum cyminum) Cumin is also used as a food 
substance and may possess antiviral properties. It has been used 
in Asia. The active ingredient is an aldehyde. 

Blackberry Blackberry is noted for its Yin properties. It 
improves stamina and vigor. 

Schizandra (Wu Wei Zi) Schizandra can be literally trans
lated to five flavor seeds. It is a popular herbal preparation used 
in China as an antitussive and as an astringent. The plant contains 
a lot of essential oils and is believed to help digestion and to act 
as an antibiotic. The berries of the plant are desiccated and made 
into a decoction of 2-6 g/dose, or a powder, which can be placed 
in tablet or capsule form. It can also be produced in a drinkable 
form and is taken as a tea. In TCM, schizandra is considered a 
warm medication with predominant effects on the kidneys and 
the lung. It is indicated for asthma and helps to moisturize the 
airways. Other uses include its effects as an aphrodesiac (9). In 
Western medicine, schizandra has been used for its antihepatotoxic 
effects as well as its effects on the centra nervous system. In 
addition, the antioxidant effects of schizandra have been exten
sively studied (10). 

Garlic (Allium sativum) Garlic has been used by various 
cultures, including the Chinese, Greeks, Egyptians, and Europeans, 
as an antibiotic and immune booster. It has been suggested that 
garlic possesses antimicrobial activity against fungi, bacteria, and 
viruses. A popular proposed mechanism is that garlic increases 
body defenses against mutation by inhibiting nitrosamine forma
tion. This has not been scientifically proven. Garlic was used in 
Wodd War I to treat wound infection and, indeed, has been labeled 
the "Russian penicillin" in some circles. It has been also used to 
treat asthma, colds, and coughs. Garlic is rich in minerals and 
antioxidant vitamins. In recent years, garlic has undergone a great 
deal of research with regard to its antitumor activity. It has been 
shown that garlic intake in Chinese people protects against lung 
and stomach cancers. However, these were epidemiological stud
ies and not double-blinded, placebo-controlled studies. In fact, 
the antitumor effect of garlic may be related to the high selenium 
content in garlic (11). 

Ginseng Ginseng is known as the "root of life." There are 
many forms of ginseng, including American Ginseng, Siberian 
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Table 4 
The Four Types of Ginseng 

Common name 

American Ginseng 
White Ren Shen 
Red Ren Shen 
Siberian Ren Shen 

Scientific name 

Panax qinquefolius 
Panax pseudoginseng 
Panax schin-seng 
Eleuthercoccus senticosus 

Ginseng, White Ginseng, and Red Ginseng (see Table 4). In 
Chinese, ginseng is called Ren Shen. Ginseng is commercially 
available worldwide as a dried root, which can be made into a 
decoction or a powder encased in capsule or pill form. It has 
"warm" properties, the degree of which is dependent on the spe
cies. It is useful in treating colds, pneumonia, and bronchitis. In 
TCM, it is also an immune stimulant or tonic, an aphrodisiac, and 
an antihypertensive. Although it has undergone extensive study, 
it is very difficult to analyze the effects of ginseng in an objective 
way. Suggested effects of ginseng range from anticancer activity 
to stimulation of interferon production (12). The antimetastatic 
effects of ginseng root extract have been demonstrated in vivo in 
B 16-BL6 melanoma cells in syngeneic mice, but it was the intesti
nal bacterial metabolite Ml formed from protopanaxadiol saponin 
of ginseng that inhibited in vitro tumor cell invasion and migration 
(13). Ginseng is also believed to regulate blood sugar and hemato
logical parameters. Other proposed effects include antioxidant 
effects, relief from stomach aches, and stimulation of adrenal 
glands, liver function, and memory. It has also been suggested 
that ginseng prevents heart attacks and heals corneal lesions. Gin
seng has so many proposed beneficial uses that in TCM it 
approaches the status of a panacea. That one substance can have 
all these effects seems rather far-fetched. Whereas ginseng proba
bly does have positive health effects, one must be objective about 
the data. Like many other herbal products, the studies are of 
dubious quality. 

ANIMAL PRODUCTS Not all Chinese pharmaceuticals are 
products of plants. Animal products also have been used to treat 
asthma. Di Long, which is dried earthworm, has been found to 
be an antipyretic with antiasthmatic properties as well. It is consid
ered a heat clearing medicine and is used in conjunctivitis, head
ache, convulsion, high fever, tachypnea, and pharyngitis. Other 
animal products used in Chinese medicine include hornet's nest 
(Feng Fang), cockle shell (Wa Leng Zi), praying mantis egg case 
(Sang Piao Xiao), gecko (Ge Jie), cuttle fish bone (Hai Piao), and 
abalone shell (Shi Jue Ming). Minerals are also used, including 
pumice (Fu Hai Shi), Glauber's salt (Mang Xiao), Oyster shell 
(Mu Li), amber (Hu Po), talcum (Hua Shi), indigo (Da Quing 
Ye), kaolin (Ci Shi), and frankincense (Ru Xiang). 

HERBAL PREPARATIONS USED IN ASTHMA 
Chinese medications can be grouped into warm and cold catego
ries, reflecting their properties based on Yin and Yang. Each disease 
is considered to be an excess of either too much heat or too much 
cold, resulting in an imbalance that can be treated by the contrary 
properties of Chinese herbal or animal preparations. Table 5 lists 
Chinese medicines used for asthma grouped according to their 
properties of heat and cold. In practice, many of the medications 
sold in Chinese medicine shops contain a combination of plant 
and/or animal products (Table 6). 

Use 

Qi tonic, cardiotonic, immunostimulant, aphrodisiac 
Immuno-stimulant, cell proliferant 
Asthma, bronchitis, blood disorders, impotence, chronic fatigue 
Antispasmodic, antirheumatic 

As a result of 2000 yr of trial and error, there are many combina
tions of herbs that practitioners have concocted that may have 
synergistic effects in the reversal of airway obstruction. These 
medications can be prepared and administered in many ways, 
including decoctions, soups, creams, and ointments. 

Asthma is an example of an inflammatory condition, although 
it was not thought to be an inflammatory condition until fairly 
recently. In Western medicine, asthma is treated by medications 
ranging from bronchodilators, which act on the smooth muscle 
lining the bronchial tubes, to anti-inflammatory medications such 
as steroids, which provide preventative benefits by their actions 
on the cells lining the respiratory tract. It is only recently that this 
strategy of preventing inflammation was introduced in Western 
medicine. 

The inflammatory process in asthma results in pathological 
changes in the tissues, including bronchial constriction, mucus 
secretion, and increased airway resistance, and leads to clinical 
symptoms of wheezing, dyspnea, hypercapnia, and, sometimes, 
death. Many Western medications developed in the past century 
have been synthesized or isolated to counteract these changes and 
restore the patient to health. However, many of these medications, 
or their analogs, are derivatives of herbal and animal products 
that have been in use much longer in Chinese medicine. Some of 
the medications used in Western medicine whose roots can be 
traced to Chinese medicine include ~Tadrenergics, such as Ma 
Huang, anti-inflammatory agents such as disodium cromoglycate, 
and medications containing anticholinergic agents such as atro
pine, scopolamine, and others. However, there are many more 
Chinese medications, the constituents of which are vaguely 
described as a combination of oils or volatile oils, that are used 
in asthma and allergy. With greater study, many of these may tum 
out to be useful adjuncts for asthma therapy in Western medicine. 

In Chinese medicine, asthma was first described in the Yellow 
Emperor's Classic of Internal Medicine (1). It has been called 
shen-sou, hsiao-chuan, pa' o-hsiao, and ke-ni-shang-chi, which 
are Chinese terms to describe the clinical symptoms of the asthma
tic patient. 

The most widely known Chinese herb used to treat asthma is 
Ma Huang (14). Ma Huang is the Chinese name for Ephedra Herba, 
which represents a collection of plants of the genus Ephedra, 
containing the drug ephedrine. Some of the species include Ephe
dra vulgaris, E. altissimia, E. distachya, E. helvetica, and E. 
major. Common names of the ephedra include sea-grape, ma
huang, yellow horse, yellow astringent, joint fir, squaw tea, Mor
mon tea, popotillo, and teamster's tea. These herbs are evergreen 
shrubs with horse-shaped yellow flowers. They have a strong pine 
odor. The name Ma Huang comes from the numbing effect, which 
the herb has on the tongue (Ma), and the yellow color of the 
flowers (Huang). 

Ephedrine was isolated from these plants in the late part of 
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Table 5 
Herbal Medications or Preparations Used 

in Asthma by Practitioners of Chinese Traditional Medicine 

Cold 

Shanglu 
Qinpi 
Shandougen 
Huzhang 
Maqianzi 
Kushen 
Zhudan 
Longkui 
DiLong 
Cebaiye 

Mild 

Jinjier 
Jiujiefeng 

Warm 

YinYangHuo 
Kuandonghua 
Baibu 
Chenpi 
Yunmuxiang 
Shidiaolan 
Zangqie 
Xuanfuhua 
Lingzhi 
Qingpi 
Mianhuagen 
Mianzi 
Yunxiangcao 
Kuxingren 
Dong Chongxiacao 
Shuichangpu 
Foshou 
Chansu 
Chuanshanlong 
Hancai 
Guizhi 
Ai 
Mahuang 

the nineteenth century. Subsequently, ephedrine was used to treat 
asthma in the Western hemisphere from about the 1920s. Later, 
many more derivatives with activity more specific to bronchial 
musculature have been synthesized. Medications such as albuterol 
and terbutaline fall into this class of medications. In current TCM 
practice, ephedrae are still widely used for a variety of bronchial 
disorders and as a stimulant and diuretic. 

The active ingredients of Ephedrae Herba include 0.03-l.5% 
alkaloids, including ephedrine, pseudoephedrine, norephedrine, 
norpseudoephedrine, N-methylephedrine, N-methlepsuedoephe
drine, ephedradines A, B, and C, and the essentials oils 1-0,
terpineol, nonacosan-lO-ol, tricosan-l-ol, and nonacosane. The 
natural form of ephedrine is the levorotatory form. 

Although Ma Huang is generally safe, we know that all ~T 
adrenergics have potential side effects. Indeed, Chinese physicians 
have also known of the side effects of ephedrine. Side effects of 
ephedra include hypotension, hypertension, hypoglycemia, hyper
glycemia, nervousness, headache, insomnia, dizziness, palpita
tions, skin flushing, tingling, vomiting, anxiety, restlessness, toxic 
psychosis, and skin reactions. 

Another well-known herb used in the treatment of asthma is 
licorice (15). Licorice is also known as sweetwood. Licorice, or 
glycyrrhiza glabra, is a herb used for a great number of years, 
not just by the Chinese but also by the Romans, including Hippoc
rates and Pliny the Elder. Pliny the Elder actually recommended 
it as an expectorant. It was later used in Britain, having been 
introduced by black friars. In addition to its beneficial effects in 
asthma, it also has been used to treat ulcers, seborrheic dermatitis, 
and arthritis. Several glycyrrhic analogs have been found to inhibit 
prostaglandin E2 (PGE2), a fact which may play some role in the 
anti-inflammatory characteristics oflicorice. Licorice is, however, 
not without side effects. Ingestion of large amounts can produce 

Table 6 
Components of Little Green Dragon Concoction: 

An Example of Combination Drug Therapy 

Joint fir 
Psoralea corylifolia 
Licorice 
Asarum sieboldi 
Cinnamon 
Almond 

Pinella temata 
White peony 
Schisandra 
Horny goat weed 
Balloon flower 
Earthworm 

hypokalemia, resulting in lethargy, flaccid weakness, and dulled 
reflexes. Licorice, along with nine other components, has been 
incorporated into a Japanese herbal medicine called Saiboku-to. 
The components of Saiboku-to have been found to inhibit platelet
activating factor (PAF) activity, which may translate into anti
inflammatory effects in asthma. 

Production of gingko is a major industry in Europe, where the 
incorporation of Chinese medicine into their culture has been 
more successful than in the United States. The Gingko tree (also 
known as the maidenhair tree or kew tree) is one of the oldest 
known living species. Individual trees live to be over a thousand 
years old. Their fan-shaped leaves distinguish the trees. The Chi
nese used gingko to treat asthma in ancient times. In addition, 
other beneficial effects attributed to gingko over the years have 
been improved mental facilities and improved circulation to the 
brain and other organs. It has been used to treat short -term memory 
loss and tinnitus and to prevent stroke and transient ischemic 
attacks. It is very popular in Europe, representing a $500 million 
a year industry. Gingko leaves have been found to contain a 
number of terpenes, pro-anthrochyanidines, hertosides, and biofa
vones, including sciapitysin, ginkgetin, isoginkgetin, bilobetin, 
and ginkgolic acid. Isolation of flavonoids included a substance 
called gingkolide B. This is thought to be the active component, 
but the exact mechanism is still under investigation. The amount 
of these substances in the gingko leaf seems to depend on the 
time of the year, the highest amounts being in autumn. Ginkgo 
extracts, like vitamins C and E, have been found to be excellent 
scavengers of oxygen free radicals. Clinical effects of gingko 
extracts include a dilation of blood vessels and inhibition of platelet 
aggregation. It has been shown that antagonists ginkolide B plate
let-activating factor (PAF) can inhibit eosinophil and neutrophil 
chemotaxis (16). PAF derived from ginkolides have also been 
shown to inhibit IGE production in the laboratory (17). 

The mechanism of action of gingko leaves in asthma may be 
that it inhibits PAF-induced bronchspasm. Side effects of ginkgo 
leaves include headaches, gastrointestinal disturbances, allergic 
reactions, contact allergy, loss of consciousness, and seizures (18). 

Another anti-inflammatory agent of plant origin used in asthma 
is cromolyn. Cromolyn, or disodium cromoglycate (DSCG), is a 
derivative of the plant Khellin (Ammi visinaga). The seed of the 
plant is the part that contains the inflammatory medication. Khellin 
itself has side effects, which render it virtually useless in the 
clinical setting, but cromolyn is a well-studied alternative that has 
been used for decades in the treatment of allergic and asthmatic dis
orders. 

An analog of DSCG, called Scute, is a component of many 
Chinese herbal combinations used to treat asthma (19). Scute 
contains a variety of flavinoids, including baicalein, which suppos-
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edly has mast cell degranulation inhibition activity. Other herbs 
that have similar activity include cinnamon, pueraria, magnolia, 
asarum, jujube, and Ma Huang. Scute also inhibits phosphodiester
ase, as do santine derivatives, perilla leaves, and the Western 
medications theophylline and caffeine. 

Other Chinese herbal medications with derivatives now used 
in Western medicine include the anticholinergics. Datura stramo
nium is an anticholinergic used by the Hindu to treat asthma. 

Echinacea is now one of the most popular herbal products on 
the market. Echinacea augustifolia is not a Chinese medication; 
it is a Native American herb that has been used to boost immunity 
and treat infection. It has been known as the "King of the Blood 
Purifiers." Significant research has been done on Echinacea leading 
to claims that it has antibiotic activity, antiviral activity, cancer
suppression activity, wound healing activity, immune stimulation, 
and stimulation of phagocytosis. Some sources even suggest that 
Echinacea blocks viral recognition sites on cell membranes. One 
must, however, be fairly skeptical of the study methodology used 
to obtain these results. Unfortunately, with such a broad range of 
suggested effects, a fad has recently occurred with the notion that 
Echinacea can cure many, if not all illness, leading to a sense of 
well-being. The reality is that one still has no idea how Echinacea 
works and whether or not its apparent effects are partially or 
completely a placebo effect. Echinacea may have some immune 
system effects, but what dose is needed to produce what effect is 
certainly not known at this time. 

Whereas the origins of ephedrine and other pharmaceuticals 
addressed earlier are clearly elucidated, many of the other herbs 
used in asthma are less well studied. It is difficult to make sense 
of all the various combinations and formulations used in Chinese 
medication. Indeed, we have large gaps in our knowledge of the 
constituents of these herbs and whether these constituents have 
any therapeutic effect, or even if they are safe. It is difficult to 
place this tremendous wealth of information into a format, which 
is easily understandable. 

Many of these herbs have suggested active ingredients that do 
not have known activity in Western medicine. For example, the 
active ingredients of many herbal products are listed as essential 
oils. Essential oils, also known as aromatic oils, are isolated from 
various plants by extraction and have their roots in the old disci
pline known as alchemy (20). Another example of substances 
thought to be beneficial in Chinese medicine and not yet well 
studied in Western medicine involve steroid precursors. For exam
ple, the sapoginens are known to be precursors of steroids in the 
human body, but it is unknown if administering sapogenins to an 
asthmatic leads to production of steroids as a metabolite. 

In TCM, various parts of the plant can have different actions. 
Leaves, roots, flowers and stems, and fruits have been prepared 
in various forms such as decoctions, soups, teas, ointments, pills, 
powders, and capsules. 

Many roots are known to have anti-inflammatory properties. 
Yun Mu Xiang is a qi stimulant and is used in India to treat 
bronchial asthma (21). In Arabia, it is used to treat rheumatism, 
and it does appear to have some benefit as an antihelminthic. It 
is the root of Auklandia lappa and it has a bitter taste and acrid 
smell. It is considered a warm pharmaceutical. It is composed of 
0.3-3% volatile oils, including apltaxene, a-costene, b-costene, 
costus lactone, dihydrocostus lactone, 12-methoxy-dihydrocostus 
lactone, costus acid, costol, and saussurine. One of the activities 

of the lactones is that they inhibit the bronchoconstricting effect 
of histamine. The saussurine component is known to have bron
chodilator effects. 

Baibu is the root of Stemona japonica and it also has warm 
properties (22). It is used as a antitussive and antihelminthic. 
The constituents of Baibu include stemonine, stemonidine, and 
isostemonidine. The action of Bailbu is thought to be on the 
respiratory center, where it inhibits stimulation. Another root used 
to treat asthma is Xiangfu (23), obtained from Cyperus rotunda. 
In addition to its effects on inflammation, Xiangfu is also used 
as a digestive medicine and for menstrual problems in China 
and India. The preparation consists of volatile oils, which vary 
depending on where it is produced. It also contains akaloids, 
cardiac glycosides, and flavonoids. 

Huzhang, isolated from the root and rhizome of Polygonom 
cuspidatum, contains anthraquinones (emodin, chrysophaol, rheic 
acid, emodin monomethyl ether, polygonin, physcion-8-~-D-gly
coside and tannins) (24). It has antiviral, antibacterial, antiasthma
tic, and antitussive properties and is used to treat acute inflamma
tory diseases, chronic bronchitis, hepatitis, neonatal jaundice, 
leukopenia, and arthritis. Its side effects are mild and include 
serosomia, bitter aftertaste, nausea, vomiting, and diarrhea. 

Dong Quai, also known as oriental angelica or Angelica poly
morpha, is an herb used to treat allergic attacks, but it is also 
used in menstrual problems, as an antihypertensive, and to treat 
ulcers, constipation, and anemia. It has been found to inhibit 
experimentally induced IgE titers (25). It contains six coumarin 
derivatives and the oil also contains safrole, cadinene, and 
n-butylphthalide (26). 

Kuan Dong Hua is a flower that is used to treat chronic and acute 
asthma. It has antitussive, mucolytic, and antiasthmatic action. It 
is the flower bud of Tusilago faifara. In Western nomenclature, 
it is known as coltsfoot, cough wort, or horsehoof. It has also 
been used as a folk medicine in Europe for the above-noted 
conditions. Unfortunately, coltsfoot has been shown to be carcino
genic in rats, an observation that has been attributed to the compo
nent senkirkine (27). 

Lingzhi is the fruit of Ganoderma lucidum. It has been found 
to possess significant antitussive and expectorant actions. It also 
has effects on the central and autonomic nervous system and 
coronary circulation. The components of Lingzhi include ergos
terol, fungal lysozyme, and acid protease. 

Occasionally, the whole plant is used, as in the case with Yin 
Yang Huo (28). Yin Yang Huo is the whole plant of Epimedium 
sagittatum, which is considered a warm medicine and is used 
to treat asthma, cough, rheumatism, impotence, low back pain, 
amnesia, and hypertension. The above-ground part of the plant 
contains icariin, des-O-methylicariin, b-anhydroicaritin, and mag
noflorine. The root contains des -O-methyl-b-anhydroicaritin, and 
icariins A, B, C, and D. 

Pinellia temata or Pinellia tuberifera is a common herb used in 
asthma. It is native to southern and central China. TCM describes it 
as a warm medication that expels dampness. The herb is prepared 
as a decoction and is sometimes combined with ginger juice. This 
combination is commonly used for asthma. A typical dose is 
5-12 g. Commercial preparations in pill form are available. Other 
components of the pill include essential oils. 

Kan Lin (29) and Wen Yang Pill (30) are combination herbal 
preparations that have also been found to be useful in asthma. 
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Table 7 
Combination Therapy Used in Eczema 

Name of combination Major components of combination product 

Tang-kuei and peony formula 
Ephedra decoction 

Peony, hoelen, ali sma, scute 
Ephadra, almond, cinnamon, licorice 

Angelica restorative decoction 
Bupleurum and Artemisia decoction 

Angelica sinensis, cinnamon ginger, Chinese jujube, White peony, licorice 
White peony, Artemisia capillaris, Hare's ear, Tuckahoe, licorice, American ginseng, Angelica 

sinensis, Atractylodes chinesis, Peucedanum decursivum, Scutellaria macrantha 
Ma Huang and asarum combination 
Angelica and White Peony decoction 

Joint fir, Asarum sieboldi, Aconitum fischeri 
Alisma plantago, Angelica sinensis, White peony, Tuckahoe, Atractylodes macrocephala, 

Ligusticum wallichii 
Major Bupleurum decoction Hare's ear, Pinellia ternata, Scutellaria macrantha, Chinese jujube, rhubarb, ginger, White 

peony, trifoliate orange 
Ginseng and Rehmannia Pills 

Alisma and Hoelen Sixteen Combination 

Ginseng, Rehmannia glutinosa, broornrape, Atratylodes macrocephala, Dendrobruim nobile, 
Thuja orientalis, Dodder, Eleutherococcus gracilistylus, Morinda root, chrysanthemum 

Stephania root, Morus root bark, astragalus root, atractylodes rhizome, polyporus plant, 
chaenomeles fruit, Hoelen plant, Akebia stem, Pinellia rhizome, ginger rhizome, citrus peel, 
cinnamon twig, areca peel, licorice root, Magnolia bark 

HERBAL MEDICATIONS USED IN ECZEMA 

Eczema is described in Chinese medicine as a blistering rash 
consisting of sores that occur on various parts of the body in 
response to insults from wind, heat, and moisture. The rash has 
also been described as dry. The treatment of eczema by TCM 
depends on whether the rash is chronic or acute (31). Pruritis is 
present in both forms of the rash. The acute rash is more red and 
blistery, containing yellow fluid or crusts. One of the formulations 
used to treat the acute phase is Gentian Combination in combina
tion with Calcite and Phellodendron Formula. This serves as a 
moisturizing agent. Hoelen and Magnolia combination are also 
used as moisturizing agents. Other combination therapies for 
eczema is shown in Table 7. In the case of chronic eczema, the 
rash is described as being coarse and hyperpigmented with dermal 
thickening. Of interest is that the treatment also depends on the 
site of the eczema. Eczema above the waist is treated with a 
combination of mulberry leaves, wild chrysanthemum, and cicada. 
Eczema in the middle part of the body is treated additionally with 
gentiana and gardenia. 

ACUPUNCTURE 

The ancient art of acupuncture relies on accessing the major points 
of qi, or the vital energy, which flows along channels known as 
meridians. There are 12 such channels in the body. Of these 12 
channels, 6 correspond to Yin organs and 6 to Yang organs. The 
Yin channels include the lung, heart, pericardium, liver, kidney, 
and spleen. The Yang channels include the large and small intes
tines, gallbladder, bladder, stomach, and San Jiao, which has no 
anatomic analog in Western medicine. Qi circulates throughout 
these 12 meridians and have periods of peak and trough. The 
times during the day that each channel attains its maximum and 
minimum levels varies according to the organ system. These chan
nels communicate with each other throughout the body. There are 
points along these channels that one can access via acupuncture 
needles to revitalize the qi, which flows through these channels. 

Unfortunately, meridians are not anatomically definable and 
there is no analog in Western medicine. However, studies have 
been undertaken over the years to "find" the anatomical meridians. 

Most of these studies are not well designed, and results are not 
consistent. In 1970, a study was done to relate skin resistance and 
electrical conductance with acupuncture points. Other epidemio
logical studies have demonstrated a possible beneficial effect on 
the clinical severity of bronchial asthma (35-38). 

Acupuncture has been sanctioned by the World Health Organi
zation for the treatment of asthma. The needle points for the 
treatment of asthma, cough, and sore throat, as identified by the 
Standard International Acupuncture Nomenclature, follow the 
lung channel, the points of which are along the arm. These points 
start at Zhongfu (Lu.1) in the chest and, from proximal to distal, 
include Chize (Lu.5), Kongzui (Lu.6), Lieque (Lu.7), Taiyuan 
(Lu.9), and Shaoshang (Lu.II), located near the thumbnail. 

In addition, studies on the efficacy of acupuncture have shown 
that there is, indeed, some benefit of acupuncture to allergic rhinitis 
(39). The effects of acupuncture on the immune system has been 
evaluated (40-44). 

FACT OR FICTION: 
THE SCIENTIFIC STUDY OF CHINESE MEDICINES 

Chinese herbs have been used for centuries to treat all ailments 
known to humans. To those educated in the Western world, it is 
still a mystery. This is partly the result of the paucity of valid 
scientific studies on these herbs, and partly the result of a reluc
tance to accept alternative medicine. In addition to this, most of 
the herbal treatments are unproven and controversial and have 
been abused or misused over the years by Western practitioners 
who know very little about TCM. 

The question of regulation of this industry arises; more specifi
cally, whether the dispensing of these herbs should be regulated 
at all. These preparations are obviously available and they can be 
obtained from Chinese medicine shops, which are usually located 
in or around the Chinatowns of the larger metropolitan areas. 
One can order Chinese herbal medications from wholesalers or 
distributors, most of whom are located in San Francisco, Los 
Angeles, Portland, and New York. Other sources include the health 
food stores or herbal stores, where more of the everyday household 
spices, such as ginger, garlic, or peppers are readily available. 
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Table 8 
Sources of Information About Natural Products 

The Lawrence Review of Natural Products 
American Herbal Products Association 
American Foundation of Traditional Chinese Medicine 
Centers for Disease Control 
Herb Research Foundation 
National Council Against Health Fraud 
National Nutritional Foods Association 
World Association of Natural Medicine 
The Internet 

Internet sites: 
http://altmed.od.nih.gov/ Office of Alternative Medicine (NIH) 
http://www.actcm.org/ 
http://www.eucm.org/sinobiology/ 
http://www1.btwebworld.comllctal 
http://www.acchs.edul 
http://www.demon.co.uk/acupuncture/index.html 
http://www.wp.comlicmlhome.html 
http://www.qi-joumal.coml 
http://www.halcyon.comlniaoml 
http://www.holistic.comilistingslaom.html 
http://Acupuncture.coml 
http://www.acaom.edul 
http://www.holistic.comilistings/06811ch1.html 
http://www.njutcm.edu.cnl 
http://members.aol.comlmedchinalgroup.htm 

American College of Traditional Chinese Medicine 
European University of Chinese Medicine 
London College of Traditional Acupuncture and Oriental Medicine 
Academy of Chinese Culture and Health Sciences 
Foundation for Traditional Chinese Medicine 
Institute of Chinese Medicine 
Qi-The Journal of Traditional Eastern Health and Fitness 
Northwest Institute of Acupuncture and Oriental Medicine 
Academy of Oriental Medicine 
Acupuncture.com 
American College of Acupuncture and Oriental Medicine 
Healing Arts Center 
Nanjing University of Traditional Chinese Medicine 
East West Institute 

These herbs are not considered pharmaceuticals, which means 
that they are not subject to the stringent regulation that the pharma
ceutical industry is. Anyone can purchase or use these prepara
tions, and there is, at present, only loose regulation regarding 
practicing as a doctor of Chinese medicine. One of the governing 
bodies for these such licenses is the National Commission for the 
Certification of Acupuncturists. Another is the American Associa
tion of Acupuncture and Oriental Medicine. 

One can obtain information on these issues from a variety of 
sources, some of which are listed in Table 8. The World Health 
Organization (WHO) and the Center for Disease Control and 
Prevention (CDC), as well as an assortment of private corporations 
can provide information on TCM. In addition, the Internet contains 
a vast ocean of information on TCM, and the websites directed 
to this field are increasing daily (Table 8). 

ALTERNATIVE MEDICINE 
STUDIES AND CENTERS 

There has been an explosive growth in recent years in the field 
of alternative medicine, to the extent that major medical centers 
of Western medicine are establishing their own alternative medi
cine departments. 

One of the areas of greatest resource, and, indeed, one that 
has been significantly tapped into by the public at large, is the 
area of TCM. TCM encompasses a wide range of herbal remedies, 
as well as empirically derived combinations of animal and plant 
products (and unclassifiable modalities of treatment such as acu
puncture). Many of these therapies have been demonstrated to be 
beneficial simply by observation over many centuries. Some of 
them have even been studied by researchers in the West, using 
Western scientific method. In recent years, the Western public 

has been more eager to accept the use of alternative medicine 
than are Western medical practitioners. The health industry has 
also been quick to take advantage of this enthusiasm, as can be 
seen from the wide variety of commercial products on the market. 

The Office of Alternative Medicine at the National Institutes 
of Health is conducting ongoing monitoring of the resources and 
experiments being done to bring alternative medicine to a more 
acceptable status among health professionals. In general, the prin
ciples of traditional Chinese medicine are difficult for those trained 
in Western medicine to grasp (45). They tend to be abstract and 
can be thought of as almost more religion than science, for one 
cannot always find an objectively observable mechanism by which 
the concepts relate to the human body. The concepts have been 
handed down from teacher to apprentice over the generations and 
the practices are consistent and engrained, without serious quest 
for explanations as to why and how. 

SUMMARY 

In summary, alternative medicine offers unorthodox methodology 
in the treatment of immune dysfunction, including allergies and 
asthma (46-48). Traditional Chinese medicine includes herbal 
preparations, acupuncture, and qigong. Some common food sub
stances such as turmeric, garlic, ginger, and cumin have been used 
by the Chinese not only as spices but also as immune boosters 
or stimulants, anti-inflammatory agents, and anti-infectives. The 
importance of nutrition in maintenance of good health has been 
stressed by TCM over the years. Agents used in asthma include 
Ma Huang, licorice, schizandra, ginseng, and gingko. There is a 
lot of information available in TCM that is potentially valuable 
to Western practitioners, provided they keep an open mind about 
alternative medicine and if they knew how to tap into this informa-
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tion source. Unfortunately, it is often difficult to remain open
minded because of the lack of scientific data to support any thera
peutic value of most of these herbal preparations. In fact, Chinese 
traditional medicine has indeed been experiencing a sort of fad 
culture in recent years. What is disturbing is that although there 
are potential benefits to some of the herbs, the hype is significantly 
more than the truth, and many more studies will need to be 
conducted before all therapeutic indices and side effects are 
known. Moreover, there are always subsets of physicians or layper
sons who will seek to take advantage of the current hype for their 
personal financial gain, with very little knowledge or reservation 
regarding patient safety. In the meantime, it is doubtful that the 
common spices used nowadays, such as garlic or ginger, are 
dangerous to our health. In the absence of such negative concerns, 
it is probably not inappropriate to accept, if not support, the use 
of such herbs by our patients. Ongoing studies will have to be 
undertaken to delineate the true value of such substances. 

For those Western practitioners who are unable to at least 
consider this exciting new area of research, an old adage that 
seems to have been proven in medicine over and over again must 
be remembered, that what is considered alternative, or inappropri
ate, or even "dead wrong" today may one day be considered to 
be mainstream practice. 
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INTRODUCTION 
Mucosal surfaces represent extensive areas of interface between 
the host and its external environment. They are the site at which 
most of the host's infectious processes begin. Physiologically, 
they can be relatively sterile (i.e., the distal pulmonary track) or 
colonized (even highly colonized), as the distal gastrointestinal 
tract (GIT). 

Mucosal mechanisms of defense have evolved with common 
strategies for all mucosal surfaces (1), but striking differences exist 
depending on the local level of colonization. A major physiological 
feature of the intestinal mucosa is its capacity to mount an energetic 
response against invasive pathogens and, at the same time, remain 
nonresponsive or hyporesponsive to food antigens or indigenous 
bacteria. The lack of response is an active process, based on 
various mechanisms, which are globally called oral tolerance. 
Thus, gut mucosal defenses are able to cope with environmental 
antigens, including infectious agents, without triggering a constant 
and severe inflammatory reaction that, in itself, would induce an 
important tissue damage. Certainly, the integrity of the mucosal 
barrier is a basic requirement for the host survival, both from the 
nutritional and defensive points of view. 

The above-mentioned dichotomy requires a fine-tuning of 
responses to maintain a continuous low-grade activation of the 
GIT immune system. Both endogenous mediators as well as lumi
nal factors (in the case of colonized surfaces, bacterial factors) 
may contribute to this homeostatic system (2). 

The main focus of our work is to understand how luminal 
signals in the intestine, delivered by nutrients, can modify the 
status of immune activation during physiological and pathologi
cal conditions. 

COMPARTMENTS OF THE 
MUCOSAL IMMUNE SYSTEM 
The most sophisticated and probably best understood defensive 
system of the intestinal mucosa is the production of secretory 
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immunoglobulins against intestinal damaging agents such as tox
ins, pathogenic bacteria, and viruses. Other immunological mecha
nisms are present and are also important for mucosal defenses. 

The anatomical compartments of the mucosal immune system 
may be analyzed bearing in mind that in the mucosal immune 
response, a clear compartmentalization of inductive and effector 
sites exists. 

LYMPHOID AGGREGATES The humoral mucosal immune 
response starts in a well-defined anatomical compartment where 
antigens have a facilitated access to the host. The afferent limb of 
the mucosal immune response takes place at lymphoid aggregates, 
called Peyer's patches, in the small bowel and solitary follicles 
in the colon (3). They are covered by a specialized epithelium 
that contains the M cell, adapted for sampling the intestinal content 
(4). The underlying lymphocytes are arranged in prominent folli
cles that contain T - and B-cell compartments. The prominent 
germinal centers (GC) of the gut-associated lymphoid tissue 
(GALT) are the main lymphopoietic sites for mucosal B cells, with 
a preferential commitment to immunoglobulin A (IgA) production. 
GC development depends on antigenic challenge, mainly of micro
bial origin. The B cells migrate into the follicles and GC according 
to their affinity for specific antigens. The B cells then undergo 
somatic mutation of their antigen receptors (immunoglobulins), 
which leads to increased affinity for the specific epitopes. Follicu
lar dendritic cells in the GC retain immune complexes on their 
surfaces exposed in such a way that B cells, with the correct 
mutations, are stimulated and, consequently, rescued from dele
tion. In contrast, low-affinity B cells are deleted by apoptosis. 
Immunoglobulin isotype switching then occurs predominantly 
toward the IgA isotype. CD4+ T cells (T helper lymphocytes) 
expressing CD40 ligand and producing interleukin (IL)-4, IL-lO, 
IL-5 colocalise with GC centrocytes (B cells in maturation) that 
are undergoing isotype switching and participate actively in this 
process (5). 

LAMINA PROPRIA The Band T lymphocytes activated at 
the afferent sites of the mucosal immune system, leave the Peyer' s 
patches and migrate through lymph and blood to finally come 
back into mucosal tissues. Although B cells remain in the lamina 
propria (LP), T lymphocytes migrate into the lamina propria and 
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the epithelial layer. The Band T cells participate in the efferent 
limb of the mucosal immune response. 

The specific homing of mucosal primed lymphocytes into 
mucosal effector sites takes place through downregulation of 
L-selectin and induction of a4 ~7 integrin expression, the latter 
recognizing the mucosal addressing cell-surface molecule (MAd
CAM-I) expressed on mucosal blood vessels (6). 

After homing into the lamina propria, Band T lymphocytes 
complete their differentiation and participate in the effector mecha
nisms of mucosal immunity, the best known of which is the 
production of secretory IgA (1). IgA is secreted by lamina propria 
plasmacytes, terminally differentiated B lymphocytes, and is trans
ported through the epithelial layer toward the intestinal lumen by 
the polymeric Ig receptor or secretory component. When secretory 
IgA (sIgA) reaches the intestinal lumen, it reacts with specific 
antigens, preventing the physical interaction of noxious agents 
with the mucosal surface. This process is called immune exclusion 
and that does not imply activation of inflammatory processes. 
Production and secretion of IgA is further regulated at the LP by 
(1) endogenous environmental mediators, such as T-cell growth 
factor (TGF)-~ and IL-5, mainly produced by regulatory T cells 
(7-9), and (2) intestinal bacterial colonization (10). 

The LP contains a large number of Band T cells, plasma 
cells, and accessory immune cells. In contrast to intraepithelial 
lymphocytes, LP T lymphocytes are exclusively of thymic origin. 
They leave the thymus as naIve cells to repopulate the paracortical 
areas of the lymphoic follicles (i.e., at Peyer's patches), where 
antigenic stimulation takes place. Antigen-committed T cells leave 
the lymphoid follicles to recirculate and home back into the lamina 
propria, similar to B cells. In contrast to the predominance of 
CDS+ T lymphocytes in the intraepithelial compartment, in the 
LP CD4+ and CDS+ T cells are found in a proportion similar to 
that of the peripheral blood. In addition, the yo+ T-cell-receptor 
(TCR) subpopulation is not as high as is found in the intraepithelial 
compartment and it reproduces the proportion found in periph
eral blood. 

A remarkable feature of CD4+ LP T cells is the high amount of 
memory cells and the abundant expression of activation markers. 
With regard to cytokine production, LP CD4+ cells are predomi
nantly of the TH2 type (IL-4, IL-5), although this can be shifted to 
THI (lL-12, interferon (IFN)-y) in some pathologies such as 
inflammatory bowel disease (IBD). Indeed, it was shown that both 
clinical and experimental enteropathies are associated with an 
increased production of the THI cytokines IFN-yand IL-12 (2). 

An important physiological feature of helper LP T cells is their 
capacity to induce IgA secretion (11). This demonstrates a dual 
function of T cells in IgA production, which is performed at the 
level of different mucosal compartments: in fact, they participate 
in (1) switching events in the PP GC and (2) later on, IgA synthesis 
and secretion in the LP. 

EPITHElIAL COMPARTMENT The epithelial compartment 
is a very important microenvironment of the mucosal immune 
system and involves at least two types of immunocompetent cells: 
the intraepitheliallymphocytes (IEL) and the intestinal epithelial 
cells (1EC). 

Intraepitheliallymphocytes are an important component of the 
mucosal immune system and are located within the intestinal 
compartment, in close association to the basal and lateral mem
branes of the lEe. Constitutively or upon stimulation, they are 
capable of modifying the epithelial immune phenotype and its 

immunological or defensive functions (12). These effects could 
be mediated by cell-to-cell interactions implying surface mole
cules, such as aE ~7 /E-cadherin interactions and through secreted 
products like cytokines, mainly IFN -yo 

Human and murine IELs are enriched for T cells that express 
yo TCR. In humans, IEL express a limited array of TCR a~ and, 
to a lesser extent, TCR yo, indicating that they recognize a 
restricted range of antigens in the context of MHC class I-related 
molecules (13-15). The yo TCR+ IEL is a population that seems 
to be less dependent on bacterial antigenic challenge than the a~ 
TCR IEL, as colonization of germ-free mice preferentially induce 
the appearance or expansion of the later. 

Most of the IELs are mature T cells (CD3+) of the CDS+ 
(suppressorlcytotoxic) phenotype, which express the homodimeric 
form of the CDS molecule (CDSaa). The predominant expression 
of CDSaa is considered as an evidence of their extrathymic origin, 
because peripheral blood CDS+ T cells exclusively express the 
CDS a~ heterodimer (16). It is commonly accepted that TCRJ 
CD3-mediated signals in IELs are diminished compared to periph
eral T lymphocytes (17). This functional characteristic seems to 
contribute to the local homeostasis that is achieved through specific 
bidirectional cross-talk with neighboring IECs and LP T cells, 
therefore controlling the level of immune stimulation within the 
microenvironment. Moreover, IEL may influence functional 
aspects of adjacent IEC, such as barrier functions and ion transport, 
probably by secretion of soluble factors. 

The specific homing of IEL into mucosal sites seems to depend 
on the expression of aE ~7 integrin found on all IELs. Its ligand, 
E-cadherin, is expressed on the basolateral membrane of the enter
ocyte (18). These integrins can function as accessory molecules 
in TCR-mediated responses (19,20). Because aE ~7 expression 
is upregulated by TGF-~ (21), mainly derived from enterocytes, 
it will be of great interest to understand how luminal signals can 
modulate IEC-dependent TGF-~ production. Therefore, nutrients 
with the capacity to modulate TGF-~ production could have a 
major impact on mucosal mechanisms of defence. 

Intraepitheliallymphocytes show high cytolytic (CTL) activity 
in vitro, suggesting that one of their main functions in vivo could 
be the elimination of infected or highly damaged cells. It was 
shown that a fraction of IELs contains intracytoplasmic perforin 
and granzyme-containing granules and exerts immediate cytolytic 
activity upon TCR stimulation. Furthermore, IELs express Fas
ligand and are able to kill Fas-bearing targets (22). To date, it is 
not clear which cytolytic pathway, Fas or perforin mediated, is 
preferentially used by IEL (23). 

INTESTINAL EPITHElIAL CELLS Intestinal epithelial cells 
(1EC) are considered to be a constitutive component of the mucosal 
immune system. They are the first host cell in contact with luminal 
antigens and micro-organisms and were proven to be antigen
presenting cells (24). Upon stimulation they are able to produce 
a wide range of immunomodulatory cytokines (25). In addition, 
they can actively participate in the local reaction against pathogens, 
exerting a form of innate immunity (26). 

In contrast, very little is known about the modulation of epithe
lial immunocompetence by nonpathogenic bacteria and their role 
in the physiology of mucosal mechanisms of defense. The use of 
specific bacterial strains in foods (functional nutrients), which 
provide the consumer with health benefits, particularly for the 
control of gastrointestinal infections, makes this a field of high 
interest (27). 
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INDIGENOUS MICROFLORA 
AND MECHANISMS OF DEFENSE 

At the colonized mucosal surfaces, the host entertains a symbiotic 
relation with the commensal microflora that implies both nutri
tional and defensive aspects. 

With regard to the defensive function, the resident microflora 
prevents colonization of the gut by pathogens, the so-called "bar
rier effect" of the microflora or colonization resistance. The exclu
sion of exogenous micro-organisms by commensals involves the 
competence for mucosal-specific niches or nutrients and the pro
ductions of bactericidal or bacteriostatic products. These aspects 
will not be discussed in this chapter. 

Moreover, the endogenous microflora seems to have a modula
tory effect on the mucosal immune homeostatis and, therefore, 
on the mucosal mechanisms of defense. To better understand the 
functional role of bacteria in gut homeostasis, the underlying 
molecular mechanisms have to be elucidated at different compart
mental levels. 

BACTERIAL MODULATION 
OF DISCRETE COMPONENTS 
OF THE MUCOSAL IMMUNE SYSTEM 

NONPATHOGENIC INTESTINAL MICROFLORA AND THE 
EPITHELIAL COMPARTMENT As mentioned earlier, activa
tion of the IEL by bacteria (or bacterial products) can lead to 
modifications of the IEC phenotype (12). It was demonstrated that 
IFN-y derived from activated IEL can induce the expression of 
immune markers such as MHC class II on IEC (28). Moreover, 
the lack of MHC class II expression during the neonatal period 
(29) or in germ-free animals (30) strongly suggests a role for the 
normal microflora in the immune regulation at the epithelial com
partment. 

Bacterial colonization of germ-free mice induces a rapid expan
sion of the IEL population, suggesting activation through specific 
antigens or a polyclonal type of stimulation, something that so 
far is not clear (31). 

A function that has been consistently detected for the small
bowel IEL is their constitutive cytolytic activity (32). Interestingly, 
cytolytic activity is highly dependent on the colonization of the 
gut, because it is lower in the germ-free animals (33). Paradoxi
cally, murine studies have shown that IEL numbers are higher in 
the small bowel than in the highly colonized colon (31,34). In 
addition, the colonic IEL phenotype is closer to peripheral blood 
lymphocytes and colonic IEL do not express spontaneous cytolytic 
activity (35). 

Our group has been working for the last years on the influence 
of nonpathogenic bacteria on the biology of the enterocyte. The 
assumption being that nonpathogenic bacteria normally do not 
invade or translocate into the host and, therefore, the signal for 
modulation of mucosal immune homeostasis has to be "processed" 
by the lEe. 

With this hypothesis in mind, it was demonstrated that lactic 
acid bacteria and gram-negative bacteria, both components of the 
resident microflora, exert a different pattern of IEC phenotype 
modulation (36). This observation is of great interest, because 
lactic acid bacteria constitute a group of micro-organisms that 
are introduced as probiotics in fermented foods to provide heath 
benefits to the host. 

Relevant IEC immune markers can be grouped in molecules 

involved in the following: (1) antigen presentation (MHC class 
II, Cdl), an early event of the immune response; (2) cross-talk 
between IEC and lymphocytes (ICAM-l, Fas, IFN-y receptor), 
crucial for homeostatic regulation, and, finally, (3) soluble media
tors such as cytokines and chemokines (IL-8, TNF-a, MCP-l), 
promoting the recruitment and activation of immune cells in the 
different intestinal microenvironments. 

Stimulation of the human intestinal cell line HT-29 in vitro 
using a nonpathogenic E. coli increased the basal expression of 
ICAM-l (CD54) and IFN-yR (CD119). Furthermore, when E. coli 
was combined with IFN-y, constitutively produced by IEL, a 
synergistic effect was detected for the expression of MHC class 
II molecules (HLA-DR), ICAM-l, Fas, and IFN-yR. In addition, 
pro-inflammatory cytokines such as TNF-a, IL-8, MCP-l, and 
GM-CSF were induced by the gram-negative bacteria and the 
induction was significantly increased when the E. coli was com
bined with IFN-y. Lactic acid bacteria (LAB), in contrast, did 
not show any agonistic effect with respect to the onset of pro
inflammatory cytokines. However, the combination of LAB and 
IFN-y increased the expression of IFN-y R (36). The molecular 
basis of this LAB-potentiating effect is not understood and is the 
subject of current research. 

The fact that LAB alone or in combination with IFN-y did not 
induce any of the pro-inflammatory cytokines suggests that LAB 
could participate in tissue protection against the deleterious effect 
of an ongoing inflammatory process. Bacterial-epithelial cell con
tact was a prerequisite in this system for induction of IEC pheno
typic changes, giving support to an important selection criteria 
for probiotic bacteria, namely adherence to the intestinal epithe
lium (37). 

LAMI NA PROPRIA It has been repeatedly observed that 
germ-free animals have a lower number of immune cells than 
the lamina propria when compared to conventional (normally 
colonized) genetically identical counterparts. Experimental evi
dence clearly shows that the indigenous bacterial flora is the major 
stimulus for the development ofIgA-secreting plasma cells (38). 
Some authors have found increased numbers of lamina propria 
cells in intestinal bacterial overgrowth, whereas others have found 
more subtle changes such as a shift from IgAl- to IgA2-producing 
plasma cells (10). 

L YMPHOID AGGREGATES Lymphoid aggregates of germ
free animals are devoid of germinal centers (GC). The develop
ment of this B-cell compartment depends on a specific immune 
response against colonizing bacteria. In a monocolonized animal 
model, GC appear soon after bacterial colonization and disappear 
some weeks later, although IgA-specific response persists for a 
longer time (39). 

Recently, it has been reported that the human indigenous 
microflora is only partially covered by IgA-specific antibodies 
and even less so by IgG and IgM (40). An important proportion 
of the microflora, close to 50%, is not covered by antibodies at all. 

Both findings seem to show that the partial unresponsiveness to 
the autochthonous microflora may appear after a transient immune 
response took place, which, in fact, is suggested by the gnotobiotic 
animal model. As yet, the effect of exogenous ingested bacteria, 
such as probiotics, for sustaining activation at the GC level is not 
known, but, conceivably, they could contribute to it and thereby 
promote an IgA response that is not only specific against bacterial 
antigens but also against bystander antigens sampled through the 
follicular-associated epithelium (FAE) containing the M cells. 
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THE MUCOSAL IMMUNE SYSTEM AND 
ITS REGULATION BY LUMINAL FACTORS: 
NEW PERSPECTIVES 

It has been shown that IEC may be participants in the initiation 
of the mucosal immune response as suggested by antigen presenta
tion in vitro (24); however, this function is not confirmed in vivo. 
On the other hand, antigen (Ag) presentation by IEC could involve, 
in addition to MHC class II molecules (41), specific restriction 
molecules such as CD I d (13) or other nonpolymorphic class-l 
molecules such as thymus leukemia (TL) antigens. In addition to 
the IEC accessory function for Ag presentation, they produce 
cytokines under physiological conditions (25) and in response to 
pathogenic bacteria. The differentially expressed cytokines then 
promote the recruitment and activation of effector immune cells 
for clearance of the pathogens (26). 

Our experimental contribution using a reductionist IEC in vitro 
model puts forward further support for both functions. Moreover, 
the regulation of the immune phenotype with regard to specific 
molecules involved in cell-to-cell interactions, playing a key role 
in the homeostasis of the immune system, seems to suggest a role 
for the regulation of the cellular environment at the intraepithelial 
compartment and at the lamina propria. Interestingly enough, the 
IEC are in permanent interactions with the luminal content, includ
ing comensal microfiora, and the endogenous cellular network of 
professional immune cells. The appropriate function of IEC can 
adapt the physiological reactivity of the host tissues to a highly 
changing intestinal content. A dysfunction of this interphase could 
promote a discordance between the luminal signal and the initiated 
response. This could be the origin of pathological conditions result
ing from exaggerated responses to nondangerous signals, like food 
antigens, resulting in food allergy or in chronic inflammation 
(i.e., inflammatory bowel disease). In fact, the specific systemic 
unresponsiveness to oral antigens is an important physiological 
characteristic of the mucosal immune system and has been called 
oral tolerance. 

On the other extreme, a weak communication of a harmful 
luminal signal could be associated with a lack of appropriate 
response for controlling luminal pathogens or potential pathogens, 
as can be observed in some cases of intestinal immunological 
disorders. The fine-tuning of this dynamic interphase is probably 
not only dependent on the IEC but also on an intricate cell
to-cell cross-talk, where IEL and LP immune cells are further 
participants. This is the subject of current research activities. 
However, there is a strong evidence that the IEC plays a central role 
in delivering early signals to the neighboring cells. The knowledge 
about the downstream cascade of events will give us unique possi
bilities to modify the gut homeostasis by nutritional interventions. 

Finally, it is possible that the IEC play an effector role in the 
clearance or very basic defense mechanisms against pathogens. 
These functions may be, in tum, regulated by the immune cells 
in the vicinity. 

CONCLUSION 

Intestinal bacterial signaling of the mucosal mechanisms of 
defense can cover a wide range, from the physiological interactions 
between the resident micro flora and the host cells in the superficial 
mucosal microenvironment, to the inflammatory, exudative reac
tion promoted by invasive pathogens, which implies the recruit
ment of blood leukocytes. Both types of reaction are adaptive 

mechanisms of defense adequate for the triggering signal. Never
theless, it is obvious that the second type of response implies 
inflammatory tissue damage of the mucosal barrier and a response 
that can lead to systemic inflammatory reactions. Therefore, the 
understanding of how commensal bacteria or other nutritional 
strategies (e.g., probiotics) can improve pro-inflammatory mecha
nisms of defense is of major interest. The strengthening of this 
mechanisms will diminish the interactions between virulent micro
organisms and the mucosal surface. 

The first level of defense takes pace at the intestinal lumen
mucosa interface and is represented mainly by secretory immunity 
(sIgA) and, possibly, other components of innate immunity 
secreted into the intestine. There is growing experimental evidence 
that the epithelial layer also participates in local mechanisms of 
defense as an effector cell by altering its immune phenotype and 
as part of a local control against infections. 

SUMMARY 

The intestinal mucosal surface is colonized by the comensal 
microflora that attains very high numbers of bacterial cells in the 
distal intestine and more specifically in the colon. At the same 
time, these extensive areas are the interface with the external 
environment, through which most pathogens initiate infectious 
processes in mammals. Intestinal mechanisms of defense need to 
discriminate accurately between comensal, symbiotic microflora 
and exogenous pathogens. Today, we do not fully understand the 
essence of the mechanism of discrimination. However, it is known 
that comensal microflora helps the host to better mount defensive 
mechanisms against exogenous pathogens. These mechanisms 
imply both bacterial-bacterial antagonisms, and, in addition, the 
comensal microflora modulate the host's reactivity against the 
infectious agents. Since some years ago, it is known that the 
commensal microflora can be improved in their functions, by 
giving exogenous beneficial bacteria in foods. They have been 
called probiotics. Probiotics specific for the improvement of muco
sal defensive mechanisms have been our main research area for 
some years. The purpose of this chapter was to give an explanation 
of immunomodulatory activities of bacteria on well-defined com
partments of the mucosal immune system and to approach the 
modulation of immune markers of the mucosal surface by this 
food-borne beneficial bacterial called probitics. 
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37 Nutritional Effects on 
the Pathogen Genome and 
Phenotypic Expression of Disease 

MELINDA A. BECK 

INTRODUCTION 
Infectious disease has long been known to be associated with poor 
nutrition (l). Indeed, throughout history, periods of famine are 
often followed by epidemics of infectious disease. Both animal and 
human studies have demonstrated this association. For example, 
rotavirus-induced diarrhea is much more severe in malnourished 
children (2) and a deficiency in vitamin A in children is associated 
with increased severity of measles (3). In animal models, a defi
ciency in a wide range of nutrients from generalized protein malnu
trition to specific deficiencies such as zinc or vitamin E results 
in increased susceptibility to a number of pathogens, both viral 
and bacterial (4,5). 

The association between malnourishment and increased sus
ceptibility to infectious disease is thought to be related to the 
immune response of the host; that is, malnourishment leads to 
decreased immunity, which, in tum, leads to increased susceptibil
ity to disease. This relationship is diagrammed in Fig. 1. In this 
model, the increased susceptibility to disease rests exclusively on 
the inability of an impaired immune response (resulting from 
malnutrition) to protect the host from infectious agents. However, 
one must remember that the pathogen itself is also replicating in 
a malnourished environment. Viruses that require the cellular 
machinery of their host in order to replicate may also be susceptible 
to a less than optimal environment in a malnourished host. This 
chapter will discuss recent evidence that demonstrates that the 
oxidative stress status of the host, imposed by a nutritional defi
ciency, can have a profound influence on the phenotypic expres
sion of disease, in some cases, through changes in the pathogen 
genome, such that a normally avirulent virus can become virulent. 
Both animal models and human diseases will be presented. 

MALNUTRITION AND VIRAL DISEASE 
A number of studies have examined the effect of host nutrition 
on immune function and this volume provides many examples of 
immune modulation with varying nutritional deficiencies. Rather 
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than repeat these studies, this chapter will focus on the effects of 
host nutrition on the viral pathogen. Several examples of the 
impact of host nutrition on viral pathogenesis will be provided. 
The idea that the pathogen itself may be directly influenced by 
the nutritional status of the host has just begun to be studied. 

Diarrhea caused by rotavirus is a much more serious problem 
in developing countries when compared with developed countries. 
Over 18 million cases of severe diarrhea caused by rotavirus 
occurs in developing countries each year, with an estimated 
873,000 deaths occurring in children under the age of 4 yr. In 
an animal model of rotavirus infection, more severe and longer 
persisting diarrhea occurred in protein-deficient mice (6). Another 
animal study found that pups born to malnourished dams were 
also more susceptible to rotavirus-induced diarrheal disease (7). 

Similarly, respiratory disease caused by viruses is also more 
severe in developing countries and malnutrition clearly contributes 
to the increase in susceptibility. Acute respiratory tract infections, 
in which viruses are the most likely infecting agents, are responsi
ble for 4.5 million deaths among children a year, predominantly 
in developing countries (8). Other risk factors associated with an 
increase in severity and mortality are also present in developing 
countries, including poor sanitation, crowding, low birth rate, and 
so forth, but malnutrition also plays an important role. Not only 
does malnutrition reduce the effectiveness ofthe immune response, 
but weakness in the muscles which control breathing can also be 
affected, as well as normal lung development (9,10). Studies have 
found that underweight children have an increased likelihood of 
developing pneumonia following an infection than normal-weight 
children, which then leads to increased mortality (11). 

Malnutrition has long been associated with the development 
of severe measles. In developed countries, measles is generally a 
mild disease in an unvaccinated host and rarely results in complica
tions. However, in developing countries, infection with the measles 
virus can result in severe complications associated with a high 
mortality rate. This increase in severity has been shown to be 
associated with a deficiency in vitamin A (12). Several studies 
have shown that children given supplements of vitamin A have 
a decreased risk of developing severe measles. Therefore, the 
World Health Organization has recommended treatment with vita-
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Host Malnutrition 

Impaired Immune Response 

Increased Susceptibility to Viral Infection 

Fig. 1. Outline of standard model commonly used to describe the 
relationship between host nutritional status and infectious disease. 
Note that the response is unidirectional. 

min A of all measles virus-infected children in developing coun
tries. 

Vitamin A deficiency has also been associated with an increase 
in severity of respiratory syncytial virus infection (RSV). RSV 
causes lower-respiratory-tract infections and is responsible for 
worldwide epidemics every year. Several studies have demon
strated decreased vitamin A levels in children hospitalized with 
RSV -associated illness (13). 

Zinc has also been associated with protection from infection. 
Clinical volunteers who consumed zinc gluconate lozenges prior 
to exposure to rhinovirus had fewer cold symptoms than those 
who were given a placebo (14). In animal models, mice treated with 
zinc acetate survive for longer periods of time when infected with 
elther yeast or Semliki Forest virus (15). An interesting experiment 
by Grimstad and Haramis (16) found that female mosquitoes reared 
under conditions of malnourishment were more susceptible to La 
Crosse virus and were able to transmit more La Crosse virus 
when biting, when compared with mosquitoes raised under normal 
dietary conditions. Thus, not only are vertebrate hosts affected 
by malnutrition, but insect vectors can be affected as well. This 
finding has important implications for the spread of arthropod
borne diseases in areas of widespread malnutrition. 

As mentioned in the Introduction, malnutrition is thought to 
affect susceptibility to viral infection by inhibiting immune func
tion. However, a series of experiments by Beck et al. (17-19) 
examined not only the relationship between nutritional deficiency 
and the host but also the relationship between nutritional deficiency 
and the viral pathogen. This work began as a study of Keshan 
disease, a nutritional-deficiency disease that was suspected to have 
a viral etiology. 

KESHAN DISEASE 

In the early 1930s, a disease characterized by cardiomyopathy 
was identified in specific regions in China. Later termed Keshan 
disease, after Keshan County, Heilongjiang Province in northeast 
China where the disease was first identified, Keshan disease was 
found to affect mainly women of childbearing age and older 
children (20). The heart pathology was characterized by areas of 
necrosis throughout the heart muscle with both cellular infiltration 
and calcification. Epidemiological studies found that Keshan dis
ease was distributed in specific band-like areas in China. These 
areas were found to have low concentrations of the trace element 
selenium (Se) in the soil. Thus, grains grown in Se-deficient soils 
would also be Se deficient. Because food was grown and consumed 

locally, individuals living in areas with Se-deficient soils had low 
blood Se levels as a consequence of eating Se-deficient grains. 
Selenium is an essential nutrient for humans and is a cofactor for 
glutathione peroxidase, an enzyme with antioxidant properties. 
Selenium is also a component of several other Se-containing pro
teins, including iodothyrodine deiodinase, thioredoxin reductase, 
and selenoprotein P and W. 

Because of the association of Keshan disease with low Se 
status, the Chinese government began a randomized, placebo
controlled intervention trial with sodium selenite in Keshan 
endemic areas. A significant drop in Keshan disease in the Se
treated group was noted before the scheduled end of the trial, 
which led to the discontinuation of the study and supplementation 
of all individuals at risk of Keshan disease with sodium selenite. 

Supplementation with Se has essentially prevented Keshan 
disease in China. However, there were several aspects of the 
disease that could not be wholly attributed to a lack of Se. 
Keshan disease was found to have both a seasonal and annual 
incidence, and not every individual with low Se status developed 
the disease. Thus, the epidemiological data suggested that an 
infectious cofactor might also be required along with a deficiency 
in Se. Scientists in China examined the blood and tissues from 
Keshan disease victims for the presence of infectious agents and 
found enteroviruses in many of the samples. Enteroviruses, and 
particularly the coxsackieviruses, are known to infect heart muscle 
and cause inflammation (myocarditis). 

A coxsackievirus B4 isolated from a Keshan disease victim 
was found to cause severe heart damage when used to infect Se
deficient mice (21). Selenium-adequate mice infected with the 
same virus had much less pathology. In one study, 87.5% of 
myocardial samples from Keshan disease patients were positive 
for enteroviral RNA using the technique of reverse-transcriptase 
polymerase chain reaction (RT -PCR), whereas only 3% of controls 
(myocardial samples from non-Keshan disease tissue) were posi
tive (22). Thus, it appears that an infectious cofactor may be 
involved in the development of Keshan disease, a Se-responsive 
cardiomyopathy. 

SELENIUM DEFICIENCY 
AND COXSACKIEVIRUS 83 INFECTION 

In order to further understand the relationship between a deficiency 
in Se and its impact on a viral infection, a well-characterized 
mouse model of coxsackievirus B3-induced myocarditis, which 
closely mimics the human disease, was utilized to probe the effect 
of specific nutritional deficiencies on a viral infection. 

Two strains of coxsackievirus B3 were utilized in these studies: 
CVB3120, which is a myocarditic strain, and CVB3/0, which is 
an amyocarditic strain. Both strains will replicate to essentially 
identical titers in the heart tissue of mice; however, only the 
myocarditic CVB3120 strain induces myocarditis, or inflammatory 
heart disease. The virulent strain of coxsackievirus, CVB3120, 
causes an acute inflammation in the heart characterized by an 
infiltration of inflammatory cells and subsequent necrosis and 
calcification of the heart muscle. This inflammation is similar to 
what occurs in infected humans. 

Coxsackievirus B3 is a single-stranded RNA virus of approxi
mately 7400 nucleotides. Four structural capsid proteins make up 
the outer shell, which protects the viral RNA as well as providing 
the site for attachment to and subsequent entry into a host cell. 
There are only seven nucleotide differences between the myocar-
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Fig. 2. Anatomically similar portions of the left ventricle were graded for inflammation. Inflammation was graded on a scale of 0 to 4+. 
Pathologic scores: 0, no lesions; I + , foci of mononuclear cell inflammation associated with myocardial cell reactive changes without myocardial 
cell necrosis; 2+, inflammatory foci clearly associated with myocardial cell reactive changes; 3+, inflammatory foci clearly associated with 
myocardial cell necrosis and dystrophic calcification; 4+, extensive inflammatory infiltration, necrosis, and dystrophic calcification. Each bar 
represents the mean score of 15 mice. 

ditic strain of CVB3, CVB3/20, and the amyocarditic strain, 
CVB3/0. These seven nucleotides are not clustered in one area 
of the genome, rather they are scattered throughout, both in struc
tural and nonstructural regions of the virus. This is not unusual 
for this group of viruses, as another closely related enterovirus, 
poliovirus, can become avirulent by very few mutations in the 
viral genome. 

ALTERED PATHOGENESIS IN CV83-INFECTED SE-DEFI
CIENT MICE Mice were fed a diet deficient in Se for 4 wk prior 
to viral infection. Gutathione peroxidase levels, as a biomarker of 
Se status, were fivefold lower in the mice fed the Se-deficient 
diet as compared with control mice fed the Se-adequate diet. 
Following infection with the myocarditic strain CVB3/20, the 
hearts of the Se-deficient mice were found to have much more 
severe inflammation and necrosis when compared with mice fed 
the Se-adequate diet (Fig. 2). Thus, the Se-deficient mice were 
more susceptible to the cardiovirulent properties of the myocarditic 
virus. Cardiopatho!ogy occurred earlier and was more severe at 
each time-point postinfection. 

Of particular interest, the Se-deficient mice infected with the 
avirulent CVB3/0 virus also developed myocarditis, whereas the 
CVB3/0 infected Se-adequate mice did not develop any myocardi
tis (Fig. 2) . Thus, the Se-deficient mice became vulnerable to the 
pathogenic effects of a normally avirulent virus. 

Was the change in pathology related to increased amounts 
(titers) of virus in the Se-deficient mice? To answer this question, 
hearts from viral-infected Se-deficient and Se-adequate mice were 
screened for virus. The Se-deficient mice infected with either 
CVB3/20 or CVB3/0 had approximately lOO-fold higher viral 
titers in the heart when compared with infected Se-adequate mice 
(Fig. 3). Although the titers were higher in the Se-deficient mice, 
the kinetics of the response was similar to the Se-adequate mice; 
that is, virus was first detected in the hearts of the Se-adequate 
and Se-deficient mice at an identical time-point, and both groups 

were able to remove the virus in a similar time period. Thus, Se
deficient mice had higher viral titers, although clearance of the 
virus was not affected. 

IMMUNOLOGICAL EFFECTS OF SE DEFICIENCY The 
fact that the amount of virus was elevated in the infected Se
deficient mice suggested that the immune response of the Se
deficient mice was impaired. An inadequate immune response 
would be unable to prevent the increased replication of the virus. 
In order to determine if this was the case, both humoral and 
cellular aspects of the immune response were tested. 

Both CVB3/20- and CVB3/0-infected Se-deficient mice were 
found to have equivalent levels of a specific CVB3-neutralizing 
antibody when compared with infected Se-adequate mice. Thus, 
the ability of B cells to produce antibodies that can inactivate the 
virus was not affected by a deficiency in Se. However, the ability 
of splenic T cells to proliferate in response to both mitogen (Con 
A) and specific CVB3 antigen exposure were decreased in the 
Se-deficient mice when compared with Se-adequate mice. Natural
killer cell activity was identical between Se-adequate and Se
deficient mice, demonstrating no effect of the Se deficiency on 
this component of the immune response. Although antibody pro
duction and NK active was not affected by a deficiency in Se, the 
fact that the T-cell proliferative response was greatly diminished 
suggests that immune dysfunction may be responsible for the 
increase in viral titers found in the Se-deficient mice. The cause 
of the decrease in T-cell proliferation may be due to a number 
of different possibilities, including decreased cytokine production 
required for proliferation. The observation that antibody responses 
are intact suggests that an imbalance may have occurred, such 
that TH2 cells, which provide signals for B-cell production of 
antibody are favored over THI cells, which secrete cytokines 
important for proliferation. 

VIRAL GENOMIC CHANGES The increase in virulence of 
both the myocarditic and the amyocarditic viruses in the Se-
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Fig. 3. Viral titers (expressed as log tissue culture infectious dose 50 per gram of heart tissue) of heart at various times post inoculation. 
Each bar represents the mean of 15 animals. 

deficient mice may have been the result of a compromised immune 
response. This hypothesis would postulate that the increased 
pathogenicity of the viruses was the result of a less than optimal 
immune response, which resulted in increased viral replication 
and, hence, increased pathogenicity. However, a second hypothe
sis can be postulated that takes into account the pathogen itself, 
rather than just the host. This hypothesis would suggest that the 
virus itself may be altered as a consequence of replicating in a 
Se-deficient animal. To differentiate between these possibilities, 
a passage experiment was devised (Fig. 4). 

Mice were fed a diet either deficient or adequate in Se for 4 
wk prior to infection with CVB3/0, the amyocarditic strain of 
virus. At 10 d postinfection, the mice were killed and the virus 
was isolated from the heart tissue. This virus was renamed CVB3/ 
OSe- to distinguish it from the CVB3/0 parent strain. Similarly, 
virus obtained from the hearts of infected Se-adequate mice was 
renamed CVB3/0Se+. Following isolation, CVB3/0Se- and 
CVB3/0Se+ were passed back into Se-adequate mice and the 
histopathology of the heart was examined 10 d later. If Se-defi
ciency primarily affects the host, then Se-adequate mice infected 
with virus isolated from a Se-deficient animal will not develop 
myocarditis because the virus is avirulent in a Se-adequate host. 
However, if the virus itself is affected, thus altering the phenotypic 
expression of disease, then the Se-adequate animal may be at risk 
for developing myocarditis. 

As shown in Table I, Se-adequate mice infected with virus 
isolated from CVB3/0- infected Se-deficient mice (CVB3/0Se-) 
developed mycarditis. Control mice in which virus isolated from 
Se-adequate mice (CVB3/0Se+) and passed back into Se-adequate 
mice did not develop myocarditis, demonstrating that passage of 
virus alone did not induce a change in virulence. Thus, a phenotype 
change occurred in the virus that was replicated in a Se-deficient 
host, changing a normally avirulent virus to a virulent one. 

The most logical explanation for the phenotype change of the 
CVB3/0Se- virus is a change in the viral genome. In order to 
confirm this possibility, virus obtained from both Se-adequate 
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Fig. 4. Diagram of passage experiment used to determine if host 
factors or viral factors are responsible for the change in virulence of 
CVB3/0 in Se-deficient mice. 

(CVB3/0Se+) and Se-deficient (CVB3/0Se-) mice was sequenced. 
Comparison of the CVB3/0Se+ and CVB3/0Se- viruses revealed 
six nucleotide changes between the two viruses (23). The sequence 
of the CVB3/0Se+ virus was identical to the sequence of the 
original CVB3/0 input virus. Thus, the change in virulence of the 
CVB3/0Se- virus was the result of a change in the viral genome. 
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Table 1 
Heart Pathology 10 d 

Post CVB3/0Se+ and CVB3/0Se- Inoculation 

Heart Viral genome 
Virusa Recipient diet pathology change? 

CVB3/0Se+ Se adequate 0 No 
CVB3/0Se- Se adequate 2-3+ Yes 
CVB3/0 Se adequate 0 No 

(parental strain) 

aTen mice were inoculated with indicated virus. CVB3/0Se+ virus was 
isolated from a CVB3/0 infected mouse fed a Se-adequate diet. CVB3/ 
OSe- virus was isolated from a CVB3/0-infected mouse fed a Se-deficient 
diet. Recipient mice were fed the Se-adequate diet. 
bHeart histopathology was scored as for Fig. 2. 

The six nucleotide changes seen in the CVB3/0Se- virus were 
all identical to nucleotides found in known virulent strains of 
CVB3. Thus, out of the seven nucleotides that distinguish an 
avirulent virus from a virulent one, six nucleotides of the avirulent 
virus mutated to nucleotides found in the virulent virus. Nucleotide 
2690, which is an adenosine in the avirulent virus, remained a 
cytosine in the CVB3/0Se- virus, which is the same as the parent 
CVB3/0 virus. The sequence of four CVB3/0Se- isolates from 
four separate mice were identical in that they all carried the same 
six mutations. This suggests that these sites are more susceptible 
to mutation or that these sites convey a fitness advantage to the 
virus. The mutated nucleotides are spread throughout the genome, 
two in nontranslated regions of the virus, two in the capsid regions, 
and two in the nonstructural protein regions. Which of these 
mutations, or if all of these mutations, are required for the change 
to virulence is not known. 

These results were the first to demonstrate that the nutritional 
status of the host could have an affect on the genome of a pathogen, 
changing a normally avirulent virus into a virulent one. Once the 
genomic changes occurred, now even hosts with normal nutritional 
health became vulnerable to the mutated virus. 

GLUTATHIONE PEROXIDASE 
AND COXSACKIEVIRUS INFECTION 
Selenium is an essential component of glutathione peroxidase. 
There are four isozymes of glutathione peroxidase that catalyze the 
degradation of hydroperoxides using glutathione as the hydrogen 
donor. Glutathione peroxidase 1 (GPX-l) is the most abundant 
selenoprotein and appears to be present in all cell types, with high 
levels in heart, liver, and kidney tissue. The enzyme is found in 
cytosol and mitochondria. The glutathione peroxidases are thought 
to play an important role in the defense of the organism against 
oxidative injury. Although many cell culture studies have demon
strated a role for GPX -1 as an antioxidant, less is known about 
its role in whole animals. 

In order to determine if the increased virulence of CVB3 infec
tion in Se-deficient mice was the result of a decrease in GPX-l 
activity, a Gpxl knockout mouse was utilized. Mice with a dis
rupted Gpxl gene (Gpxl- or Gxpl-KO) (24) were inoculated with 
the avirulent CVB3/0. At 10 d postinfection, a little over half of 
the Gpxl-KO mice developed myocarditis, whereas none of the 
wildtype mice developed any pathology. The heart histopathology 
of the Gpxl-KO mice was similar to that seen in Se-deficient 

mice. Thus, it appeared that the susceptibility of the Se-deficient 
mice to CVB3-induced myocarditis was mediated through 
decreased GPX-l activity. 

Interestingly, the immune response of the Gpxl-KO mice was 
dissimilar to the Se-deficient mice. Whereas Se-deficient mice 
had normal antibody responses, but decreased T-cell proliferative 
responses to both mitogen and antigen, the Gpxl-KO mice had 
decreased antibody responses and normal T-cell proliferative 
responses when compared with the wild-type mice. This would 
seem to suggest that the immune response is independent of the 
viral pathogenesis. The amount of virus present in the heart of 
Gpxl-KO mice was equivalent to wild-type mice. This is in con
trast to Se-deficient mice, which had higher viral titers in the heart 
when compared with Se-adequate mice. Thus, although increased 
pathogenicity of the CVB3/0 virus occurs in both Se-deficient and 
Gpxl-KO mice, the immune response to the virus is very different, 
as well as the titer of replicating virus in the heart, suggesting 
that components of the immune response other than the antibody 
response may be required for viral clearance. 

To determine if viral genomic changes similar to what was 
seen in the Se-deficient mice also occurred in virus obtained from 
Gpxl-KO mice, virus isolated from both wild-type and Gpxl-Ko 
mice was sequenced. The same six nucleotide changes identical 
to the ones found in virus recovered from Se-deficient mice were 
found in virus isolated from Gpx1-KO mice. In addition, a seventh 
nucleotide at position 2690 was also altered in the Gpx1-KO mice, 
which was not found in the Se-deficient mice. This nucleotide 
changed from cytosine to adenosine in the Gpx1-KO mice. As 
for virus isolated from Se-deficient mice, virus isolated from 
Gpx1-KO mice also mutates to a more virulent genotype. 
This result demonstrates the importance of GPX -1 activity in 
protection from oxidative stress and, thus, vulnerability to 
viral infection. 

VITAMIN E DEFICIENCY 
AND COXSACKIEVIRUS 83 INFECTION 

Vitamin E is a fat-soluble vitamin that acts as an antioxidant. 
Under certain conditions, vitamin E and Se can spare one another's 
activity. Similar to what was found for Se-deficient mice, vitamin 
E-deficient mice develop more severe myocarditis when infected 
with the myocarditic strain, CVB3/20. In addition, vitamin 
E-deficient mice also develop myocarditis when infected with the 
avirulent CVB3/0 strain. Of particular interest, vitamin E-deficient 
diets using menhaden oil as a fat source rather than lard exacerbate 
the pathology beyond the lard-based vitamin E-deficient diet. Men
haden oil provides a source of readily peroxidizable, highly unsatu
rated fatty acids. In addition, menhaden oil antagonizes vitamin 
E by a mechanism that is not entirely clear. It may be that the lower 
concentration of a-tocopherol in serum of mice fed menhaden oil 
may be the result of destructive interaction of the oil and vitamin 
E in the gastrointestinal tract or may be due to an accelerated 
post absorptive utilization of vitamin E in the tissues. 

Similar to Se-deficient mice, the amount of virus present in 
the hearts of vitamin E-deficient mice is elevated when compared 
with vitamin E-adequate mice. However, in contrast to Se-deficient 
mice, virus persists longer in the vitamin E-deficient mice, 
although the deficient mice are able to clear the virus from the 
heart 3 wk following the infection. 

The immune response of the viral-infected vitamin E-deficient 
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mice was similar to what was found for Se-deficient mice. The 
antibody response was unaffected, but the T-cell proliferative 
response to both mitogen and antigen was greatly reduced. In 
addition, natural-killer (NK) cell activity was unaffected by the 
diet, unless the diet contained menhaden oil as the fat source, 
either with or without vitamin E. Both menhaden-oil-containing 
diets suppressed NK activity. Natural killer activity has been 
previously shown to be suppressed by a fish-oil-rich diet. Thus, 
both Se and vitamin E deficiency can adversely affect the 
immune response. 

The observation that both Se- and vitamin E-deficient mice 
develop more severe myocarditis post CVB3 infection suggests 
that the oxidative stress status of the host is the common element. 
To further test the hypothesis that oxidative stress played a role 
in the increase in pathology post viral infection, N,N'-diphenyl
p-phenylenediamine (DPPD) was added to the vitamin E-deficient 
diet. DPPD is a synthetic antioxidant structurally unrelated to 
vitamin E, which mimics its antioxidant properties. Mice fed 
vitamin E-deficient diets supplemented with DPPD had serum 
a-tocopherol levels (0.8 ± 0.1 IlmollL) similar to unsupplemented 
vitamin E-deficient diets (0.6 Ilmol/L). This is in contrast to mice 
fed a vitamin E-adequate diet in which the levels of a-tocopherol 
are nine times higher (4.5 ± 0.1 Ilmol/L). Following infection 
with CVB3/20, mice fed a vitamin E-deficient diet supplemented 
with DPPD were protected from the increased myocarditis seen 
in the mice fed the unsupplemented vitamin E-deficient diet. 

Thus, several lines of evidence suggest that the mechanism 
of enhanced pathogenesis post CVB3 infection is dependent on 
increased oxidative stress of the host animal: 

1. Selenium deficiency enhances CVB3-induced myocarditis. 
2. Mice deficient in Gpx-l activity are more susceptible to 

CVB3-induced myocarditis. 
3. Vitamin E-deficient mice are more susceptible to CVB3-

induced myocarditis. 
4. Consumption of menhaden oil, a peroxidizable fat, in

creases the pathogenesis of CVB3 infection. 
5. A synthetic antioxidant, DPPD, can prevent the increased 

myocarditis seen in CVB3-infected vitamin E-deficient 
mice. 

CHEMOKINES AND NUTRITIONALLY 
INDUCED OXIDATIVE STRESS 

Chemokines are small molecules involved in leukocyte trafficking. 
They are produced by a variety of cell types and many have 
overlapping functions and receptors by in vitro analysis. The 
chemokine macrophage inflammatory protein -1 a (MIP -1 a) 
induces chemotaxis of monocytes, CD8+ T cells, and B cells in 
vitro. Cook et al. (25) demonstrated that mice deficient in MIP-l a 
(MIP-la knockout mice) are completely protected from develop
ing myocarditis when inoculated with the virulent strain of CVB3, 
CVB3120. This result demonstrates that other members of the 
chemokine family, including those chemokines that share the same 
receptor with MIP-la, cannot functionally substitute for MIP-la 
in vivo. 

To determine if nutritionally induced oxidative stress can have 
an effect on the MIP-la-driven inflammatory response, MIP-la 
knockout mice were fed a diet deficient in both Se and vitamin 
E prior to infection with CVB3120. Although MIP-la knockout 
mice fed an adequate diet did not develop any myocarditis, approx-

imately 50% of MIP-la KO mice fed the deficient diet developed 
myocarditis. Thus, the protective effect of a lack of MIP-l a could 
be overcome by inducing oxidative stress in the host by feeding 
an antioxidant-deficient diet. 

Chemokines such as MIP-l~, RANTES, and MCP-l which 
have activities similar to MIP-la, are not elevated in the MIP-la 
KO mice fed the deficient diet, suggesting that overcompensation 
by other chemokines is not the explanation for the change in 
pathogenesis. At this point, it is not known how the oxidative 
stress affects the chemokine response. 

Cardiac virus titers in the MIP-l a KO mice fed the deficient 
diet were significantly lower than the virus titers of mice fed 
an adequate diet. This could be explained by the presence of 
inflammation in the oxidatively stressed MIP-la KO mice which 
could then contribute to viral clearance. Neutralizing antibody 
titers are not effected, but the T-cell proliferative responses are 
decreased to both mitogen and antigen in both MIP-la KO and 
wild-type mice fed the deficient diet. 

EPIDEMIC OF OPTIC AND 
PERIPHERAL NEUROPATHY IN CUBA 

In the early 1990s, an epidemic of optic and peripheral neuropathy 
affected more than 50,000 people in Cuba. Extensive epidemio
logic studies carried out with international cooperation (26) 
revealed that the disease was associated with an unbalanced diet 
low in animal proteins, fats, and B-group and other vitamins, and 
an increased consumption of sugar. In particular, the investigative 
team suggested an impairment of protective antioxidant pathways 
because patients had lower levels of riboflavin, vitamin E, Se, 
and a- and ~-carotenes and especially the carotenoid lycopene 
when compared to matched controls. Smoking of cigars was also 
a risk factor that intensified the effects of the nutritional deficien
cies and is thought to increase the production of oxygen radicals. 

The number of cases reached 50,466 by the end of 1993, an 
incidence of 462 per 100,000 population. Most patients responded 
to parenteral vitamin therapy, and the epidemic began to subside 
when oral vitamin supplementation with B complex vitamins, 
vitamin A, and folate was begun for the entire population in 1993. 
New cases have continued to accumulate at a low rate. 

In order to rule out the possibility of an infectious agent, virus 
isolation attempts from cerebrospinal fluid (CSF) was begun in 
1993. Unexpectedly, viruses resembling enteroviruses were found 
in 105 of 125 (84%) CSF samples cultured. Five of those isolated 
were typical strains of coxsackievirus A9, identified by neutral
ization. The other 100 isolates produced an atypical pattern of 
replication in cell culture. Analysis of viral proteins revealed a lack 
of the typical outer capsid proteins characteristic of enteroviruses. 
Rather than four individual proteins of varying size, one large 
protein was found. By neutralization, the viruses were related to 
both coxsackievirus A9 and B4 (27). 

In order to further understand the phenotypic difference 
between CV A9 and the atypical Cuban isolates, one isolate, 44/ 
93 IPK, was sequenced and compared with the sequence of CV A9 
and other known enteroviruses. Although a number of nucleotide 
differences between CV A9 and 44/93 IPK were identified, the 
most interesting finding concerns the active site of the 2A protein
ase. The 2A proteinase is responsible for initiating the cleavage 
of the viral polyprotein into the four capsid proteins that make 
up the viral shell. The enterovirus 2A proteinase is structurally 
similar to cellular serine proteinases, which characteristically fold 
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to form a catalytic triad of histidine, asparitic acid, and serine. In 
the enteroviruses, however, the catalytic site contains cysteine 
instead of serine, and the enzyme is inhibited by compounds 
known to inhibit thiol proteinases. Zinc also plays an essential 
structural role in this enzyme. 

The Cuban isolate, 44/93 IPK, resembles other enteroviruses 
in that it contains the three amino acids of the 2A catalytic triad: 
His21, Asp39, and CysllO. However, unlike CVA9 or any of the 
other known enterovirus sequences, 44/93 IPK has a mutation 
that introduces another cysteine four residues away from the active 
site, at position 25. CV A9 strains that have been studied all have 
histidine or arginine at this locus: Coxsackievirus B strains have 
histidine, arginine, or serine. The introduction of another cysteine 
so close to the essential cysteine of the catalytic site suggests 
the possibility of dimerization to form cysteine, thus leading to 
inactivation of the enzyme, especially under oxidizing conditions. 
The 44/93 IPK isolate has two other amino acid substitutions 
within five positions of the 2A catalytic site, neither of which 
occurs in any of the CA9 or CB strains studied: lysine for threonine 
at position 26 and isoleucine for valine at position 17. Impairment 
of the function of the 2A proteinase would prevent appropriate 
cleavage of the polyprotein, thus leading to an absence of viral 
capsid proteins. This may explain the apparent absence of the 
normal capsid proteins and the appearance instead of a high
molecular-weight protein, which may be the uncleaved capsid 
protein precursor. 

POSSIBLE MECHANISMS 
FOR VIRAL GENOMIC CHANGE IN 
NUTRITIONALLY DEFICIENT ANIMALS 
DIRECT OXIDATIVE DAMAGE TO VIRAL RNA Damage to 
DNA by oxygen radicals has been widely documented. Indeed, 
the mammalian antioxidant system is highly developed in order 
to decrease damage that can occur by the presence of oxygen 
radicals. Reactive oxygen species (ROS), produced when oxygen 
undergoes a series of uni valent reductive steps rather than forming 
water through reductive pathways in the mitochondrial respiratory 
chain, are highly reactive and can cause damage to DNA as well 
as to cellular membranes. Thus, the organism strives to have a 
balance between oxidants and antioxidants, and oxidative stress 
results when an imbalance occurs that favors the oxidants. Cur
rently, the application of dietary interventions to affect the oxida
tive stress status of mammalians is under intense study. 

Although oxidative damage to DNA has been accepted, less 
is known about oxidative damage to RNA. Several studies have 
shown that RNA can be oxidatively damaged. For example, RNA 
can be damaged oxidatively by dye photosensitization, and ultravi
olet A radiation of skin fibroblasts increases the levels of guanine 
hydroxylation. Rats treated with a hepatocarcinogen develop 
8-hydroxyguanosine as well as 8-hydroxydeoxyguanosine, result
ing from oxidative damage to RNA and DNA. In E. coli, the muT 
protein (which has mammalian homologs) protects transcriptional 
fidelity by hydrolyzing oxidized guanine, which mispairs with 
adenine. 

Thus, although there is more information on DNA damage by 
ROS, it is also possible that direct oxidative damage to viral RNA 
can occur as well in an oxidatively stressed animal. CVB3 is a 
single-stranded RNA virus, and single-stranded RNA has been 
suggested to be more susceptible than double-stranded DNA to 
damage by free radicals. Guanine has a high oxidative potential 

and this nucleotide is the site of mutation at 3/7 sites in the 
CVB3 virus obtained from oxidatively stressed mice. During DNA 
replication, unrepaired oxidized bases can cause DNA mispairing 
and mutation. Mutations resulting from oxidized bases may also 
occur in RNA genomes, particularly because RNA viruses lack 
efficient proofreading and postreplicative repair activities. Thus, 
RNA viruses have at least a IOO-fold higher mutation rate in 
general than the mutation rate for cellular DNA. Therefore, in an 
individual virus population, individual genomes that differ in one 
or more nucleotides will form the average or consensus sequence 
of the population, which have been termed quasispecies. A high 
mutation rate coupled with a lack of antioxidant protection 
increases the likelihood of an accelerated mutation rate, thus 
leading to the genomic changes found in the nutritionally defi
cient mice. 

SELECTION OF VIRULENT VIRUS: QUASISPECIES 
Because of the high mutation rate of RNA viruses (see Section 
9.1), any individual RNA virus will form a collection of closely 
related mutants, termed quasispecies. Rather than a single RNA 
genome, any particular RNA virus will represent a consensus or 
average sequence. It is believed that this heterogeneous pool of 
RNA viruses allows for rapid adaptation to changes in the environ
ment that would convey a survival advantage. 

If the RNA virus is replicating in an oxidatively stressed host 
because of dietary deficiency, then the selection of a pre-existing 
mutant from the quasi species pool, which is more suited for growth 
under conditions of increased host cellular oxidative stress, may 
occur. In the case of coxsackievirus, the selected mutant or quasi
species is more virulent than the original quasispecies. Thus, the 
nutritional status of the host may playa large (and until recently, 
unstudied) role in determining the evolutionary development of 
a viral disease. 

In addition, the oxidative stress status of the host also affects 
the immune response. A dysfunctional immune response would 
also be expected to have an effect on the virus by allowing the 
virus to escape normal immune clearance mechanisms. This, in 
theory, would allow for the expansion of viral clones and poten
tially increase the mutational rate of the virus, leading to the 
selection of a quasi species with altered phenotypic properties. 
Based on the current knowledge of quasi species and oxidative 
damage, the following hypothesis can be put forward to explain 
the transformation of a benign coxsackievirus into a virulent one 
by genomic mutations. First, oxidative damage occurs to the viral 
genome because of the presence of ROS in nutritionally deficient 
mice. This damage in viral RNA leads to an increased incidence 
of mutation from a lack of proofreading enzymes as well as a 
lack of an efficient immune response to clear the mutated virus. 
Once these changes have occurred, the virus now has an altered 
expression of virulence. This work clearly demonstrates the 
important role antioxidant nutrition plays in protection of the host 
from viral pathogens. 

HUMAN IMMUNODEFICIENCY 
VIRUS AND ANTIOXIDANT NUTRIENTS 
The virus responsible for acquired immunodeficiency disease syn
drome (AIDS), the human immunodeficiency virus (HlV), is simi
lar to other RNA viruses in that it has a high mutation rate and 
it occurs as a quasispecies. Therefore, one could hypothesize 
that this virus, like coxsackievirus, may be susceptible to genetic 
changes when the oxidative stress status of the host is increased. 
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Fig. 5. Revised model based on recent data demonstrating that host nutritional status can directly affect the virus, as well as the host 
immune response. 

Indeed, several investigators have looked at the role of antioxidants 
during infection with HIV. 

Infection with HIV is often associated with weight loss and 
chronic oxidative stress. As the disease progresses, levels of sev
eral antioxidants decrease, glutathione is consumed and the sur
vival of AIDS patients can be correlated with a deficiency in 
glutathione of CD4+ T cells and low serum thiol levels. 

One study showed that HIV -I-related mortality could be COrre
lated with a deficiency in Se: Lower Se levels were associated 
with increased mortality. Serum Se, plasma glutathione, and red 
cell glutathione are decreases as HIV -1 infection progresses. It 
has been suggested that supplementation with Se of HIV -infected 
patients may improve symptoms and prolong life. 

In vitro studies have demonstrated that Se supplementation 
can suppress HIV -1 replication by decreasing tumor necrosis fac
tor (TNF) induction of NF-KB activation replication. Thus, the 
selenium status of the HIV -I-infected individual and, hence, their 
oxidative stress status may have an influence on the progression 
of AIDS, perhaps by altering the development of quasispecies. 
HIV-l-infected individuals who experience rapid CD4+ T-cell 
decline have a quasi species virus population that is relatively 
stable, whereas those with less T-cell loss have virus populations 
still evolving. Perhaps the pro-oxidant-antioxidant balance of the 
host contributes to this process. 

POTENTIAL NEW VIRAL 
GENES VIA SELENOCYSTEINE 

Nutritional status of the host can also influence the genome of 
the virus in other ways. Because the amount of coding in a particu
lar virus is constrained by size limitations, viruses must maximize 
the information contained in their genes. One possibility for max
imizing that information is to place overlapping genes in different 
reading frames. Thus, the coding regions are expanded without 
having to increase the total number of nucleotides. 

Using the idea of the possibility of overlapping reading frames, 
Taylor et al. (28) explored the possibility that a normal stop codon, 
UGA, could be read as a selenocysteine and, thus, translation 
would continue. In order for the normal stop codon UGA to be 
used for selenocysteine incorporation, a SECIS element (a struc
tural signal in the mRNA-3'-untranslated region) must be present. 
In searching for potential new genes, a computer method was 
used to translate the coxsackievirus genome in all 3 reading frames, 
assuming that UGA was seen as selenocysteine. If an overlap was 
found with a known coding region, then a frame shift sequence 
was looked for and, if found, the secondary structure of the RNA 
was examined for RNA stems or pseudoknots close to the frame-

shift. If these conditions were found, then the new sequence was 
translated and protein databases searched for homology. 

Using this technique, two potential selenoproteins genes in 
CVB3 can be identified. One potential gene has a strong homology 
with a family of proteins that contains epidermal growth factor. 
Novel genes were also found in HIV using the computer algorithm. 
These results are intriguing, especially in light of the finding that 
the virus molluscum contagiosum codes for a protein with high 
homology to the selenoenzyme glutathione peroxidase (29). The 
authors speculate that this virus may carry this gene in order to 
reduce the local presence of oxidative stress in the tissue. Thus, 
it appears that, at least for this virus, preventing localized oxidative 
stress conveys a survival advantage. 

SUMMARY 

The results presented in this chapter point to the importance of 
oxidative stress in modulating the response of the host to the 
virus. In addition, the virus itself is affected by the host oxidative 
stress status, such that the genome of the virus itself is altered. 
This is possible due to the high mutation rate of RNA viruses in 
general. Thus, RNA viruses are continually changing and rapidly 
adapting to their environment. Rather than a unidirectional model 
of host nutritional status impacting the immune response, which, 
in tum, leads to increased susceptibility to viral infection (Fig. 1), 
a revised model can be constructed that incorporates the finding 
that host nutritional status can directly affect the virus (Fig. 5). 

The fact that changes in host nutrition that affect the antioxidant 
pathways of the host can have profound effects on a virus suggests 
that limiting oxidative stress in the host may be beneficial, both 
by preventing decreases in the immune response as well as by 
limiting the potential adverse mutations that can occur in the virus. 
Although emerging infectious diseases are often thought of as 
arising because of a number of factors, including increased global 
travel, changes in agricultural practices, cutting down rain forests, 
and so forth, little attention has been focused on the impact of 
nutrition. It remains to be seen how many emergent infectious 
diseases are the result of an interplay between host nutritional 
status and the infecting virus. Continued interdisciplinary research 
in the fields of nutrition, immunology, and virology are required 
to further investigate these questions. 
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38 Whither Nutrition and Immunology 
Interactions Toward the Next Millennium? 
What Is Past Is Prologue 

NOEL W. SOLOMONS 

WHEN NUTRITION MEETS IMMUNOLOGY 
What is the purpose and target of a handbook? Usually, it is to 
synthesize the most relevant and current information on a topic 
and to provide a resource for that relevant and current information 
or to provide a manual for instruction in that information to be 
consulted by students, teachers, and research professionals. Our 
present collection of 38 chapters attempts to address such a mis
sion. However, most of the chapters contribute only a piece to a 
larger jigsaw puzzle. Now that all the pieces have been laid into 
place, I have been given the task to step back and survey the overall 
image in the assembled portrait of nutrition and immunology in 
the context of the future. In this respect, what we know today 
and know how to do today are the prologue for the next decade 
into the next millennium. 

Both Nutritional Sciences and Immunology are mature aca
demic and scientific disciplines. A forerunner of the present text
book is undoubtedly the thoughts and insights of Nevin Scrim
shaw, Carl Taylor, and John Gordon in their Interaction of 
Nutrition and Infection (1,2). Hence, it was 40 yr ago that the 
first incarnation was published. The present book is yet another 
reincarnation in that tradition, one that brings many more insights 
from the clinical and molecular domain of immunologists. A very 
helpful intellectual tool to keep the labyrinth of complexity from 
becoming a morass is the five-tiered outline of mechanisms of 
interaction of nutrition and immunity provided by Klasing and 
Leshchinsky (3): 

1. Direct regulation by nutrients; 
2. Indirect modulation mediated by the endocrine system; 
3. Regulation by availability of substrates; 
4. Modulation on the pathology caused by an immune 

response; and 
5. Nutritional immunity. 

Recently, the issue of vitamin A deficiency and childhood 
mortality, introduced to the world by Sommer and colleagues 

From: Nutrition and Immunology: Principles and Practice (ME 
Gershwin et aI. eds.), © Humana Press, Inc., Totowa, NJ 

(4,5), may epitomize the issue of nutrition and immunity. With 
respect to vitamin A deficiency, we are confronted with an extraor
dinary lethal reality. It has been estimated that upwards of 2 
million children between 6 mo and 5 yr of age die annually as a 
consequence of hypovitaminosis A (6). Obviously, an equal num
ber would be saved if vitamin A deficiency were eliminated. 
However, as the foregoing chapters have pointed out with exhaust
ing frequency, the facts that emerge present us with paradoxes 
and unresolved inconsistencies. So, one is forced immediately to 
focus on the immunity, given this paradox of equivalent incidence 
of infections but an apparently reduced severity and lower case
fatality rate of those who do get infected. 

In the final overview, however, although infection has been 
the highest lightning rod for interests in immunity (and nutrition 
and immunity), the immune system is the center of issues related 
to cancer, allergy, autoimmune diseases, and aging as well. If the 
bottom line of medicine and public health is length of life, then 
we should note the following: 

• Infection is the traditional killer of developing countries' 
children and adults. 

• Neoplasia is the leading or second most important cause of 
mortality in industrialized countries. 

• Systemic lupus erythematous, ulcerative colitis, Crohn's dis
ease, bullous pemphigus, and a host of diseases of an autoim
mune nature can shorten life both by chronic progression or 
acute crises. 

• Anaphylaxis and asthmatic crises can also be life-threatening 
or lethal. 

In this context, our attention can be focused like a laser on any 
insights and techniques that can lead the interaction of nutritional 
science and immunology to the resolution of the health problems 
to which they contribute. 

NUTRITION AS IMBALANCE; 
IMMUNITY AS DYSREGULATION 
In the synthesis of this book, we have the weaving of two disciplin
ary strands: nutrition and immunology. Any bringing together of 
the two discipines-either in a book such as this or in the context of 
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collaborative investigation-would tend to highlight differences 
across the two. Placed into relief here has been a contrast of the 
underlying paradigm of nutrition, which has to do with the external 
balance of nutrient flows into and out of the organism, and immu
nology, which deals with an internal balance and harmony among 
degrees of expression in innate responses, acquired defenses, 
and autoimmunity. 

NUTRITION: FEAST OR FAMINE The fields of animal 
nutrition and human nutrition, including clinical nutrition and 
public health nutrition, originated with concerns for deficiencies. 
This can be seen in the observations of Lind with citrus fruits 
and scurvy, or of Goldberger and the origins of pellagra. Livestock 
husbandry progressed only through the identification and redress 
of deficits of nutrients in the forages and fodders. With the close of 
World War II and a turning of attention to nutrition in developing 
countries, it was the "Protein Gap" and an obsession with protein
energy malnutrition that dominated the agenda of the United 
Nations' agencies and the bilateral assistance programs around 
the world. On the nutrition side of the ledger, the dominant para
digm of the last decade in human and public health nutrition has 
been "hidden hunger" (7) or micronutrient malnutrition. This was 
led by the vitamin A issue, but it has come to embrace those of 
iodine, iron, and zinc. 

Meanwhile, over the last half century, an abundance of foods in 
the affluent countries of the postwar industrialization combined with 
a more sedentary lifestyle has led to nutrient excess becoming a 
problem with public health ramifications. This is highlighted in the 
pandemic of obesity in the developed nations. This dietary surfeit 
is associated with the etiology of circulatory diseases and neoplasia. 
Excess storage of iron is also associated with increased chronic dis
ease risk. The manufacture and promotion of nutrients in dietary 
supplements allows those with the means to overstuff themselves 
with the whole range of micronutrients and phytochemicals with 
varying toxicological hazards for the overconsumer. With migra
tion and urbanization in low-income developing countries, sedent
arism and high-fat foods have made excess a concern for the health 
of the indigenous and poor populations, including the insulin-resis
tance syndrome (hyperinsulinemia with hypertension, glucose 
intolerance, and dyslipidemia) of Syndrome X. 

To some extent, an organism has appetite regulation of intake 
to adjust consumption with respect to energy and hydration needs; 
we also have some mechanisms to excrete or metabolize unneeded 
quantities of energy or nutrients. However, in the main, it is not 
so much regulation but simply the balance sheet of income and 
outgo economics that define the variance in nutriture. Nutrition 
is fundamentally about deficiency and excess, feast or famine. 

IMMUNITY: YIN AND YANG Given their grounding in 
this paradigm of too much or too little in relationship to intakes 
or losses (above), nutritionists might be tempted to see immunol
ogy in a parallel light, bolstered by terms such as immunodefici
ency syndromes and allergic hyperreactivity. However, the mes
sage that comes through in booming decibels in this book is that 
immunity is all about delicate homeostatic regulation. 

In Chapter 35 on Chinese herbal medicines, Chang provides 
the concept that sets the tone for an understanding of immune 
function (8). It is Yin and Yang: the opposing-but complement
ing-elements of balance. We often talk about "enhancing" the 
immune response or "suppressing" it. However, just as a dimin
ished response may leave the organism open to infection or cancer, 
too vigorous a response may deplete nutritional stores, generate 

genetic damage, or be an allergic response or an autoimmune 
reaction. One cannot say that more is better. One cannot say that 
less is better. In fact, more and less are better at the same time. 
Hence, the modulation of the immune system by blood products 
and pharmacological agents-or by diet and nutritional status
should not be seen outside of the context of restoring an intricate 
and enduring balance. 

This sets the stage for a consideration of how the host status 
with respect to nutrition and nutrient reserves is a determinant of 
immune status. Importantly, in the Yin and Yang concept, both 
undernutrition and overnutrition influence immune function and, 
generally, it is depressive (anti-inflammatory) at both extremes. 
The readership of this book will be divided into two polar spheres. 
If it is the personal, pubic health, or clinic setting in an affluent 
country, it will be overnutrition and excess that will dominate 
contemporary concern. If it is the practice of hospital medicine 
and surgery, geriatrics, or public health concerns of developing 
countries, then undernutrition will be the paradigm to pursue. 
Klasing and Leshchinsky's (3) analysis of a case in point with 
respect to supplementation with omega-3 fatty acids in a single 
feeding trial for the pOUltry industry is poetically illustrative. In 
the example, close to a million chicks were fed either a fish-oil
rich or an animal-fat-based feed. Those receiving the omega-3 
fats "decreased the incidence of septicemia of all causes and the 
incidence of cellulitis ... by 18%," whereas "the incidence of 
tumors, both spontaneous and from Marek's disease virus, 
increased by 24%" (3). 

The question is again placed into relief when the question 
becomes the vigor of the body's defense against exogenous versus 
endogenous agents and antigens. In their chapter in this book, 
Jolly and Fernandes (9) state: "The immune system plays a leading 
role in fighting off the constant bombardment of our bodies by 
invading pathogenic organisms, such as bacteria, fungi, viruses, 
toxins, and allergic compounds." One can consider this the limb 
most commonly posed as concerns in clinical medicine and public 
health, that focusing on immune defense against exogenous fac
tors. The Texas investigators have provided a comprehensive lit
any. Yet, there is another side to the actions of the immune 
response, which we might consider as against endogenous factors. 
In this, we would consider both vigilance against mutated cells 
that could become the precursors of cancer and autoimmune reac
tions that mediate damage to our own host tissues. 

The issue of balance between stimulation and moderation ofthe 
immune response is typified by the conundrum of immunity and 
aging. There are theoretical reasons why one would want a more 
vigorous immune response in advanced age. Older organisms are 
more susceptible to both infectious morbidity and tumors. On the 
one hand, an enhanced antipathogen armamentarium and monitor
ing of cell mutation would auger for maintenance of general immune 
vigor. On the other hand, the increased risk of autoimmune disease 
with aging would militate in favor of a dampening down of the vigor 
of the inflammatory response. Moreover, calorie restriction has been 
found to extend longevity in experimental situations and it is associ
ated with a diminution of the immune response. Literally, when one 
confronts that gerontologic immune system, it presents the question 
of whether it should be Yin or Yang or both. 

From the standpoint of evolutionary biology, however, 
advanced age is not a "natural" condition. Having members of 
the herd or clan living beyond the reproductive span has only 
limited survival value for the species. Imagine if a butterfly were 
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to acquire Teflon wings and try to make a go of it for a second 
season, or if a salamander became a newt, reproduced, and then 
sought to assume its terrestrial form again. Death shortly after the 
reproductive cycle is natural. One would argue from an evolution
ary standpoint that dysregulation of the immune system in older 
animals is a favorable situation for the species, as it prunes the 
population of individuals who have expended their utility and 
represent only competition for the same space and food with 
younger, reproductively relevant adults. However, in veterinary 
and clinical medicine, we have made the practical and ethical 
decision to extend both life and good health and functioning. This 
places technology in the protagonistic position of counteracting 
what might be the scheme of Nature to weaken the defenses 
against infection and tumors and increase the attack on host tissue 
to shorten the span of life for those surviving through the reproduc
tive cycle. If we accept the logic of an imperative in Nature not 
to defend the elderly organisms of a species, we might similarly 
explain the dysregulation of the immune protection scheme in 
other conditions that are out of bounds of normative health. As 
studied extensively and cited herein, obesity and cachexia would 
represent the passages beyond these boundaries. Natural Selection 
would disfavor procreation by those whose constitutions allow 
for severe underweight or gross overweight. It is not surprising 
that the immune system changes in ways that do not favor freedom 
from infection, autoimmune diseases, and malignancies when 
body weight transgresses the extremes. 

When do health-adverse dysregulations of the immune system 
become determinant of nutritional status? The answer is in numer
ous circumstances. This is illustrated by the role of immunopathol
ogy in conditions of oral pathology, a situation in which eating 
becomes more difficult and selection of foods is conditioned by what 
can be tolerated in the oral cavity, chewed, and swallowed. Further 
along the alimentary tract, autoimmune conditions from celiac dis
ease to inflammatory bowel conditions interfere with appetite and 
nutrient absorption, provoke proscriptive diets, and enhance trans
intestinal nutrient losses. To the extent that cancer is the result, in 
part, of the failure of immune vigilance, the myriad ways by which 
tumorous conditions produce undernutrition from psychic depres
sion to intestinal obstruction become obvious. The role of cytokines 
in mediating the wasting cachexia in cancer as well as in inflamma
tory autoimmune conditions such as rheumatoid arthritis cannot be 
ignored in this immunity-on-nutrition survey of effects. 

NUTRIENT INTAKE: 
TOO MUCH OR TOO LITTLE? 
So many dietary situations cut in every direction when it comes 
to a desirable clinical outcome. Caloric restriction would be a 
case in point. Fraker (10) has given us a picturesque image in her 
chapter with its subsection "Dietary restriction: When less may 
be more for the immune system." To quote from her sage observa
tions: "Regardless, ... a variety of kinds of dietary restriction can 
have a positive impact on such diverse phenomena as aging, 
autoimmunity, and malignancy." Fasting, for instance, induces 
remission in Crohn' s disease. Chronic caloric restriction in animals 
blunts the aging process and delays the formation of age-associated 
tumors (11). Organ transplants do more poorly in underfed than 
in well-fed animals. One wonders, in weighing the evidence, 
whether the dietary restriction is acting directly on the immune 
response or on a common provocative mechanisms for aging, 
autoimmunity, and neoplasia, namely limiting tissue oxidation. 

What a careful weighing of current-and future-evidence should 
be focused on is whether dietary restriction works by alleviating 
the load for the actions of our immune defenses or modulates these 
mechanisms toward appropriate control. Logically, the direction of 
immune response for avoiding autoimmune responses would be 
toward suppression, whereas that for defer malignancy would be 
toward enhancement. 

Conversely, the primary thrust of the observations by Scrim
shaw et al. (1,2) were to show how protein and energy deficiencies 
enhanced susceptibility to infectious pathogens. In a contemporary 
context, underconsumption is a devastating consequences of AIDS 
and, at the same time, an aggravant of clinical decline. 

Finding the critical balance between too little and too much 
iron appears to be an issue in the appropriate functional outcome 
for the immune system. In HN-infected patients, excess iron 
seems to accelerate progression (12). In the elderly, too much 
iron in the stores may enhance the production of tissue free radicals 
with all of the consequences for chronic disease risk. The findings 
in the longitudinal follow-up of HN seropositive men on the 
eastern coast of the United States (13) is illuminating, insofar as 
those consuming the highest dietary levels of zinc, or taking any 
zinc-containing supplements, had a more rapid progression to 
AIDS and an earlier mortality. 

Nutritional status and dietary management issues of diseases 
or conditions that are themselves the consequences of altered 
immunity, such as AIDS, inflammatory bowel disease, and allo
grafts (organ transplants) have been illustrated. In these instances, 
food and nutrients are not aimed directly at immunomodulation. 
The rationales are quite variable and interesting. In organ trans
plants, chronic rejection entails a process not dissimilar to primary 
atherosclerosis, and dietary manipulations similar to those ordered 
by cardiology dietitians are of potential value in slowing the 
vasculopathies in the allografts. 

THE ACUTE-PHASE RESPONSE: 
WHERE THE RUBBER MEETS THE ROAD 

It is probably in the context of the acute-phase response to injury 
that immunity and nutrition come into the most interesting and 
complex interaction. It was the studies of Beisel (14), one of the 
contributors to this book, that identified the pattern and magnitude 
of nutrient wastage in the face of infection. It was highly associated 
with the interval of fever and its intensity. We have long under
stood the nature of fever and its role in the immune process; 
interestingly, it can both favor and oppose the control of prolifera
tion of invading organisms. In fact, it was the search for and 
characterization of the "endogenous pyrogen," which became "leu
kocyte endogenous mediator," and, finally, "monokine," cum 
"cytokine" that has revealed to us the biology of the acute-phase 
response. Keusch (15) has characterized the issue thusly: 

... its discovery (lL-l) initiated a true revolution in biology, that 
is appreciation of the role of cytokine regulator peptides in biology, 
and a revolutionary way to look at nutrition-infection interactions 
as specifically regulated events. According to this view, infections 
were processes in which microbial products or products of the 
pathogen-host interaction were able to activate leukocytes to pro
duce cytokine mediators which, in tum, acted as transcriptional 
regulators of a set of genes whose products initiate and mediate the 
acute-phase response during infection. With this as a framework, it 
became possible to ask specific questions to define the nature of 



472 PART V / FUTURE DIRECTIONS 

the regulatory events for the metabolic and immunologic responses 
to infection, . . . . 

With respect to nutrition and the nutritional impact of the acute
phase reaction, it is not inconsequential that the original name 
for the cytokine now known as tumor necrosis factor-alpha was 
"cachetin," as it was named for the biological effect of producing 
emaciation (cachexia) in those producing it endogenously or 
injected with the peptide. Of course, the acute-phase response 
must be fed; it requires nutrients. Amino acids must be diverted 
from muscle and visceral proteins for the enhanced synthesis of 
acute-phase-reactant proteins. It is believed that the siphoning of 
zinc from the circulation is related to an enhanced need for acute
phase proteins. 

IMPACT OF THE IMMUNE 
RESPONSE ON NUTRIENT REQUIREMENTS 
A unique and underconsidered aspect of the immune response is 
its effect on nutrient requirements. Klasing and Leshchinsky's (3) 
use the elegance and control permitted by livestock husbandry and 
animal experimentation to demonstrate an influence of immune 
responses on nutrient requirements. This becomes obvious in the 
aftermath of an infection, where one expects bulk losses of nutri
ents (14) to be replaced. In a more specific reparative context, a 
recent comment by Grimble (16) is pertinent: 

Activation of the immune system will exert a stress upon the 
antioxidant defenses of the body as is evident from lipid peroxides. 
The oxidative damage is a by-product of attempts by the immune 
system to combat invading pathogens by production of oxidant 
molecules. Thus, activation of the system will lead to a degree of 
depletion of components of antioxidant defenses .... 

During the infection itself, the issue of requirements diverges 
along two paths. In terms of requirements to mount a response, 
different immune cell types have different priorities for nutrients. 
Hepatic synthesis of acute-phase proteins during acute and chronic 
infections requires a pattern of amino acids, one distinct from that 
to proliferate the immune cells. 

On the other hand, the chronically immunostimulated animal 
is not growing at a normal rate, being constrained by the overt 
or occult inflammatory agents. Hence, the requirements for intake 
to maintain the retarded growth rate are actually lower (3). In 
animal husbandry, this has implications for the projected and real 
costs for feed. 

NUTRITIONAL STATUS OR DIETARY EXPOSURE? 
It is said that "we are what we eat." In fact, the set-point of our 
immune response may be what we eat. Complete foods and bever
ages are considered in their abilities to modify the immune 
response in both appropriate (favorable, regulatory) and pathologi
cal (adverse, dysregulatory) ways. This would be most immedi
ately understood as a paradigm when issues such as allergy, atopy, 
and asthma are considered: Specific food proteins triggering aller
gic responses from histamine release with urticaria and broncho
spasm to tissue infiltrations mediated by a cellular inflammatory 
response. The concept of diet and immunity is not new or novel. 

However, beyond food allergies, the discussion is often more 
related to nutrients because they influence our nutritional state. 
Speaking from the nutritional side of the ledger, we may still be 
too confined in our paradigms to nutritional status, the quantities 
of nutrients in functional sites or reserves in the body rather, than 

in the issues of the behavior that subtend nutriture, namely diet, 
cuisine, culinary practices, and eating behavior. My discipline has 
been very conservative in this respect, that is, to focus on nutrients. 
Harper (17) has commented: "Guidelines for healthy diets and 
guidelines for disease prevention are components of public health 
policy. They represent advice for the public that may be instituted, 
not only on scientific grounds, but for a variety of political consid
erations." Getting beyond the "nutrients" (i.e., the 13 vitamins and 
umpteen minerals considered to be essential) is a major challenge, 
perhaps with a major payoff. 

One obvious exception to the restrictions to nutrients is the 
discussion of immunity and breast milk. Breast milk is a food, 
indeed a source of nutrients, but the whole context of lactation 
and immunity has to do with anti-infective cells and substances 
in the beverage and the lack of offending antigens to provoke 
allergies. Breast milk may represent, in part, the antithesis of 
the allergic paradigm, having the proteins of its prenatal uterine 
environment. Epidemiological evidence indicates decreased inci
dences of otitis media and other infections in breast-fed infants 
well into their childhoods. 

In addition, another category of foods, edible plants, assumes 
importance on the dietary stage. The discussion on Chinese herbs 
covers ground that is refreshing both to the geographic context 
of where the people live and in breaking away from the straight
jacket of the specific nutrient. Specific plants, and a series of 
chemicals, have long been known for medicinal properties to 
influence what we now understand to be the allergic response. 
Moreover, Chinese herbs, plants, and spices, the botanic bounty 
of traditional medicine, are also modifiers of the immune response, 
primarily as anti-inflammatory agents. 

Yogurt and other probiotic and prebiotic foods take a page out 
of the notebook of breast milk in terms of their expressed abilities 
to seed a certain flora (probiotics) and then to nourish and maintain 
it (prebiotics). Probiotic approaches have been observed to reduce 
the incidence of gastrointestinal infections. The immune mecha
nisms are presumed to be multiple, embracing competitive dis
placement of potential pathogenic coliform organisms by coloniza
tion of Bifidobacteria and Lactobacillus and reinforcing the 
responsiveness of the gut-associated lymphoid tissue (GALT). 

Another deviation from nutrients is the role of phytochemicals 
and other non-nutrient compounds in the foods of our usual diets. 
Phytochemicals are molecules of plant origin that cannot be strictly 
classified as vitamins, but that exercise beneficial effects on human 
health. Two classes of phytochemicals can be singled out as modu
lators and modifiers of human immune function both in a stimula
tory and suppressive dimension: carotenoids and flavonoids. 
Alpha-lipoic acid and its metabolite, dihydrolipoic acid, are com
pounds found in the diet and synthesized in the body that exercise 
an effect on the oxidant/antioxidant system of a magnitude to 
reflect on immune function. 

The dietary sources of fats produce critical influences on the 
immune response. Lipids of different lengths and patterns of desat
uration have profound effects on the inflammatory response. This 
is mediated in part by the predominance of immunosuppressive 
prostaglandins or immunostimulatory prostaglandins and allied 
compounds, derived from essential fatty acids. In general, the 
omega-3 fatty acids in fish are generally immunosuppressive in 
their modulation of the inflammatory process. 

Reflecting on the inventory that has been made, it really may 
be more "Dietetics and Immunology," rather than Nutrition and 
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Immunology, because the effects of foods, beverages, and dietary 
patterns hold at least an equal footing with issues of nutritional 
status of the host. 

"NUTRITIONAL IMMUNITY" AND 
ORIGINS OF AN "ANDROMEDA STRAIN" 
The law of the jungle once prevailed for all of the species, and 
homo sapiens was part of the jungle. Birth and death were the 
elements of evolution. Birth and death were the elements of species 
survival. Hence, in certain ecosystems, certain nutrient deficiency 
states were taken advantage of to protect host species from the 
ravages of certain microbial pathogens in their environment (18). 
This is the situation in which nutritional deficiency of the host is 
protective against infections, presumably by depriving the invad
ing organisms of an essential nutrient or conditioning the host 
organism to deprive the pathogen of optimal conditions. For iron
requiring protozoa, such as the amoeba, an iron-deficie~t zone .is 
a hostile environment. In theory, if antioxidant status IS low III 

red cells, they become inadequate homes for the malaria Plasmo
dia, and parasitemias cannot develop. 

This concept of nutritional immunity, introduced by Weinberg 
(J 9) and referred to by Klasing and Leshchinsky (3) as a manner 
by which "the host animal can sometimes decrease the rate of 
replication of bacteria and parasites by withholding nutrients." 
Specifically, with regard to iron, in the feeding of piglets in unsani
tary environments and in the treatment of human infants with 
septicemia, iron administration has been documented to cause 
adverse infectious outcomes. Of course, in clinical medicine, the 
application of these principles is problematic. Technology and 
ethics have brought us beyond the law of the jungle in matters 
of care of humans and their domesticated animals. However, where 
both wild, roving animals and unacculturated human populations 
are concerned, the indiscriminate exposure to nutrient-rich foods 
may disrupt an adaptation between host nutriture and pathogen 
virulence that had evolved over time to the protective benefit 
of the host populations. This is the practical significance of the 
nutritional immunity concept. 

An exciting and new facet of the story harkens to the images 
of Michaell Crichton's Andromeda Strain. Recent research sug
gests that a nutrient-deficient intracellular milieu may have given 
rise to the mutations of pathogens with greater virulence than the 
native strains. Specifically, in a system involving modification of 
the antioxidant status related to selenium and vitamin E, Beck 
(20) illustrates this potential to enhance the virulence of a murine 
Coxsackie virus through its passage through nutritionally deficient 
mice. The world's populations, specifically those with micronutri
ent deficiencies, may become the breeding ground for these 
"Andromeda strain" organisms; that is, mutation or adaptation to 
a virulent status for viruses that are otherwise commensal and 
innocuous may occur in the face of specific single-nutrient defi
ciencies. However, as further illustrated by the work of Beck (20), 
once established, the mutations are virulent for healthy, well
nourished individuals as well. 

FUTURISTIC PERSPECTIVES 
In the domain of population and public health, whither we go in 
the next millennium will be conditioned by a geographic context. 
The social and economic panorama portends more of a "rich get 
richer and a poor get poorer" scenario, both within societies and 

across nations. Thus, the challenges to implement the information 
in this book lie both in the salons of Soho and the slums of Dhaka. 

NUTRITION AND IMMUNITY BEYOND 2000: THE RICH 
MAN'S VIEW For those with burgeoning affluence and technol
ogy, access to excesses of nutrients is the risk. As mentioned, too 
much iron accumulation in body stores has implications for the 
immune response because of increased free-radical generation. 
Overweight has implications for the vigor of the immune defenses. 
The pandemic of obesity in developed countries continues to 
extend with each cycle of national surveys. Eating too much of 
what our forbearers scrimped and saved to taste, however, may 
be only part of the problem of affluence. 

Through the miracle of food technology, we can create mole
cules that were heretofore never seen, much less consumed and 
introduced to the human inner ecology. The sucrose-ester fat 
substitute olestra (Olean) is a much hyped illustration of an unlim
ited technological possibility. As we continue to make synthetic 
proteins and synthetic molecules for the "functional foods" of the 
future, we enter a Brave New World of novel exposures to chal
lenge our immune system. 

NUTRITION AND IMMUNITY BEYOND 2000: THE 
POOR MAN'S VIEW The population will reach 6 billion inhab
itants shortly after the tum of the millennium. Of these, 70-80% 
will live in so-called developing or transitional nations, largely 
in the tropics and emerging or emerged from a colonial experience. 
The mantra of the United Nations' health-related organizations 
was "health for all in the year 2000." It might be safe to say that 
that goal will not be reached. 

For those on the shorter end of the economic stick, deaths 
from childhood illnesses such as diarrhea, respiratory infections, 
malaria, measles, and others are the enduring reality for those of 
Third World regions. The anti-infective effectiveness of supple
mentation and fortification with vitamin A, zinc, and iron may 
provide a major tool for controlling death from these epi~emic 
and pandemic problems. Safe motherhood and the reductIOn of 
death from childbirth-related infections may also have a public 
health solution in appropriate dietary and nutritional support to 
pregnant peasants and urban slum-dwellers. In the councils of the 
United Nations and of bilateral development-assistance agencies, 
with their mandates for service to the world's less fortunate, 
any anti-infective effects of restoring micronutrient nutriture have 
gained growing attention. 

The AIDS epidemic arose within the last two decades ofthe mil
lennium. Other novel virus diseases-Hanta, Ebola, Lasar, and 
higher alphabet hepatitides-emerged in this same era. In Africa, 
Asia, and Latin America, where access to an adequate nutrient intake 
is often denied by economic circumstances or crop failures, the vul
nerability to these and other, novel infective agents will remain high. 
Already on the horizon is a massive change in the public health 
landscape of these less-developed zone by the pandemic of the HIV 
infection. The immunomodulating properties of dietary and supple
mental nutrients will be enrolled to maximize the length and quality 
of life, avoiding high intakes of nutrients such as iron (12) and zinc 
( 13) and looking for other adverse interactants. 

NUTRITION AND IMMUNOLOGY BEYOND 2000: THE 
I NVESTIGA TlVE PERSPECTIVE To resolve the futuristic issues 
posed, the platform for research needs to reflect the essentials of 
this book. Investigation will have to be deep, but concepts and 
hypotheses will have to be broad. However, experimentation and 
clinical therapies must go into depth. The advance of technology 
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in molecular biology in research and biotechnology in pharmaceu
tical therapeutics are the two axes to a deep probing of the nutrition 
and immunology interaction in the new millennium. 

The future portends rapidly emerging concepts about diet and 
disease and equally rapid advances in technology to assess human 
nutritional status and the functional state of the various compo
nents of the human immune response. Progress can also be 
expected in the area of animal and in vitro models of human 
diseases. With a finn grasp on immunological technology with 
assays for both immune capacity and immune function, one can 
link alterations in dietary intake and nutritional status as the inde
pendent variables and immunity as the dependent component. 
Obviously, this requires the controlled manipulation of nutritional 
status, as that caused by disease already is confounded in the 
immune sphere. Nutrient deficiency, nutrient excess, and nutrient 
imbalances would be created in volunteers in the metabolic setting. 
How graded change in diet and nutrient status produces responses 
in inflammation and its mediators and cellular components, on 
the acute-phase response generation, on humoral immunity, on 
immune vigilance, and on the atopy pattern would be the focus 
of this first tier. It clarifies the causal limb of the mechanism that 
links diet and nutrition to disease. However, disease or physical 
incapacitation of the host is the bottom line of medical and personal 
concern. The link from immune function to clinical manifestation 
cannot be predicted on a priori grounds. Thus, the substance of 
this book most valuable in clinical management relates immunode
tennined outcomes viewed in the pathological domain. This 
includes diet and nutrients with infectious diseases or allergy and 
asthma or cancer. 

It was the technology of Edward Jenner that provided the first 
key to manipulation of the immune response in humans, the anti
small-pox vaccination. Immunization with natural-and then arti
ficial-vaccines has advanced and is credited with the advance 
in longevity of the population worldwide. Furthennore, manipula
tion of the immune process is in sight, and to some extent in 
practice. Already in clinical trials are antibodies and other agents 
that block the effects of the cytokine mediators of the acute-phase 
reaction. The wisdom of the principle and the caveats of the 
application are unknown. For erythropoiesis failure, we now have 
recombinant genetic technology to support the red cell mass; 
similarly, immune-cell-targeted honnonal stimulation is not far 
beyond. The ultimate immune reconstitution, allogenic bone mar
row transplantation, is routinely practiced to reconstitute congeni
tal immunodeficiency. 

With respect to the broad view, the solving of problems will 
have to fuse a diversity of disciplines among sciences and across 
science and technology. The contributors to this book present 
an interesting mixture of physician-clinician investigators and 
doctors of philosophy in the scientific disciplines. Some studious 
contributors are both. It would be interesting to make a VENN 
diagram of membership in the Federation of American Societies 
of Experimental Biology (or their regional equivalents) for the 
contributors to this book. How many are members only of the 
American Institute of Immunologists? How many only of the 
American Society for Nutritional Sciences? How many of both? 
Indeed, we shall have to go with-but also beyond-nutrition 
and immunology to address the present and future health issues 
emerging from either domain. Epidemiologists, nutritional bio
chemists, and dieticians will have to combine with infectious 
disease physicians, immunologists, and pathologists. Food science 

and technology will have to interface with rheumatologists and 
allergists and others. Only by taking a holistic grasp of the evidence 
presented in this book will the intersection of issues come into 
focus to guide such interdisciplinary efforts for the future. 

REFERENCES 
1. Scrimshaw NS, Taylor CE, Gordon IE. Interaction of nutrition and 

infection. Am J Med Sci 1959; 237:367--403. 
2. Scrimshaw NS, Taylor CE, Gordon IE. Interaction of nutrition and 

infection. World Health Organization, Geneva, 1968. 
3. Kiasing KC, Leshchinsky TV. Interactions between nutrition and 

immunity: Lessons from animal agriculture. In: Gershwin ME, Ger
man B, Keen CL, eds, Nutrition and Immunology: Principles and 
Practice, pp. xx. Humana, Totowa, NJ, 1999 (this volume). 

4. Sommer A, Tarwotjo I, Hussaini G, Susanto D. Increased mortality 
in children with mild vitamin A deficiency. Lancet 1993; 2:585-8. 

5. Sommer A. New imperatives for an old vitamin (A). J Nutr 1989; 
119:96-100. 

6. Humphery JH, West K Jr, Sommer A. Vitamin A deficiency and 
attributable mortality among under 5-year olds. Bull WHO 1992; 
70:232-9. 

7. Maberly GF, Trowbridge FL, Yip R, Sullivan KM, West CE. Program 
against micronutrient malnutrition. Ending hidden hunger. Ann Rev 
Public Health 1994; 15:277-301. 

8. Chang R. The anti-inflammatory effects of Chinese herbs, plants, and 
spices. In: Gershwin ME, German B, Keen CL, eds, Nutrition and 
Immunology: Principles and Practice, pp. xx. Humana, Totowa, NJ, 
1999 (this volume). 

9. Jolly and Fernandes Protein Energy Malnutrition and Infectious Dis
ease: Synergistic Interactions. In: Gershwin ME, German B, Keen 
CL, eds, Nutrition and Immunology: Principles and Practice. pp. xx. 
Humana, Totowa, NJ, 1999 (this volume). 

10. Fraker P. Impact of Nutritional Status on Immune Integrity. In: Gersh
win ME, German B, Keen CL, eds, Nutrition and Immunology: 
Principles and Practice, pp. xx. Humana, Totowa, NJ, 1999 (this 
volume). 

11. Masoro EJ, Yu BP, Bertrand HH. Action of food restrictions in 
delaying the aging process. Proc Nat! Acad Sci USA 1982; 79:4239-
41. 

12. Jacobus DP. Randomization to iron supplementation of patients with 
advanced human immunodeficiency virus disease-an inadvertent 
but controlled study with results important for patient care. J Infect 
Dis 1996; 153:1044-5. 

13. Tang AM, Graham NMH, Kirby AJ, McCall LD, Willett WC, Saah 
AJ. Dietary micronutrient intake and risk for progression to acquired 
immunodeficiency syndrome (AIDS) in human immunodeficiency 
virus type-l (HIV-l) infected homosexual men. Am J Epidemiol 
1993; 138:937-51. 

14. Beisel WR. Metabolic response to infection. Annu Rev Med 1975; 
26:9-20. 

15. Keusch GT. Infection: nutritional interactions. In: Sadler M, Strain JJ, 
Caballero B, eds, Encyclopedia of Human Nutrition, pp. 1117-1120. 
Academic, London, 1998. 

16. Grimble RF. Effect of antioxidant vitamins in immune function with 
clinical application. Int J Vitam Nutr Res 1997; 67:312-20. 

17. Harper AE. Dietary standards and dietary guidelines. In: Brown ML, 
ed, Present Knowledge in Nutrition, 6th ed, pp. 491-501. ILSI
Nutrition Foundation, Washington, DC, 1990. 

18. Solomons NW. Biological, ecological and social origins of trace 
element deficiencies in developing countries. In: Wahlqvist ML, Trus
well AS, Smith R, Nestel PJ, eds, Nutrition for a Sustainable Environ
ment. Proceedings of the XV International Congress on Nutrition, 
pp. 299-302. Smith-Gordon, London, 1994. 

19. Weinberg E. Nutritional immunity. Physiol Rev 1984; 64:65-102. 
20. Beck M. Nutritional effects on the pathogen genome and phenotypic 

expression of disease. In: Gershwin ME, German B, Keen CL, eds, 
Nutrition and Immunology: Principles and Practice, pp. xx. Humana, 
Totowa, NJ, 1999 (this volume). 



Index 

A 

Acellular pertussis immunogen, 183 
Acetaldehyde, 267 

alcoholics, 269 
Acetaminophen, 

alcohol, 267fn 
Acetylcholine receptor (AChR), 324 
Acquired immunodeficiency, 140 
Acquired immunodeficiency syndrome, see AIDS 
Acrodermatitis enteropathica 

zinc, 150, 151 
Acupuncture, 447 

asthma, 447 
Acute allograft rejection, 

immunology, 341,342, 342t 
Acute fulminant colitis, 

TPN,334 
Acute HIV infection, 

risk factors, 390, 390f 
Acute-phase proteins (APP), 290 
Acute phase response, 367, 368,471,472 
Addict population, see also Substance abuse 

immune abnormalities, 278 
Additives, 

ARF,236 
Adolescents, 

boys, 
amino acid requirements, 59, 59t 

protein intake, 55, 55t, 57, 57t 
protein synthesis rates, 51, 51 t 

Adults, 
amino acid requirements, 59, 59t, 60t 
data collection interpretation, 

anthropometric assessment, 8 
OAS and ARF, 238 
protein intakes, 55, 55t, 56 
protein requirements, 55t 
protein synthesis rates, 51, 51 t 
recommended dietary allowances 

iron, zinc, selenium, and copper, 68t 
whole wheat proteins, 61, 61 t, 62 

Adverse reaction to foods (ARF), 233-244 
clinical manifestations, 236-239 
diagnosis, 241-243 
diagnostic flow chart, 242f 

scheme, 234 f 
treatment, 242f 

Affluent, 
future, 473 

Aged rodent models 
protein energy malnutrition (PEM), 199,200 

Aging, 15, see also Elderly 
body fat, 38, 39 
defined, 403 
immune dysregulation, 403, 404 
immunity, see Elderly, immunity 
nutritional status changes, 404, 405 
organ function alterations 

nutrient status, 199t 
physiological changes, 403 
reactive oxygen species (ROS), 153 

Agouti,40 
AIDS, 35, 389-400 

alcohol, 270-272 
constitutional disease manifestations, 392-394 
diarrhea, 393 
full-blown, 

nutritional therapy, 397, 398 
ginseng, 288 
neurological manifestations, 393, 394 
nutrient intake, 393 
nutritional deficiencies, 151, 152 
pro-inflammatory cytokines, 392, 393, 393t 
secondary cancer, 394 
secondary infectious diseases, 394 

AIDS-related complex 
lymphadenopathy, 392 

Albumin metabolism, 
anorexia, 42 

Alcohol, 

475 

apoptotic cell death, 266 
caloric content, 267fn 
cocaine transesterification, 264fn 
hypothalamic-pituitary-adrenocortical-immune axis, 

262,263 
hypothalamic-pituitary-gonadal-immune axis, 263 
immune function, 261-272 
immunopathology, 266-272 
metabolites, 266, 267 
neuroendocrine changes, 264 
physiology and nutrition, 267, 268 
psychoneuroendocrine-immune response, 261-263 



476 

T cell maturation, 263-265 
Alcohol dehydrigebase (AD H), 267 
Alcoholics, 268-270 
Alfalfa, 442 

SLE,316 
Allergies, 

breast milk, 176, 177 
lung inflammation, 229f 
nutrition, 221-230 

Allium satvium, 443 
Allograft rejection, 341-350 

acute, 341, 342, 342t 
chronic, 342, 342t 
clinical studies, 346-350 
experimental dietary immunomodulation, 343-345 

Aloe vera, 442 
Alpha-I-antitrypsin (AAT), 336 
Alpha beta T cells, 25 
Alpha-keto acids, 

decarboxylation, 88 
Alpha linolenic acid, 36, see also Polyunsaturated 

fatty acid 
prostate cancer risk, 376 

Alpha-lipoate 
mechanism, 103f 
metabolic effects, 101, 102 
metabolic pathways, 102f 

Alpha-lipoic acid, 97-104 
Alpha melanocyte stimulating hormone, 40 

obesity, 299 
Alpha-protein kinase C, 125, 126 
Alpha-tocopheral, see Vitamin E 
Alternative Medicine, 

categories, 283t 
nutrition and immunity, 281-291 
office of, 285, 286 
studies, 448 

Alternative systems of medicinal practices, 283t 
Alveolar bone 

anatomy, 427 
Amelogenesis, 427 
American Ginseng, 443-444, 444t 
American Society for Clinical Nutrition 

perioperative feeding recommendations, 255, 256 
American Society for Parenteral and Enteral Nutrition 

perioperative feeding recommendations, 255, 256 
Amides,49 
Amines, 

food,236t 
Amino acid, 36, 49-62, 252-255 

classification, 52-53 
full-blow AIDS, 398, 399 
functions, 49, 50t 
metabolic regulation, 52, 53 
nutritional aspects, 52-54 
nutritional implications, 

animals, 370 
oxidation, 50-52 
protein, 

INDEX 

homeostasis, 50f 
requirements, 57-62 
restriction, 

immune consequences, 22t 
role,53t 
synthesis, 50-52 

Amino acid homeostasis, 
protein turnover, 

energy-dependent process, 51 t, 52 
Ammi visinaga, 445 
AMP, 

breast milk, 174 
Anabolic hormone levels, 

arginine metabolism, 253 
Anabolic steroid, 

use, 276 
Analytic error, 

nutritional assessment technique, 4 
Andromeda strain, 

nutritional immunity, 473 
Anemia, 10, 67 
Anemia of chronic disease (ACD), 313 

vs iron deficiency anemia, 313 
Anesthetics, 248 
Angelica, 442, 443 
Angelica anomala, 442, 443 
Angelica polymorpha 

asthma, 446 
Angelica water, 443 
Angioedema, 

ARF,237 
Animal products, 

Chinese, 444 
Animals, 

enamel hypoplasia, 427, 428 
fluoride, 435 

Ankylosing spondylitis, 
HLAB27 haplotype, 330 

Anorexia, 41-43 
AIDS, 393 
vs starvation, 

menstruation, 41 f 
Anorexic, 

drug abuse, 277, 278 
Anthocyanidin, 109, 110, 110f 
Anthropometric assessment 

data collection, 7 
interpretation, 7, 8 

Anthropometric indices, 7, 8 
Anthropometry, 16 

definition, 6 
Antibodies, 

IBD, 330-331 
isotype classes, 26 

Antibody-dependent cell-mediated cytotoxicity (ADCC), 
26,27 

Anticholinergics, 
asthma, 444, 446 

Antigen-dependent immune system, 263 



Antigen presentation, 
immune system, 24, 25 
lymphocytes, 24, 25 

Antigen-presenting cell (APC), 25 
Antigen sampling, 

intestine, 306 
Antihistamine,s 

ARF treatment, 243 
Anti-idiotypic antibodies, 

maternal immunity, 171-173 
Anti -idiotypic monoclonal antibodies (MAb), 

breast milk, 172 
Anti-inflammatory agents, 

asthma, 444 
Anti-inflammatory factors, 

breast milk, 175, 176 
Antilymphocytic antibody, 

transplantation, 343 
Antimicrobial factors, 173, 174 
Antioxidant, 

allograft rejection, 346 
asthma, 223-225 
elderly, 405 
immune response, 368 
immune system, 24t 
lipoic acid, 100, 101 
natural, 

infections, 190 
nutrients, 

HIV, 463, 464 
periodontal disease, 432 
selenium, 314 
vitamin E, 315 
zinc, 314 

Antioxidant vitamins, see also Vitamin A; Vitamin E 
heart transplantation, 348 
kidney transplantation, 347, 348 
liver transplantation, 349 

Antiplaque agents, 430 
Aphthous stomatitis, 

ARF,240 
Apoptosis, 

glucocoriticoids, 
thymocytes, 149, 150 

nutrients 
immune system, 149, 150, 149t 

zinc, 150 
zinc production, 148 

Apoptotic cell death, 
alcohol, 266 

APP, 290 
Appetite stimulating effect, 

drug abuse, 277, 278 
Apple, 235 
Arachidonic acid (AA), 36, 318 

asthma, 225-227 
metabolism, 227f, 413 
release, 158 
structure, 226f 

INDEX 

Arachidonic acid cascade, 159f, 160f 
Arachidonic acid metabolites, 

immune function, 228t 
Arachidonic pathway, 225 
Arginine, 135,253 

allograft rejection, 345 
Arginine metabolism, 

anabolic hormone levels, 253 
Arginine synthesis, 52, 53 
Arm muscle area, 7, 8 
Aromatic oils, see Essential oils 
Arthritis, 

fasting, 3 18 
Ascorbate reductases, 84 
Ascorbic acid, 83-86, see also Vitamin C 

adult daily need and sources, 76t 
assessment, 93t 
structure, 85f 
synthesis, 95t 

Asparagine, 49 
Asthma, 222, 222t 

acupuncture, 447 
ARF,239 
definition, 

Chinese vs Western medicine, 441 
fish oil, 225-227 
herbal preparations, 444-446 
minerals, vitamins, and antioxidants, 223-225 
obesity, 229-230 
twentieth-century diet, 229f 

Astragalus, 442 
Astragalus hoantchy, 442 
Asymptomatic HIV infection, 390--392 

hypermetabolism, 392 
T helper lymphocytes, 391, 392 

Atherosclerosis, 
linked with, 

477 

inflammatory cytokines, lipids, and endothelial cell 
dysfunction, 212, 213 

lipids, 203, 204 
Atherosclerotic process, 

immune nature, 204 
Atopic children, 

foods to avoid, 223t 
Atopic dermatitis, 

ARF,237 
Atopic disease, 

breast feeding, 176, 177 
Atopy development, see also Allergies 

breast feeding, 221, 222 
At-risk host, 

nutrition, 
immune system, 21-29 

Attained size, 
vs growth, 

anthropometric assessment, 7 
children, 7 

Attitudes, 
obesity, 38 



478 

Auklandia lappa 
asthma, 446 

Autoimmune B cell, 301, 302 
Autoimmune diabetes, 

dietary modulation, 305t 
rodents, 303, 304 

Autoimmune disease, 
digestive tract, 329-336 

demography, 329, 330 
epidemiology, 329, 330 

iron, 313, 314 
nutritional modulation, 313-324 

elimination therapy, 317, 318 
iron deficiency anemia, 313, 314 
polyunsaturated fatty acids, 318-324 
selenium, 314, 315 
supplementation therapy, 318-324 
trace minerals, 313-315 
zinc, 314 

nutritional supplements, 152, 153 
Autoimmune-mediated cutaneous vasculitis, 

vs scurvy, 315 
Autoimmune-mediated hemolysis, 

rheumatoid arthritis (RA), 313 
SLE,313 

Autoimmune-mediated systemic sclerosis (SSc), 
vitamin E, 315 

Autoimmune process, 
schematic representation, 302f 

Autoimmune thyroiditis, 
iodine, 358, 359, 359f-360f 

Autoimmunity, 
IBD, 330, 331 

Autoregulatory mechanisms, 39 
Avian species, 

resting metabolic rate (MR) 
protein turnover, 51, 52, 5It 

Azothioprine, 
IBD,332 
metabolic side effects, 343 

B 

Bacterial flora, 21 
Bacterial infections, 

children, 181 
Bacterial modulation, 

mucosal immune system, 453 
Bacterial pathogens, 

breast milk, 172 
Bacterial/permeability-increasing factor, 21 
Bacterial toxins, 

food-borne, 356t 
immunity, 355, 356 

Baibu, 
asthma, 446 

Bai zhi. 442, 443 
Basal energy expenditure (BEE), 15 
Basil, 442 

INDEX 

Basophil cells, 
characteristics and functions, 24t 

B cells, 26, 27, 148 
alcoholics, 269 
breast milk, 172 
characteristics and functions, 24t 
destruction, 301 
function, 

dietary modulation, 305, 306 
growth, 

dietary modulation, 305, 306 
immune system, 26, 27 
mucosal immune system, 451, 452 
selenium, 314 

Bechet's syndrome, 
walnut extracts, 316 

Behavioral competence, 
nutritional assessment, 11 

Beriberi, 88 
Beta-adrenergics, 

asthma, 444 
Beta-carotene, 

cancer risk, 378 
cytokines, 380 
elderly, 405 
elderly immunity, 413, 414 
immune system, 379, 380 
immunity, 366 

animals, 366 
structure, 78f, 109f 
supplementation, 

NK cells, 413, 414, 413t 
T cells, 414 

Beta-protein kinase C, 125, 126 
Bifidobacterium bifidis, 190 
Bifido-flora, 174 
Biochemical assessment, 8-11 

iron status, 10 
laboratory analysis, 8 
vitamin A, 9, 10 
zinc status, 10, 11 

Biocytin, 90 
Bioelectrical impedance analysis (BIA), 

body composition, 18, 19t 
Bioelectromagnetic Applications, 283t 
Biopterin, 

structure, 92f 
Biopterin-related molybdenum cofactor 

structure, 92f 
Biotin, 

adult daily need and sources, 76t 
assessment, 93t 
single carbon metabolism, 89, 90 
structure, 85f 

Blackberry, 443 
Blood measurements, 17, 18 
Blood sampling, 

vitamin A, 9, 10 
Blood transfusions, 



fatty acids, 344 
Blunted OAG kinetics, 

dietary EPA and ORA, 128f 
BMI, see Body mass index, 
Body cell mass, 18 
Body composition, 16 

bioelectrical impedance analysis (BIA), 18, 19t 
metabolic response, 

illness, 15, 16 
Body fat, 8, 16 
Body mass, 

secondary infectious diseases, 
AIDS, 394 

Body mass index (BMI), 7, 8, 16,38 
calculations, 8 
cancer risk, 381 
health risk, 296t 

Body weight, 15, 16 
describes, 7 
measurement, 7 
Metropolitan Life Insurance tables, 8 

Bone marrow, 
alcoholics, 268 

Borage seed oil, 
RA, 321, 322t 

Botanicals, see also Medicinal herbal products; 
individual products, 

regulations governing, 285 
research, 285-290 

shortcomings, 290 
top selling, 283t 

Bovine myelin, 
MS,323 

Bowel disease, 
n-3 PUFAs, 161 

Boyden chamber, 24 
Brain function, 

n-3 PUFAs, 160--161 
Branched chain amino acids, 254, 255 
Breast cancer risk, 

caloric restriction, 381 
dietary fat, 376 
macronutrient composition, 37 
physical activity, 382 

Breast-fed infants, 56t 
gut flora, 190 

Breast feeding, 
atopic disease, 176, 177 
atopy development, 221, 222 
vs formula, 41 
type I diabetes, 302, 303 

Breast milk, 
components, 176f 
immune related components, 303t 
immunity, 472 
immunological considerations, 171-177 
passive immune protection, 135, 136 
vitamin A, 9,10 

Buccal epithelial cells, 174 
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Buthionine sulfoxamine (BSO), 103 
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C. Assia, 442 
Cachexia, 15, 16,35,41,42 
Calcium, 

periodontal disease, 431, 432 
Calculus, 428 
Caloric intake, 

obese vs lean, 39 
sources, deficiencies, and excess, 35-44 

Caloric restriction (CR), 36, 381,382 
autoimmune disease, 317 
cancer risk, 381 
corticosterone, 317 
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elevated dexamethasone (DEX)-stimulated programmed 
cell death, 3 17 

immune consequences, 22t 
immune system, 381, 382 
lupus prone mice, 317 

Calories, 
comparison, 36 
elderly immunity, 405, 406 

CAM, 283, 284, 286 
Campylobacter jejuni 

fucosylated oligosaccharide, 174 
Cancer, 35,375-384 

dietary factors, 36 
future, 383, 384 
incidence, 375 
overnutrition, 39 
prevention, 

beta-carotene supplementation, 413 
risk, 

dietary fat, 376 
genetic susceptibility, 383 
micronutrients, 378, 379 

secondary, 
AIDS, 394 

weight loss, 41, 42 
Candida albicans, 252 
Canine tooth, 

dog, 
development, 425f 

Capsicum peppers, 441, 442 
Carbohydrates, 

sources, deficiencies, and excess, 35-44 
18-carbon chain PUF A, 164 
20-carbon chain PUF A (DGLA), 164, 165 
Cardiovascular disease, 

fat consumption, 37 
Caries, 433-435 

clinical considerations, 433 
dog, 434f 
etiology, 433 
fluoride, 435 
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nutritional influences, 433--435 
pathogenesis, 433 

Camitine, 92, 93 
structure, 92f 

Carotenoids, 78, 108, 109 
metabolism, 79f 
pathways, 112f 
plants, 187 
separation, 113f 

Catechin, 109, 110, 11 Of 
Catecholamine levels, 

surgery, 247 
Cathepsin G, 21 
Cats, 

crowns, 423 
dental formulas, 424f 
dentition, 423 
hyperparathyroidism, 432 
periodontal disease, 428--433 
tooth formation and maturation, 423, 424 

Cattle, 
TNF-a, 366 
vitamin E, 

immunity, 365, 366 
CD, see Crohn's disease 
CD4+, 25, 26, see also T cell 

alcohol, 265, 266 
CD4-, 26, see also T cell 
CD5, 26, 27 
CD8+, 26, see also T cell 

alcohol, 265, 266 
CD8-, 25, 26, see also T cell 
CDC Classification System, 

HlY, 390, 39lt 
CD4+LP T cells, 

mucosal immune system, 451, 452 
Celery, 236 
Celiac disease, 

ARF, 238, 239 
Cell-imaging technique, 

cellular oxidation, 206 
Cellular immunity, 

alcohol, 263-266 
psychosocial factors, 261, 262 

Cellular metabolism, 
vitamins, 86f 

Cellular oxidation, 
cell-imaging technique, 206 

Cellular uptake and reduction, 
lipoic acid, 97-100 

Cemento-enamel junction, 426f 
Cementum, 424 

anatomy, 427 
Central nervous system (CNS)-active drug abuse, 

277,278 
Ceramide kinetics, 

dietary EPA and DHA, 128f 
Ceruloplasmin, 314 
Chemokines, 
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alcoholics, 269 
breast milk, 175 
nutritionally induced oxidative stress, 462 

Chi,440 
Chickens, 

amino acids, 
nutritional implications, 370 

vaccination antibody response, 366 
vitamin E, 

immunity, 365, 366 
Childhood diseases, 181-183, 181-192 

diet, 190, 191 
Children, 

amino acid requirements, 59, 59t, 60t 
atopic, 

foods to avoid, 223t 
data collection interpretation, 

anthropometric assessment, 7, 8 
growth failure, 

IBD,332 
HlY infections, 394, 395 

malnutrition, 395 
mortality, 181 
PEM, 196--198 

treatment, 200 
protein calorie deficient, 148 
protein intake, 55, 55t, 57, 57t 
protein synthesis rates, 51, 51 t 
recommended dietary allowances 

iron, zinc, selenium, and copper, 68t 
viral exanthems, 181 

Chinese animal products, 444 
Chinese elements, 440, 440f 
Chinese herbal medications 

asthma, 444--446, 445t 
Chinese Materia Medica, 441 
Chinese medicinal plants, 441--444, see also Individual plant 
Chinese medicines, 

disease prevention, 440, 441 
information sources, 448, 448t 
regulation, 447, 448 
scientific study, 447, 448 

Cholesterol, 
endothelial cell dysfunction, 207 

Cholesterol-lowering protocols, 
heart transplantation, 348 
kidney transplantation, 347 
liver transplantation, 349 
transplantation, 344, 345 

Choline, 92 
structure, 92f 

Chromium, 
function, 66t 

Chronic allograft rejection, 
immunology, 342, 342t 

Chronic fatigue syndrome (CFS), 
ARF,240 

Chronic inflammation, 
treatment, 121-130 



Chylomicrons, 206 
Cigarette smoking, 

immune function, 275, 276 
lung macrophage function, 275, 276 
recommendations, 279 

Cinnamomum zeylanicum, 442 
Cinnamon, 442 
Citric acid cycle, 87f 
Clinical assessment, 

nutritional status, 8 
Cocaethylene, 265fn, 266 
Cocaine, 

transesterification, 
alcohol, 264fn 

Coefficient of variation (CV) 
RDI,6 

Coenzyme A, 
structure, 85f 

Coenzyme Q, 93 
function, 94t 
structure, 92f 

Cold medications, 
characteristics, 440 

Collagenopathies, 
ARF,241 

Collagen synthesis, 85f 
Collectivization, 43 
Colony-stimulating factors (CSFs), 27 
Colorectal cancer risk, 

caloric restriction, 381 
dietary fat, 376 
physical activity, 382, 383 

Colostrum, 
leukocytes, 173 

Coltsfoot, 
asthma, 446 

Complement system, 27 
Complexity, 

nutritional assessment technique, 4 
Complimentary and alternative medicine (CAM), 283, 

284,286 
definition, 283 

Con A, 
glutathione (GSH), 

elderly immunity, 416 
Concanavalin (Con A), 25 
Conductivity measurement, 18 
Conjugated linoleic acid (CLA) 

elderly immunity, 416 
Consumption, 42 
Contact dermatitis, 

ARF, 237, 238 
Copper, 70-71 

assessment, 71 
autoimmune disease, 314 
deficiency, 70 

immune function, 151 
at risk population, 71 

dietary sources, 71 
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function, 66t, 70 
HIV infection, 396 
immune system, 23t 
metabolism, 70 
recommended dietary allowances, 68t 
requirements, 71 
toxicity, 70 
ZInC, 

trace element interaction, 66t 
Copper bracelets, 

RA,314 
Cord blood, 

linoleic acid, 
allergy development, 222 

Corticosteroids, 
metabolic side effects, 342 

Corticosterone, 
CR,317 

Cost, 
IBD, 329-330 
nutritional assessment technique, 4 

Cough wort, 
asthma, 446 

Cow's milk, 235, see also Milk, 
type 1 diabetes, 303 

Coxsackievirus B infection, 
vitamin E deficiency, 461, 462 

Coxsackievirus B3 infection, 
selenium deficiency, 458--461 

Coxsackievirus infection, 
glutathione peroxidase (GPX-l), 461 

CR, see Caloric restriction 
Cranberry, 283t 
Creatinine coefficient, 19 
Creatinine excretion, 19 
Creatinine height index, 19, 19t 
Cretinism, 

iodine deficiency, 186 
Crohn's disease (CD), 152,329 

ARF, 240-241 
bone disease, 335 
clinical manifestations, 330 
cytokines, 331 
demography, 329, 330 
diagnosis, 330 
epidemiology, 329, 330 
genetic influence, 330 
indirect cost, 329 
nutritional aspects, 

therapeutic defined formula diet, 332, 333 
therapeutic nonelemental diet, 333 

steroids vs diet, 
meta-analysis, 332, 333, 332t 

Crohn's fistula, 
nutritional therapy, 334 

Cromolyn 
asthma, 445 

Crowns, 423 
Crustaceans, 236 
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Cryopreservation, 
protocol,28t 

CTL, see Cytotoxic T-cell 
Cuba, 

neuropathy epidemic, 462, 463 
Cumin, 443 
Cumin cyminum, 443 
Curcuma longa, 443 
CVB3-infected SE-deficient mice, 459--461 

viral genomic changes, 459--461 
Cyciooxygenase pathway, 159, 160, 159f 
Cyciosporine, 

metabolic side effects, 342 
Cyciosporine-induced immunosuppression 

transplantation, 343, 344 
Cytochrome, 

energy production, 67 
Cytokines, 27 

beta-carotene, 380 
breast milk, 174--175, 175 
dietary fat, 377 
dietary modulation, 305 
IBD, 33 I 
immune response, 368 
immune system, 27 
nutritional effects, 369t 
physical activity, 383 
vitamin C, 380, 381 
weight loss, 41, 42 

Cytolytic T cell, 153 
Cytotoxicity, 26 
Cytotoxicity assays, 26 
Cytotoxic T cell (CTL), 26, see also CD4-; CD8+, 

dietary fat, 376, 377 
immune system, 26 

D 

Data collection, 
anthropometric assessment, 7 
dietary assessment, 5 

Datura stramonium, 
asthma, 446 

Decarboxylation, 
alpha-keto acids, 88 

Defensins, 2 I 
Delayed type hypersensitivity (DTR) testing, 249 
Dental decay, see Caries 
Dental formulas, 424f 
Dental hard tissues, 

morphology, 433, 434 
Dental plaque, 428 

control, 429, 430 
Dentine, 424 
Dentition, 423 
Deoxyuridylic acid, 9 I f 
Dermatitis herpetiformis (DR), 

ARF,237 
DRA,319 
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blunted DAG kinetics, 128f 
ceramide kinetics, 128f 
IL-2 gene expression, l29f 
supplementation, 

Raynaud's phenomenon, 321 
DRLA, 97-100, 101, 103 
Diabetes, 

immunity, 301-308 
Diabetes mellitus, 301 
Diarrhea, 191 

AIDS, 393 
IBD, 

luminal nutrition, 335 
luminal nutrition 

IBD,335 
rotavirus, 457 

Diet, 
ARF treatment, 243 
childhood diseases, 190, 191 
infectious diseases, 190 

Diet, Nutrition, Lifestyle Changes, 2831 
Diet and Nutrition, 281 
Dietary antioxidant deficiency, 

smokers, 275 
Dietary ascorbic acid, 84 
Dietary assessment, 5, 6 

data collection, 5 
interpretation, 5, 6 

stages, 5 
Dietary calorie requirement, 15 
Dietary DRA, 

blunted DAG kinetics, 128f 
ceramide kinetics, 128f 
IL-2 gene expression, 129f 

Dietary diversification, 187 
Dietary EPA and DHA, 

blunted DAG kinetics, 128f 
cerami de kinetics, 128f 
IL-2 gene expression, 129f 

Dietary exposure, 472, 473 
Dietary fats, 472 

cancer risk, 376 
caries, 435 
immune system, 376--378 
periodontal disease, 430 

Dietary fish oil, 
inflammation diseases, 121, 122 
T-cell function regulation, 122, 123 

mechanism, 123, 124 
T -cell signaling events modulation, 127-129 

Dietary glutamate, 
glutathione synthesis, 53 

Dietary intake, 19 
measurement assessment techniques, 6t 

Dietary measurement assessment techniques 
error,6t 

Dietary measurements, 3 
Dietary n-3 fatty acid, 

signal transduction and gene expression, 129f 



Dietary n-3 polyunsaturated fatty acids, 
T-Iymphocyte activation modulation, 121-130 

Dietary nucleotide paradox, 135 
Dietary oxidized lipids, 206 
Dietary phytochemicals 

modulating immune function, 107-117 
Dietary protein quality, 60-62 
Dietary requirements, 

NRC, 
immunity, 364f 

Dietary restriction, 
immune system, 153 

Dietary saturated fats, 
vs unsaturated fats, 203, 204 

Dietary supplements, 
characteristics, 286t 
regulations governing, 285 

Dietary therapy, 
autoimmune disease, 317-324 

Diet texture, 
caries, 434 

Digestive system, 
immune and neuroendocrine systems, 

relationships, 199f 
Digestive tract, 

autoimmune disease, 329-336 
demography, 329, 330 
epidemiology, 329, 330 

Dihomo-gamma-linoleic acid, 
desaturation, 158 

Dihomogamma-linoleic acid (DGLA), 321 
Dihydrolipoic acid (DHLA), 97-100, 101, 103 

structure, 98f 
Di Long, 444 
Direct tracer balance method, 58, 59 
Disease prevention, 

Chinese medicine, 440, 441 
Disialyl-Iacto-N-tetraose, 

breast milk, 174 
Disodium cromoglycate (DSCG), 

asthma, 444, 445 
DNA fragmentation, 26 
DNA synthesis, 91 
Docosahexaenoic acid (DHA), 319 

AA,318 
blunted DAG kinetics, 128f 
ceramide kinetics, 128f 
IL-2 gene expression, 129f 
supplementation, 

Raynaud's phenomenon, 321 
Dogs, 

canine tooth, 
development, 425f 

caries, 434f 
crowns, 423 
dental formulas, 424f 
dentition, 423 
gingiva 

healthy, 429, 429f 
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gingivitis, 428f 
hyperparathyroidism, 432 
periodontal disease, 428--433 

dental plaque control, 429, 430 
periodontitis, 428f 
tooth formation and maturation, 423, 424 

Dong Quai, 
asthma, 446 

Drink, 
alcohol, 267fn 

Drugs, see Medications 
Drug therapy, 

ARF treatment, 243 
Drug users, 

nutritional and immune status, 276, 277 
pregnancy, 277 

DTH testing, 249 
Dutch famine, 41 

E 

Eating disorder, 
substance abuse, 278 

Echinacea, 283t 
asthma, 446 

Echinacea angustifolia, 286--288 
asthma, 446 

Eczema, 
combination herbal therapy, 447, 447t 

EF A, see Essential fatty acid 
Egg, 235 
Eicosanoids, see Omega-3 fatty acids 
Eicosapentaenoic acid (EPA), 253, 319 

AA,318 
blunted DAG kinetics, 128f 
ceramide kinetics, 128f 
IL-2 gene expression, 129f 
structure, 226f 
supplementation 

Raynaud's phenomenon, 321 
Elderly, see also Aging, 

alcohol use and abuse, 272 
immunity, 403--417 

health status, 403f 
LT,406 
macronutrients, 405, 406 
micronutrients, 407--415 

PEM, 
treatment, 200 

protein energy malnutrition (PEM), 
198, 199 

protein intakes, 55, 55t, 56 
protein synthesis rates, 51, 51 t 

Electrostatic charges, 25 
Elemental diet, 

granulomatous enteritis, 331 
growth,332 
IBD,333 
sexual maturation, 332 
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Eleutherococcus senticosus. 288 
Elevated dexamethasone (DEX)-stimulated programmed 

cell death, 
CR,317 

Elimination therapy, 
autoimmune disease, 317, 318 

animal studies, 317, 318 
human studies, 318 

ELISA,24 
ELI SPOT, 27 
Emerging disease, 473 
Enamel,424 

carbonate, 
caries, 433 

Enamel hypoplasia, 427, 428 
cause, 428 
types, 427 

Endemic goiter, 
iodine deficiency, 186 

Endemic malnutrition, 186, 187 
Endemic malnutrition syndrome, 186 
Endocrine changes, 

nutritional deficiencies, 148, 149 
Endocrine response, 

secondary infectious diseases, 
AIDS, 394 

Endocrine system, 
immunity, 

animals, 366 
Endothelial cell dysfunction, 205-207 

linked with, 
lipids, inflammatory cytokines, and atherosclerosis, 

212,213 
Endothelial cell injury, 203-213 
Endothelial integrity, 

disruption, 205f 
Energy balance, 15 
Energy dependent process, 

protein turnover, 
amino acid homeostasis, 51 t, 52 

Energy efficiency, 39 
Energy expenditure, 15, 18, 19,39 
Energy intake, 

nitrogen balance, 
relationship, 52f 

Energy production, 
cytochrome, 67 

Energy source, 36 
Enteral nucleotides 

immune response, 140, 141 
Enteral nutrition, 

CD,332 
stress, 250, 251 

Enteroviruses, 
children, 181 

Enzymatic, 
ARF,236 

Enzymatic deficiencies, 236t 
Enzyme-linked immunoassay (ELISA), 10,27 
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Eosinophil, 
characteristics and functions, 24t 

Eosinophilia-myalgia syndrome (EMS), 
LT,316,317 
symptoms, 317 
therapy, 317 

Eosinophilic gastroenteritis, 
ARF,238 

EPA, see Eicosapentaenoic acid 
Ephedra Herba, 

asthma, 444, 445 
Ephedrine, 444, 445 
Epimedkum sagitta tum. 446 
Epithelial compartment 

mucosal immune system, 452 
Escherichia coli. 21, 154 
Esophagitis, 

AIDS, 393 
Essential fatty acid (EFA), 157 

assessment, 158 
biological significance, 157, 158 
deficiency symptoms, 158 

Essential oils, 446 
periodontal disease, 432 

Ethanol, see Alcohol 
Evaluating malnutrition, 15-20 
Evening primrose, 283t 
Evening primrose seed oil, 

RA, 321, 322t 
Exogenous nucleosides, 139f 
Experimental autoimmune encephalomyelitis (EAE), 

152, 153 
mucosal tolerance, 323 

Experimental autoimmune myasthenia gravis (EAMG) 
mucosal tolerance, 324 

Experimental autoimmune uveoretinitis (EAU) 
mucosal tolerance, 323, 324 

Experimental insulin-dependent diabetes mellitus (IDDM) 
mucosal tolerance, 324 

Experimentally induced colitis, 331 

F 

FAD,88 
structure, 85f 

Famine, 43 
FAO/WHO/UNU, 

indispensable amino acid requirements, 58, 59t, 61, 62 
protein requirements, 55, 56 

Fasting, 
arthritis, 318 

Fat, 8 
biological functions, 37 
comparison, 37, 38 
consumption, 

cardiovascular disease, 37 
soluble vitamins, 75-83 

absorption, 77f 
sources, deficiencies, and excess, 35-44 



unsaturated vs saturated, 203, 204 
Fat-free mass, 18 
Fatigue, 

herbal treatment, 442 
Fatty acid, 21, see also Essential fatty acid 

biosynthesis, 158, 159f 
blood transfusions, 344 
composition, 

oxidizability, 207 
consumption, 

demographic comparison, 122t 
elderly immunity, 406 
endothelial cell dysfunction, 205-207, 206 
stress, 248 
supplementation, 

immune consequences, 22t 
transplantation, 343, 344 

Fatty liver disease, 91 
Ferritin, 10 
Fetal alcohol syndrome, 270 
Fetal exposure, 

alcohol, 270 
Fetal imprinting, 41 
Finnish famine, 41, 43 
Fish,235 
Fish oil, see also Linoleic acid 

asthma, 225-227 
atopic dermatitis, 227-229 
colorectal cancer risk, 376 
cytokines,377 
dietary fat, 377, 378 
IBD, 333, 334 
inflammation diseases, 121, 122 
P AF -acether, 318 
RA,315 
risks, 319 
SLE therapy, 319 
supplementation, 253 

kidney transplantation, 347, 347f 
RA, 319, 320t 

UC, 334, 334t 
Five elements, 440, 440f 
FK506 

metabolic side effects, 342, 343 
Flaky paint rash, 17 
Flat-slope phenomenon 

dietary assessment, 6 
Flavanone, 109, 110, 110f 
Flavin adenine dinucleotide, 88 

structure, 85f 
Flavin mononucleotide, 88 
Flavone, 109, 110, 110f 
Flavonoids, 109, 110 

classes, 11 Of 
family, 108 
structure, 109f 

Flavonol, 109-110, IlOf 
Flow cytometer, 22 
Fluoride, 
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caries, 435 
function, 66t 
gingivitis, 435 

Fluorometric assay, 10 
FMN,88 
Folate, 

adult daily need and sources, 76t 
heart transplantation, 348, 349 
kidney transplantation, 348 
transport proteins, 78t 

Folic acid, 91 
allograft rejection, 346 
micronutrient supplements, 187 
periodontal disease, 431 
single carbon metabolism, 90, 92 
structure, 85f 

Food, 
additives, 236t 

ARF,236 
adverse reaction, 233-244 
allergens, 235, 236 
ARF, 

sensitive colitis, 238 
sensitive enteropathy, 238 

composition tables, 
accuracy, 6 

dental plaque control, 429, 430 
elderly immunity, 416 
frequency questionnaire, 

dietary assessment, 5 
hypersensitivity, 316-327 

diagnosis, 316 
EMS,316,317 
Henoch-Schoenlein purpura, 316 
inflammatory arthritis, 316 
NSAIDs, 316 
palindromic rheumatitis, 316 
SLE,316 
vasculitis, 316 

intake, 
animals nutritional implications, 370 
nutrient intake conversion, 5, 6 

periodontal disease, 430-433, 43lf 
record, 

dietary assessment, 5 
restriction, 

immune consequences, 22t 
toxicology, 

immunity, 355-360 
Formula, 

vs breast feeding, 41 
development, 

infant, 222 
hypoallergenic, 221 
immune enhancing, 255 
nucleotide fortified 

infections, 174 
soy based, 222 
whey hydrolysate, 222 
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Fortification, 187 
Frame size, 7 
Free erythrocyte protoporphyrin (FEP), 10 
Fresh ginseng, 288 
Fucosylated oligosaccharide, 

Campylobacter jejuni. 174 
Functional assessment, I I 
Functional foods, 

elderly immunity, 4 I 6 
Fungal toxins, 356, 357 

G 

GALT,451 
germinal centers (GC), 451 
yogurt, 472 

Gamma-carboxyglutamic acid, 82 
supplementation 

RA, 321, 322t 
Gamma-linoleic acid, 321 

chain elongation, 158 
Ganoderma lucidum. 446 
Garlic, 283t, 443 
Gastric cancer patients, 

lentinan, 289, 290 
Gastrointestinal tract 

ARF, 238, 239 
lymphatic drainage, 308f 

GC,451 
apoptosis, 

thymocytes, 149, 150 
zinc deficiency, 148 

Gell and Coombs' classifications, 
immunologic reaction, 233, 234 

Gender, IS 
Gene expression, 

dietary n-3 fatty acid, 129f 
Genetic factors, 

IBD,330 
Genetic predisposition, 

obesity, 36 
Genetic susceptibility, 

cancer risk, 383 
Gene transcription, 

redox regulation, 104 f 
Gentian Combination, 447, 447t 
Germinal centers (GC), 

apoptosis, 
thymocytes, 149, ISO 

gut-associated lymphoid tissue (GALT), 451 
zinc deficiency, 148 

Giardia. 
breast milk, 172 

Ginger, 441 
Gingiva, 

anatomy, 425, 426, 426f 
healthy, 

dog, 429,429f 
Gingival cuff, 
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anatomy, 426, 427, 427f 
Gingival sulcus, 425, 426f 
Gingivitis, 428, 429 

dog, 428f 
etiology, 428, 429 
fluoride, 435 
oral contraceptives, 431 
pathogenesis, 428, 429 
pregnancy, 431 
vitamin A, 431 

Gingko, 
asthma, 445 

Ginkgo, 283t 
Ginseng, 283t,288 ,289,443 ,444,444t 
GLA,82 

supplementation, 
RA, 321, 322t 

Glucocorticoids (GC), 451 
apoptosis, 

thymocytes, 149, 150 
zinc deficiency, 148 

Glucose, 
alcohol, 267fn 

Glutamine, 49, 252, 253 
allograft rejection, 345, 346 
enriched elemental diet 

IBD,331 
Glutamine flux, 

stress, 252 
Glutathione, 101 

elderly immunity, 415, 416 
mortality, 415 

endothelial cell dysfunction, 209, 210 
PBMC, 415, 416 
synthesis, 103 

dietary glutamate, 53 
Glutathione peroxidase, 49, 314 

coxsackievirus infection, 461 
Glycoproteins, 

oligosaccharides, 174 
Glycoside, 110 
Glycyrrhiza glabra 

asthma, 445 
Goiter, 

iodine deficiency, 186 
Goldenseal, 283t 
Gomez classification, 8 
Goose bump rash, 17 
GPX-l, 49,314 

coxsackievirus infection, 461 
Granulocyte, 

characteristics and functions, 24t 
Granulomatous enteritis, 

elemental diet, 331 
Grape seed extract, 283t 
Great Leap Forward, 43 
Growth, 

elemental diet, 332 
factors, 



IBD,335 
failure, 

pediatric IBD, 332 
vitamin A, 79, 80 

Growth factors, 
IBD,335 

Growth hormones, 254 
obesity, 298, 299 

Growth velocity, 7 
Gut, 141, 152 

flora, 
breast fed infants, 190 
breast milk, 174 

function, 
nucleotides, 138, 139 

immune function, 
glutamine, 252 

lymphocyte trafficking, 306, 307 
Gut associated lymphoid tissue (GALT), 451 

germinal centers (GC), 451 
yogurt, 472 

H 

Haemophilus injluenzae, 174 
Harris-Benedict formula, 15 
Headache, 

ARF,240 
Head circumference, 7 
Heart, 

RNA synthesis, 136, 137 
Heart function, 

nucleotides, 139, 140 
Heart transplantation, 

antioxidant vitamins, 348 
cholesterol-lowering protocols, 348 

Height, 15 
ideal weight for, 16 
indicates, 7 

Height-for-age, 7, 8 
protein energy malnutrition, 186 

Helminthic diseases, 182 
Helper T cells, see CD4+; CD8-
Hematocrit, 10 
Hemoglobin synthesis, 10 
Hemophilus influenzae, 

children, 182 
Hemosiderin, 10 
Henoch-Schonlein purpura, 

food hypersensitivity, 316 
Hepatic failure, 

alcoholics, 270 
Hepatitis viruses, 183 
Herbal medications, 

ancient cultures, 442, 443t 
asthma, 444-446, 445t 
Chinese, 

asthma, 444-446, 445t 
eczema, 447,447t 
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Hindu, 446 
history, 441 
Japanese, 445 

Herbal Medicine, 281, 283t 
history, 282, 283 

Herbs, 
beneficial effects, 441 
periodontal disease, 432 

Heredity, 
allergies, 176 

HETE,225 
elderly immunity, 406 

Hidden hunger, 470 
High-performance liquid chromatography (HPLC), 98 

carotenoid separation, 113f 
Hindu herbal medications, 446 
Histamine intolerance, 

ARF,240 
Histidine, 

RA,315 
HIV, 35, 183 

antioxidant nutrients, 463, 464 
CDC Classification System, 390, 39lt 
nutritional deficiencies, 152 
weight loss, 41, 42 

HIV infections, 
acute, 

risk factors, 390, 390f 
asymptomatic, 390-392 
children, 394, 395 
drug therapy, 397t 
neonates, 394, 395 
nutritional therapy, 

asymptomatic, 396, 397 
Iymphoadenopathic phase, 396, 397 

protein-energy malnutrition, 395 
trace elements, 396 
vitamins, 395, 396 

HIV -seropositive, 
alcohol, 270-272 

HLAB27 haplotype, 
ankylosing spondylitis, 330 

HMG-CoA reductase inhibitors, 
heart transplantation, 348, 348f 

Hoe1en, 447, 447t 
Holland famine, 41 
Homeostasis, 

alcoholics, 269 
amino acid and protein, 50f 

Homocysteine, 
heart transplantation, 348, 349, 349f 

Honey, 441 
Hookworm, 182, 191 
Hookworm infection, 67 
Hormone levels, 

arginine metabolism, 253 
Hormones, 39, 40 
Horsehoof, 

asthma, 446 
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HPETE,225 
Huang chi, 442 
Huang Ti Nei Ching Su Wen,441, 442f 
Human milk, see Breast milk, 
Humoral immune response, 27 
Humoral immunity, 

psychosocial factors, 261, 262 
Huzhang, 

asthma, 446 
Hydrazine derivative, 89 
Hydrogen bonding, 25 
Hydroperoxyeicosatetraenoic acid (HPETE), 225 
Hydrophobicity, 

receptor-ligand interactions, 22 
Hydroxyeicosatetraenoic acid (HETE), 225 

elderly immunity, 406 
Hydroxylases, 83-86 
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 

reductase inhibitors, 
transplantation, 344, 345 

Hydroxyproline, 49 
Hypercholesterolemia, 

chronic transplant vasculopathy, 344 
Hyperglycemia, 

surgery, 251, 252 
TPN solutions, 251 

Hyperkinetic syndrome, 240 
Hypermetabolism, 

asymptomatic HIY infection, 392 
Hyperparathyroidism, 

secondary, 
phosphorus,432,432f 

Hyperphagia, 40 
Hypersensitivity skin tests, 27, 28 
Hypoallergenic formulas, 221 
Hypochlorous acid (HOCL), 100 
Hypogonadism, 

AIDS-induced cachexia, 394 
Hypoplastic teeth, 

caries, 433 
Hypothalamic-pituitary-adrenocortical-immune axis, 

alcohol, 262, 263 
Hypothalamic-pituitary-gonadal-immune axis, 

alcohol, 263 
Hypothermia, 248 
Hypothetical tiering system, 28t 
Hypovitaminosis, 469 
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lED, see Inflammatory bowel disease 
Ideal body weight, 

Metropolitan Life Insurance tables, 8 
Ideal weight, 

for height, 16 
IEC, 452, 453 
IgA deficiency, 

IED,331 
IgA glomerulonephritis, 
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vomitoxin, 357, 357f-358f 
IL, see Interleukin 
Illness, 

metabolic response, 15, 16 
Imidazole adduct, 

structure, 92f 
Immune abnormalities, 

addict population, 278 
Immune consequences, 

nutritional depletion, 22t 
Immune dysregulation, 

aging, 403, 404 
Immune enhancing formulas, 255 
Immune function, 

alcohol,261-272 
dietary phytochemicals, 107-117 
infection, 148t 
nutritional deficiencies, 151, 153, 154 
stress, 248 
zinc deficiency, 147, 148 

Immune functions, 
protein energy malnutrition (PEM), 197t 

Immune integrity, 
nutritional status impact, 147-154 

Immune response, 
enteral and parenteral nucleotides, 140, 141 
nucleotide supplements, 140 
nutrient requirements, 472 

animals, 369-371 
pathology, 368 
probiotic organisms, 451-454 

Immune status, 
assessment, 

individual or population, 28, 29 
regulated change, 149 

Immune surveillance, 263 
Immune system, 295, 296, 378-381 

apoptosis, 
nutrients, 149, 150, 149t 

breast milk components, 176f 
caloric restriction, 381, 382 
Chinese vs Western medicine, 439, 440 
dietary restriction, 153 
digestive and neuroendocrine systems, 

relationships, 199f 
eicosanoids, 318, 319 
infection and nutrition, 

interactions, 153, 154 
micronutrients, 378, 379 
n-3 PUFAs, 161 
n-6 PUFAs, 163-165 
nucleotides, 140 
nutrient priority, 

animals, 367, 368 
nutritionally at-risk host, 21-29 
physical activity, 383 
system communication, 369, 370 
zinc deficiency, 149 
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endocrine system regulation, 

animals, 366 
food toxicology, 355-360 
NRC dietary requirements, 364f 
nutrient regulation, 

animals, 364-366 
nutrition, 370, 371 

animals, 363-371 
future perspectives, 473, 474 

nutritional costs, 
animals, 366, 367, 367f 

substrate availability, 
animals, 365-368 

yogurt, 472 
Immunization, 
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Immunization programs 

morbidity reductions, 182 
Immunizations, 183-186 
Immunizations recommended, 

children, 184, 185t 
Immunoblots, 27 
Immunodiffusion assays, 27 
Immunofluorescence, 27 
Immunoglobulins, 26, 27 

alcoholics, 269 
immune system, 26-27 
maternal immunity, 171-173 
vitamin C, 

elderly immunity, 409, 410 
Immunologic reaction, 

classifications, 233, 234 
Immunomodulating agents, 

breast milk, 174, 175 
Immunonutrition, 

nucleotides, 141 
Immunosuppressive agents, 

metabolic side effects, 342, 343, 343t 
Imprinting, 41 
Indicator amino acid oxidation approach, 58, 58f 
Indigenous microflora, 453 
Indirect calorimetry, 18, 19, 19t 
Indispensable amino acid, 

requirements, 57--62 
Individual food record, 

dietary assessment, 5 
Individual 24-h recall, 

dietary assessment, 5 
Individual vs population, 

nutritional assessment technique, 4, 5 
Infant, 

amino acid requirements, 59, 59t, 60t 
breast-fed, 56t 
diets, 41 
enterocytes, 174 
formula development, 222 
immune system, 

breast milk components, 176f 
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nutrition, 

n-3 PUFAs, 160, 161 
protein intake, 55, 55t, 57, 57t 
protein synthesis rates, 51, 51 t 
recommended dietary allowances 

iron, zinc, selenium, and copper, 68t 
Infection, 

alcoholics, 268 
breast milk, 174 
immune function, 148t 
iron, 189, 190 
malnutrition, 15 
mean plasma zinc concentration, 10, II 
natural antioxidants, 190 
nucleotide fortified formula, 174 
nutrition, 

interaction, 181 
nutritional assessment, 

vitamin A, 9 
nutritional deficiencies, 151 
nutritional interventions, 191, 192 
nutritional status, 188-190 
nutrition and immune system, 

interactions, 153, 154 
PEM, 

treatment, 200 
protein energy malnutrition (PEM), 

cycle, 196f 
protein needs, 56t 
substance abuse, 279 
weight loss, 41, 42 
zinc, 190 

Infectious diseases, 
diet, 190 
immunizations, 183 
secondary, 

AIDS, 394 
vitamin A, 188, 189 

Inflammation, 
endothelial cell dysfunction, 207, 208 
nutritional modulation 

polyunsaturated fatty acids/eicosanoids, 157-165 
Inflammation diseases 

dietary fish oil, 121, 122 
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Inflammatory arthritis, see also Rheumatoid arthritis (RA) 
food hypersensitivity, 316 

Inflammatory bowel disease (IBD), 329 
antibodies, 330, 331 
ARF, 240, 241 
autoimmunity, 330, 331 
bacterial overgrowth, 336 
diarrhea, 

luminal nutrition, 335 
drug therapy, 332 
experimental models, 331 
fish oil, 333, 334 
growth factors, 335 
incidence, 
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Western diet, 332 
LT,333 
nutritional aspects, 332-336 

diet and risk, 332 
therapeutic diet, 332 

protein malnutrition, 336 
zinc deficiency, 335 

Inflammatory cytokines, 203-213 
linked with, 

lipids, endothelial cell dysfunction, 
and atherosclerosis, 212, 213 

omega-3 fatty acids, 319 
Inflammatory system, 

n-3 PUFAs, 161 
n-6 PUFAs, 163-165 

Information sources, 
Chinese medicines, 448, 448t 
natural products, 448, 448t 

Inhalants, 
vegetables, 

crossreactivity, 238 
Inherited immunodeficiency, 140 
Injury, 

metabolic response, 247, 248 
Innate immune system, 

major histocompatibility complex (MHC), 263 
Inositol, 

structure, 92f 
Insulin, 

oral administration, 307 
Interferon- gamma, 

breast milk, 175 
Interferons (IFNs), 27 
Interleukin (IL), 27 

alcoholics, 269 
Interleukin-l (IL-l), 154 

nutritional effects, 369t 
Interleukin-2 (IL-2), 

elderly immunity, 
glutathione (GSH), 416 
n-3 PUFA, 406, 407 

Interleukin-6 (IL-6), 
breast milk, 175 
nutritional effects, 369t 

Interleukin-8 (IL-8), 
breast milk, 175 

Interieukin-IO (IL-l 0), 
breast milk, 175 

Interleukin-2 receptor, 125 
International Dietary Energy Consultancy Group, 

protein requirements, 56, 57 
Internet sites, 

Chinese medicines, 448, 448t 
natural products, 448, 448t 

Intestinal epithelial cells (lEC) 
mucosal immune system, 452, 453 

Intestinal helminthic infections, 182 
Intestinal transplantation, 

nutritional support, 350 
Intestine, 
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antigen sampling, 306 
Intestines, 

RNA synthesis, 137, 138 
Iodine, 

autoimmune thyroiditis, 358, 359, 359f, 360f 
deficiency, 186 
function, 66t 
micronutrient supplements, 187 
selenium, 

trace element interaction, 66t 
Iodothyronine 5' deiodinase, 49 
Irish potato famine, 43 
Iron, 66---{)8, 154 

autoimmune disease, 313, 314 
deficiency, 67, 200 

diagnosis, 68 
immune function, 151 
nutritional anemia, 186, 187 

deficiency anemia, 10 
vs anemia of chronic disease (ACD), 313 
autoimmune disease, 313, 314 

deposits, 
RA, 313, 314 

dietary sources, 68 
excess, 67, 68 
full-blown AIDS, 398 
function, 66t, 67 
HIV infection, 396 
immune system, 23t 
infections, 189, 190 
manganese, 

trace element interaction, 66t 
metabolism, 66, 67 
micronutrient supplements, 187 
recommended dietary allowances, 68t 
requirements, 68 
at risk population, 68 
status, 

biochemical assessment, 10 
zinc, 

trace element interaction, 66t 
Iron-binding protein, 173 
Irritable bowel syndrome (IBS) 

ARF,240 
Isoflavone, 109, 110, 11 Of 
Isotope dilution techniques, 

tetra-denatured retinol, 
vitamin A, 9 
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Japanese herbal medications, 445 
Jasmine, 443 
Jet injectors, 184 
Jurkat T -cells, 103 
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asthma, 446 
Kappa casein, I 74 
Kashin-Beck disease, 71 
Keratinocyte growth factor mRNA 

IBD,335 
Keshan disease, 71 

selenium (Se), 458 
Khellin, 445 
Kidney 

vitamin D, 81 
Kidney transplantation, 

antioxidant vitamins, 347, 348 
cholesterol-lowering protocols, 347 
fatty acids, 346, 347, 347f 

King of the Blood Purifiers, 446 
Kjeldahl technique, 19 
Klebsiella pneumoniae, 253, 254 
Korsakoff syndrome, 17 
K3T3 tumor cells, 

vitamin E, 379 
Kuan Dong Hua, 

asthma, 446 
Kupffer cells, 

alcoholics, 268 
Kwashiorkor, 24t, 186, 196, 197 

L 

Laboratory assessment, 
malnutrition, l8t 

Lactic acid, 21 
Lactoferricin, 173, 175 
Lactoferrin, 173, 175 
Lacto-N -fucopentaose, 

breast milk, 174 
Lacto-N-tetraose, 

breast milk, 174 
Lactoperoxidase, 174 
Lactose intolerance, 

ARF,238 
Lamina propria, 

bacterial modulation, 453 
mucosal immune system, 451, 452 

Lamina propria T cells, 
IBD,331 

LDL, 203-207, 210, 211 
peroxidation, 100 
vitamin C, 315 

Lean body, 18 
Length of stay (LOS), 255 
Lentinan, 289, 290 
Lentinus edodes, 289 
Leptin, 39-40 

obesity, 298 
Leukocyte growth stimulating factors, 

breast milk, 175 
Leukocytes, 

breast milk, 173 
characteristics and functions, 24t 
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migration, 24 
Leukopoiesis, 367 
Leukotriene B4, 160 
Leukotrienes, 

asthma, 225, 226 
Licorice, 

asthma, 445 
Life expectancy, 

malnutrition, 181 
Lingzhi, 

asthma, 446 
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Linoleic acid, 36, see also Fish oil; Polyunsaturated fatty acid 
asthma, 225-227 
cord blood, 

allergy development, 222 
de saturation, 158 
endothelial cell dysfunction, 205 
isomerized forms, 38 
structure, 226f 

Linolenic acid, 
structure, 226f 

Lipid peroxides, 
elderly immunity, 407 

Lipids, 203-213 
atherosclerosis, 203, 204 
elderly immunity, 406, 407 
HIV infection, 395 
linked with, 

endothelial cell dysfunction, inflammatory cytokines, 
and atherosclerosis, 212, 213 

Lipoate, 101 
Lipoic acid, 97-104 

antioxidant, 100, 101 
cellular pathway, 99f 
cellular uptake and reduction, 97-100 
function,94t 
health and disease, 103, 104 
role,99f 
signal transduction, 102, 103 
structure, 98f 

Lipopolysaccharide (LPS), 25 
breast milk, 173 

Lipoproteins, 
endothelial cell dysfunction, 205-207, 207 

Lipotropic factors, 92, 93 
Lipoxygenase pathway, 160, 160f 
5-lipoxygenase pathway, 160 
12-lipoxygenase pathway, 160 
15-lipoxygenase pathway, 160 
Lipoyllysine, 98 
Liver, 

RNA synthesis, 137 
Liver biopsy, 

vitamin A, 9 
Liver disease, 91 
Liver function, 

nucleotides, 138 
Liver transplantation, 

antioxidant vitamins, 349 
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cholesterol-lowering protocols, 349 
Long chain polyunsaturated fatty acids (LCPUF A), 

160, 161 
Low-birth-weight infants, 275 
Low-density lipoprotein (LDL), 203-207, 210, 211 

peroxidation, 100 
vitamin C, 315 

L-tryptophan (L T), 
elderly immunity, 406 
EMS, 316, 317 
IBD,333 

Lu Hui, 442 
Luminal regulation, 

mucosal immune system, 454 
Lung inflammation, 

allergies, 229f 
Lung macrophage function 

cigarette smoking, 275, 276 
Lung transplantation, 

nutritional support, 349, 350 
Lupus prone mice, 

CR,317 
Lutein, 

structure, 109f 
Lycopene, 

structure, 109f 
Lymphadenopathy, 

AIDS-related complex, 392 
Lymphatic drainage, 

gastrointestinal tract and pancreas, 308f 
Lymphocyte counts, 

malnutrition, 16, 17 
Lymphocytes, 367, 368 

antigen presentation, 24, 25 
characteristics and functions, 24t 
dietary fat, 377 
glutamine, 252 
immune system, 24, 25 
RNA synthesis, 137, 138 
substance abuse, 278 

Lymphocyte trafficking, 
pancreas and gut, 306, 307 

Lymphoid aggregates, 
bacterial modulation, 453 
mucosal immune system, 451 

Lymphoid cells, 
zinc deficiency, 149 

Lymphopenia, 147, 148 
iron deficiencies, 151 

Lysozyme, 
breast milk, 173 

M 

Macronutrients, 35-38 
composition, 

breast cancer risk, 37 
elderly, 

immunity, 405, 406 
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substitution, 36, 37 
Macrophages, 21 

antigen-presenting capacity, 24 
characteristics and functions, 24t 
definition, 22 
dietary fat, 377 
lentinan, 289 
phagocytic activity, 24 

Magnesium, 
atopy, 223, 224t 
immune system, 23t 

Magnolia, 447, 447t 
Ma Huang, 

asthma, 444, 445 
Major histocompatibility complex (MHC), 25, 122,301 

innate immune system, 263 
Malabsorption syndrome, 

treatment, 200 
Malaria, 182, 183 
Malnutrition, 

alcoholics, 270 
cause, 389, 390f 
definition, 15 
evaluation, 15 
HIV infections, 

children, 395 
infectious diseases, 181 
laboratory assessment, 18t 
micronutrient, 470 
patient history, 16, 16t 
physical examination, 17, 17t 
vs protein energy malnutrition (PEM), 195 
substance abuse, 278, 279 
surgical outcome, 248, 249 
viral disease, 457, 458 

Mammalian species, 
resting metabolic rate (MR) 

protein turnover, 51, 52, 5It 
Manganese, 

atopy, 224t 
function, 66t 
iron, 

trace element interaction, 66t 
Manual Healing, 283t 
Marasmus disease, 196, 197 
Mast cells, 

characteristics and functions, 24t 
Maternal immunity, 171-173 
M cell, 316, 451 
Mean corpuscular volume (MCV), 10 
Mean plasma zinc concentration, 10 
Measles, 

vitamin A deficiency, 457 
Mechanical plaque control, 430 
Medicago sativa, 442 
Medications, 

Chinese vs Western, 441, 441 t 
cold, 

characteristics, 440 
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Japanese herbal, 445 
warm, 

characteristics, 440 
Medicinal botanicals, 283-285 

immunomodulation, 286-290 
regulations governing, 285 
research, 285-290 

shortcomings, 290 
Medicinal herbal products, 281, 283t, see also Botanicals; 

Herbal Medicine; individual products 
Medicinal plants, 441-444 

Chinese, 441-444 
Melanocortins, 40, 40f 
Membrane-bound immunoglobulins (mIg), 26 
Membrane structure, 

n-6 PUF As, 162, 163 
Menopause, 

abdominal fat, 39 
Menstruation, 

starvation vs anorexia, 41 f 
6-mercaptopurine 

IBD,332 
Mesalamine, 

IBD,332 
Metabolic antioxidant, 97-104 
Metabolic change, 

nutritional deficiency advances, 149 
Metabolic Clearance Rate (MCR)-I, 40 
Metabolic effects, 

alpha-lipoate, 10 1, 102 
anorexia, 42 
starvation, 40 

Metabolic fitness, 39 
Metabolic rate (MR), 

protein turnover, 
mammalian and avian species, 51, 52, 5It 

Metabolic regulation, 
amino acids, 52, 53 

Metabolic response, 
body composition, 

illness, 15, 16 
injury, 247, 248 

Methotrexate-induced enteritis, 
therapeutic nonelemental diet, 333 

Methylation reactions, 91, 9lf 
Methylene THFA, 91f 
Metropolitan Life Insurance tables 

ideal body weight, 8 
Microbiota, 

oral cavity, 428 
Microflora, 

gut, 
breast milk, 174 

indigenous, 453 
Micronutrient, 

cancer risk, 378 
elderly immunity, 407-415 
immune system, 378, 379 
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intake, 187, 188 
improvement strategies, 187 

malnutrition, 470 
smokers, 275 

Microsomal mono-oxygenases, 83-86 
Mid-upper arm circumference (MUAC), 7, 16 
Milk, 235, see also Breast milk; Cow's milk; Formula 

type 1 diabetes, 303 
MIM,183 
Mind/Body Control, 283t 
Minerals, 

asthma, 223-225 
MIT group, 

indispensable amino acid requirements, 58--62 
Molecular mimicry, 

type 1 diabetes, 304, 305 
Molybdenum, 

function, 66t 
Monocyte, 

characteristics and functions, 24t 
Monoribosylation, 86 
Morbidity reductions 

immunization programs, 182 
Mortality, 

weight deficits, 181 
MS, 152, 153 

bovine myelin, 323 
Mucosal-associated lymphatic tissue (MALT), 141 
Mucosal immune system, 

bacterial modulation, 453 
compartments, 451, 452 
epithelial compartment, 452 
intestinal epithelial cells (IEC), 452 
lamina propria, 451, 452 
luminal regulation, 454 
lymphoid aggregates, 451 

Mucosal tolerance, 321-324 
EAE,323 
EAMG,324 
EAU, 323-324 
IDDM,324 
RA,323 
S-Ag-induced EAU, 323, 324 

Multilateral Initiative on Malaria, 183 
Multiple sclerosis (MS), 152, 153 

bovine myelin, 323 
Multivalent pneumococcal polysaccharide protein, 

conjugate vaccine, 183 
Murine inflammatory disease, 122 
Muscle function tests, 19, 19t 
Muscle protein, 17, 18, 19 
Mushroom-derived-polysaccharides and proteoglycans, 289 
Mycobacterium tuberculosis, 

alcohol, 264 
Mycophenolate mofetil, 

metabolic side effects, 343 
Mycotoxins, see Fungal toxins 
Myelin basic protein (MBP), 323 
Myelin proteolipid protein (PLP), 323 
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Myeloid cells, 
zinc deficiency, 149 

Myeloperoxidase, 21 
Myocarditis, 460 

N 

NAD, 86, 88f, 101 
structure, 85f 

NADH,101 
NADP,86 
NADPH,101 
National Institutes of Health, 

Office of Alternative Medicine, 448 
perioperative feeding recommendations, 255, 256 

Natural antioxidants, 
infections, 190 

Natural killer (NK) cells, 26, 153 
alcoholics, 268 
beta-carotene supplementation, 413, 414, 413t 
breast milk, 174 
caloric restriction, 382 
characteristics and functions, 24t 
dietary fat, 377 
ginseng, 288 
immune system, 26 
physical activity, 383 

Natural products, 
information sources, 448, 448t 

Neonates, 
HIV infections, 394, 395 

Nervous system, 
psychosocial factors, 26 I, 262 

Neuroendocrine changes, 
alcohol, 264 

Neuroendocrine responses, 
psychosocial factors, 261, 262 

Neuroendocrine system, 
immune and digestive systems, 

relationships, 199f 
Neurological disease, 

AIDS, 393, 394 
Neuropeptide Y (NPO), 40 
Neuropsychological complaints, 240 
Neutrophils,21 

alcoholics, 268 
characteristics and functions, 24t 

New Zealand Black X New Zealand White Fl hybrid mice 
(NZB/W) 

omega-3 fatty acids, 3 19 
Niacin, 86-88 

adult daily need and sources, 76t 
assessment, 93t 
tryptophan, 

relationship, 88f 
Nicotinamide, 

structure, 85f 
Nicotinamide adenine dinucleotide cofactors, 86 
Nicotine, 
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alcohol, 264, 265 
Nitric oxide, 

arginine, 253 
Nitrogen, 
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criteria, 54t 
energy intake relationship, 52f 
vs intake, 54t 
technique, 54 

nonspecific, 53, 54 
NK cells, see Natural killer (NK) cells 
N-methylhistidine,49 
Noncytokine immunomodulating agents 

breast milk, 175 
Non-immune-mediated ARF, 236 
Nonspecific nitrogen (NSN), 53, 54 
Nonsteroidal anti-inflammatory drugs (NSAIDS), 159 

food-antigen absorption, 316 
vs omega-3 fatty acids 

in RA, 319 
periodontal disease, 430 

N-3 PUF A, see also DHA; Eicosapentaenoic acid; 
Polyunsaturated fatty acid, 

biological significance, 160-162 
dietary fat, 377, 378 
elderly immunity, 406 
prostate cancer risk, 376 

N-6 PUF A, see also Polyunsaturated fatty acid 
biological significance, 162-165 

NRC dietary requirements, 
immunity, 364f 

NSAIDS, see Nonsteroidal anti-inflammatory drugs 
Nuclear Factor kappa B, 103 
Nucleic acid restriction, 

immune consequences, 22t 
Nucleotide, 135-141 

allograft rejection, 346 
breast milk, 173, 174 
fortified fonnula, 

infections, 174 
gut function, 138, 139 
heart function, 139, 140 
immune system, 140 
immunonutrition, 141 
liver function, 138 
metabolism, 

pathways, 136, 136f 
nucleic acid turnover, 136-138 
supplementation, 

immune response, 140 
studies, 135, 136 

Nutrient, 
agmg, 

organ function alterations, 199t 
apoptosis, 

immune system, 149, 150, 149t 
deficiencies, 200 
elderly 

immunity, 405--416 
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AIDS, 393 
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food intake conversion, 5, 6 
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infections, 191 

protection, 
endothelial cell dysfunction, 210-212 
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immune response, 472 

vascular endothelial cell injury, 205-212 
Nutrition, 

alcohol, 267, 268 
infection, 

interaction, 181 
infection and immune system 

interactions, 153, 154 
Nutritional anemia, 

iron deficiency, 186, 187 
Nutritional anthropometrical indices 

nutritional status markers, 181 
Nutritional assessment, 3-12 

definition, 3 
laboratory, 17, 18 
objectives, 3 
selection, 3-5 
technique, 
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error, 4 
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Nutritional deficient, 

animals, 
viral genomic change, 463 

endocrine changes, 148, 149 
immune function, 148t, 151, 153, 154 
vaccines, 184 

Nutritional depletion, 
immune consequences, 22t 

Nutritional diseases, 
physical signs, 9t 

Nutritional immunity, 
Andromeda strain, 473 
animals, 363, 364, 368, 369 
future perspectives, 473, 474 

Nutritional interventions, 
infected individuals, 191-192 

Nutritionally at-risk host, 
immune system, 21-29 

Nutritionally induced oxidative stress, 
chemokines, 462 

Nutritional modulation, 
inflammation, 

polyunsaturated fatty acids/eicosanoids, 157-165 
Nutritional status, 181-192,472,473 

aging, 404, 405 
immune integrity, 147-154 
infections, 188-190 

Nutritional supplements, 
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autoimmune disease, 152, 153 
chronic diseases, 150, 151 
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immune response, 
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OAM, 285, 286, 448 
clinical research centers, 287t 

Obesity, 16, 473 
animal studies, 297, 298 
asthma, 229, 230 
attitudes, 38 
cancer risk, 381 
classifications, 38t 
genetic predisposition, 36 
human studies, 296, 297 
immunity, 295-299 
malnutrition, 15, 16 
vs overeating, 38 
prevalence, 296 
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nutritional assessment technique, 4 

Office of Alternative Medicine (OAM), 285, 286, 448 
clinical research centers, 287t 
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periodontal disease, 432 
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structure, 226f 
0ligosaccharides, 

breast milk, 174 
Omega-3 fatty acids, 253, 254, 318 

animal studies, 319 
biosynthesis, 159, 160 
glutathione (GSH) 

elderly immunity, 416 
human data, 319, 320 
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immune system, 318, 319 
inflammatory cytokines, 319 
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