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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 of the 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.”
[tisonly 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-

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 of lymphoid cells around
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Table 2
Delayed Cutaneous Hypersensitivity Responses
in Young Children with PEM

Candida  Trichophyton Tetanus DNCB
Baseline 38 ‘ 29 43 68
After 8 wk of
nutrition Support 63 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
areduction 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 of lympho-
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

Protein-energy

Healthy malnutrition
Total hemolytic
complement activity
CH50 (kU/L) 116 + 19 67+ 12
C3 (g/L) 1.43 £0.15 0.61 £0.09
C5 (g/L) 0.081 £ 0.003 0.049 + 0.002
Factor B (g/L) 2.29+0.17 1.21£0.11

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 isa
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 of IgG, largely aresult 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 resultsinreduced
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 of IgG at birth is significantly lower than
that of full-term infants. In SGA low-birth-weight infants
the cord blood concentrations of IgG1 are reduced much
more than those of other subclasses. Thus the ratio of infant
to maternal concentrations is significantly low for IgG1 but
not for [gG2. 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 of life, 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 Preumocystis carinii,
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

areas treated in this book that illustrate the changing tides
and the great need to understand the molecular basis of inter-
actions, inaddition 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 specific 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

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 multitissue 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 of the 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 (7,2). 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 of foods 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-

otal. 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 of the immune system, throughout life and
importantly, during immunologic challenge, must be defined
inmolecular terms. With this improved food supply in mind,
Nutrition and Immunology should serve as a strong blueprint
for that design.

M. Eric Gershwin, MD
J. Bruce German, PhD
Carl L. Keen, PhD
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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 relatively 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 (/) and
specific references on individual assessment techniques.

From: Nutrition and Immunology: Principles and Practice (ME
Gershwin et al. eds.), © Humana Press, Inc., Totowa, NJ

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 the
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 may or 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 * 100/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 assessment tools 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 of low dietary intake, which leads
to decreased tissue reserves and lower circulating nutrient levels in
body fluids (1,2). These early stages of low 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
1-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 Regquires
usual intake of intake of educational Relative

Technique group individual component®  Quantitative  accuracy Relative cost
Single 24-h recall Y N N Y ++ +
Muitiple 24-h recalls (Y)Y Y N Y ++ ++
Single 24-h food record (self-recorded) Y N Y Y ++ +
Single 24-h food record (observed) Y N N Y +++ +++
Multiple 24-h food records (self-recorded)” (Y)Y Y Y Y ++ ++
Multiple 24-h food records (observed) (Y)Y Y N Y o+ -+
Food frequency questionnaire Y Y N N/AY)? + +

“Subject must be trained in data collection technique.

*Data can be used to characterize intake by group, but this is not the most efficient design.
<Self-collected food records may report either estimated or weighed food amounts, with expected differences in accuracy and precision.

‘Instrument 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

Estimated Weighed Food

food record food record Observed, weighed frequency
Source of error 24-h Recall (self-recorded) (self-recorded) food record 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 1t is extremely difficult to validate dietary assess-
ment methods because of true biological variation in intake and
difficuity 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 = (w,—w/)/(t,~t;), where
w, is the weight at the end of the interval of observation (#,) and
w; is the weight at the beginning of the interval (¢,). 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 height-for-age >80% <80%
>90% Normal 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 of linear
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)/height® (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)* = 70/3.17 = 22 kg/m’.
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)'?,

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 supetficial 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 turn, 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)

Xerophthalmia, Bitot spots, corneal ulceration (vitamin A); conjunctival pallor (iron, folate, vitamin B;,)
Angular stomatitis (riboflavin, other B vitamins); glossitis, cheilosis (B vitamins); swollen, hemorrhagic gums

Hair Depigmentation (protein); alopecia, hair loss (zinc, protein)
Eyes
Mouth
(vitamin C)
Neck Goiter (iodine)
Abdomen Hepatomegaly (protein)
Bones Rachitic rosary, flaring of long bones (vitamin D, calcium)

Skin and nails

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 By,); nonspecific rash, nail loss (selenium)

Nervous system
Heart
Blood

Parasthesias, depressed reflexes (vitamin B,)

Tachycardia, congestive heart failure (thiamin); cardiomegaly, arrhythmia, congestive heart failure (selenium)
Anemia (iron, folate, B,,, 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 homeostatically 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 (I7). 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 (20,27). Recently, isotope
dilution techniques using tetra-deuterated retinol have also been
applied successfully to estimate total-body vitamin A pool size
quantitatively (79,22). 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 pg/dL (0.35 pumol/L) is considered to
be indicative of deficiency, and concentrations between 10 and
20 pg/dL (0.35 and 0.70 pumol/L) are felt to be consistent with
marginal vitamin A status. Plasma retinol concentrations >140
pg/dL (4.9 umol/L) are indicative of vitamin A toxicity. At the
population level, when more than 20% of individuals have a
plasma retinol concentration < 20 pg/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 1
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 A,) 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 (FEP),
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 (MCV). 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 pg/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 MCV 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 MCV also varies with
age, so appropriate reference values must be applied. Anemia
associated with a low MCV is most often due to iron deficiency,
although thalassemia minor produces a similar constellation of
findings.

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

minor. FEP is elevated in the former condition but not the latter.
However, FEP 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 pg/dL (approx. 15 pmol/L), 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-1 and tumor necrosis factor-alpha, which stimulate
secretion of interleukin-6 and glucocorticoids, both of which acti-
vate, in turn, 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
capacity/hemodynamics (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, MD

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 (H),
age (A), and gender. This value is given by the Harris—Benedict
formula as

BEE = 66.473 + 13.751W + 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 kcal/d. 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 burns 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 g/d, or 1350
kcal/d of stored energy, which is sufficient to sustain life for 23
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 g/d (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
Abnormal nutrient metabolism

Increased nutrient losses

Poverty, eating disorders, gastrointestinal obstruction, intestinal
malabsorption, chronic alcoholism, AIDS
Major surgery, sepsis, cancer, AIDS, chronic liver disease

Chronic diarthea of any cause, inflammatory bowel disease

Body fat, skeletal muscle, multiple
micronutrients

Skeletal and visceral protein, multiple
micronutrients

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 g/d 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 modern 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 lbs 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 m?). 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 (/4). 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/mm®. However, the total lympho-
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Table 2
Physical Examination of the Malnourished Patient

Deficiency Physical finding

Body fat Weight loss

Essential fatty acids ~ Seborrheic rash

Protein Weight loss, edema, decreased temporal and
skeletal muscle mass, parotid enlargement

Vitamin A Follicular hyperkeratosis, night blindness

Thiamine Peripheral neuropathy, ophthalmoplegia,
cerebellar gait, memory loss,
confabulation

Niacin Hyperpigmentation of sun exposed areas of
skin, dementia

Riboflavin Severe glossitis, angular stomatitis, cheilosis

Pyridoxine Glossitis, cheilosis, angular stomatitis,
peripheral neuropathy

Folic acid Glossitis, pallor

Vitamin B, Glossitis, pallor, loss of position and
vibratory sensation

Vitamin C Perifollicular hemorrhage, swollen bleeding
gums, arthropathy

Magnesium Hyperactive reflexes

Zinc Poor taste, delayed wound-healing, “flaky

paint” rash on lower extremities
Iron Pallor, spooning of nails
Phosphorus 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 ({2, 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 corners 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 B,,, 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 anorexia/bulimia 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 By, 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 Interpretation

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

Pre-albumin, transferrin, Low value may be more specific for

fibronectin malnutrition
Vitamin and mineral Generally specific, but do not always
assays assess body stores or functional

reserve

Elevation consistent with folate or
vitamin B, deficiency

Elevation specific for vitamin By,
deficiency

Serum homocysteine

Serum methylmalonic
acid

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 nonstarving 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 (18). However, like the serum albumin,
these measurements can be affected nonspecifically 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 B, 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 B,
deficiency, whereas the plasma methylmalonic acid level is only
elevated in vitamin By, 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 Vo, + 1.1VCy,. 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 Interpretation

Bioelectrical impedance
analysis (BIA)

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 and/
or equipment can be problematic

Indirect calorimetry

Creatinine height index

Nitrogen balance

Muscle function tests

metabolic cart. These measurements can also be used to calculate
the respiratory quotient (RQ), or ratio of V¢o,-produced to O,
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 turn, 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 mg/kg of ideal body weight,
calculated as described above on the basis of body height. The
creatinine coefficient for a healthy woman is 18 mg/kg 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
areasonable 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

JONATHAN POWELL, ANDREA T. BORCHERS, STEVEN YOSHIDA,

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 turn, 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 bssg 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)

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

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

Protein deficiency (mice)® (12-17)

Amino acid restriction (arginine and

glutamine particularly) (18)

Nucleic acid restriction (19,20)

Fatty acid supplementation (21,22)

Immunocompetence at less than 60% of
body weight

e CD4+/CD8+ ratio
e Plasma complement

Tumor virus expression and malignancies

o Proliferation of autoreactive B1 cells

Pro-inflammatory and Th1 cytokines
(IL-6, TNFa. and TGFp)

Humoral and cell-mediated parameters

Delayed-type hypersensitivity
Circulating IgG

Tissue repair

Macrophage functions

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

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)

Inflammation, helped by rn3 fatty acids
Fatty acid composition and fluidity of cell
membranes as influenced by diet

Circulating B cells
Circulating antibodies

T-Cell proliferative response

Oxidative stress

Th2 tolerance
Oxidative stress
Splenic suppressor T cells

e Immune suppression, with saturated fats
being the most immunosuppressive
e Fatty acid composition and fluidity of cell

membranes as influenced by diet

Note: All data from humans except where indicated in mice or rats.

“Mice 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 H,O, 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 alaser 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)

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

B12 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 Thl, 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 PGF1a production, phagocytosis,
Thl activity

Supplementation reduces PGE, 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-y activity
Important in the formation of reactive oxygen and radicals during respiratory burst
Component of metalloenzymes

Magnesium (45,46)
Deficiency increases thymic cellularity, eosinophils, IL-1, IL-6, TNF-c, 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-1 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 H,0O, 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-1 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 Characteristics and functions
Lymphocyte
B Dominant B cells in the peritoneal cavity and gut-associated lymphoid tissue (GALT); produce IL-10 and
autoantibodies; Bla expresses surface CD5 marker, whereas B1b does not.
Bla, Blb B Cells normally found in the circulation; they produce antibodies to foreign antigens; CD5 marker not
B2 present.
T
CD4* CD§~ T Helper cells; Th1 and Th2 promote cell-mediated and antibody-mediated immune responses, respectively;
Th1 produces IL-2 and IFN-y; Th2 produces IL-4, IL-5, and IL-10
CD4CD8"* T Cytotoxic cells that kill other cell types; also T suppressor cells that regulate immune responses by
cytotoxicity and cytokines.
CD4CD8” T Cytotoxic cells that often express the Y0 TCR and are situated at GALT.
NK Cytotoxic for some virus-infected and tumor cells; producer of many cytokines.
Phagocyte

Neutrophil (PMN)

Monocyte/macrophage

Granulocyte
Eosinophil

Basophil/mast cell

Thrombocyte
Platelet

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-5, 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
CD3CD4°CD8, but following gene rearrangement in the thymic
cortex, the T-cell receptor (TCR) is expressed (CD3*). The ¥ T
cells remain CD4°CD8", whereas the af T cells convert to a
CD4*CD8* phenotype and mature to either CD4*CD8" (helper T)
or CD4-CDS* (cytotoxic T) cells. Positive clonal selection results
in the restriction of T 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 B,-microglobulin, from chromosome
15, and a polymorphic o-chain with three disulfide-linked
domains. Class II antigens are formed by polymorphic o- and
B-chains, each with two immunoglobulin domains. Both MHC
molecules contain clefts that bind peptide antigens through nonco-
valent interactions. MHC class Iis 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 CD8* 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 o- and
B-chains (64,65) or y- and &-chains (66). The two isotypes (o
and 8) 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 CD45R A to CD45RO phenotype
suggests T-cell activation, although in the absence of antigenic
stimulation, CD45RO" cells may revert to the RA phenotype.

HELPERT CELLS (CD4*CD8) 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 CD8* T cells in the total lympho-
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 *H-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 *H-thymidine
uptake. This test is used as one functional measure of MHC
differences (histocompatibility) between individuals and is consid-
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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 (CD4CD8*) Cytotoxic T cells are
required for the elimination of abnormal host cells. Mature
CD4-CD8", aff 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 virally 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 y8 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 of B-cell linecage
are characterized by rearrangement and expression of antibody
genes and cell surface markers such as CD5. It has been suggested
that B2 cells (CD5") and af TCR* T cells are recently evolved,
compared to B1 cells (CD5%) and y8 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 of B 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 (sIg and mlg, respectively),
derived simultaneously from a B-cell clone, tend to be similar.
However, important differences exist between sIg and mlg in
that mlg 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., [gG1-4 and IgA1-2).
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 ELISPOT 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 (IFNs), 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*CDS8" 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-10, 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 IFN-y. CD5* B-1
cells represent an example of the synergistic effects of cytokines:
they release IL-10 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 (RT-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 play a 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.
Avoiding 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 Dermatological hypersensitivity tests

health facility

Two Rural medical clinic

Hematology (hematocrit, differential)

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

Flow 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 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 modern 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 ELISPOT 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 modern 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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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 gealize 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 (corn oil and other vegetable oils). Two fatty acids are
required in the diet in humans, linoleic acid (18:2n-6) and o-
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 desaturation 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 turn, 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 (/). 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 (/3). 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 CALORIES ARENOT ALIKE  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 (I8). 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 of fat “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-fat/low-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 (37). 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-fat/low-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 (doubie) bond between the third and fourth
carbons from the methyl carbon and are designated ®-3, whereas
the plant-derived fatty acids are designated ®-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 ®-3 versus ®-6 fats. Diets enriched in either
®-6 or ®-3 fatty acids reduce the incidence of heart attack and
atherosclerotic cardiovascular disease (27,37,38). However, ®-3
lipids additionally modulate immune function (36) and suppress
tumorigenesis (39). In rodent studies, there is good evidence that
®-6 fats have a tumor-enhancing effect that is greater than even
that of saturated fats, whereas ®-3 fats, in contrast, tend to be
protective (40). Tt is of interest to note that the breast-cancer-
promoting effects in rats on a diet high in ®-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 ®-3 fats, it is appropriate, therefore,
to consider the recommendation that the ratio of ®-6/®-3 fats be
closerto 1:1 or 10 : 1 (versus the current 20 : 1) (30).

A variety of biological functions are influenced by ®-6 and
-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 -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). PGE; is less inflammatory than
PGE, derived from arachidonic acid, and the TXA; generated in
preference to TXA, is less active against platelets (43). The type of
fat consumed substantially alters the potency of the inflammatory
mediators. Increased consumption of ®-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 g/d, 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 C;,—C;; and C¢—C,,
both in the cis configuration. However, conjugated linoleic acid
has dienoic double bonds between carbons Cy—C,y and C;,—C,, or
Cyy—Cy; and C;,~C;3, 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 antiatherogenic (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 Overweight
25.0-29.9 Preobesity
30.0-34.9 Class I obesity
34.9-39.9 Class II obesity
240.0 Class III obesity

(kg/m?) (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 Ibs. Until a body mass of 27 or 28 (200-205 1bs 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 BML

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 lbs
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 cm® for women below the age of 30 to 184 cm? 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 modern-day Arizona is highly
familial, and genetic factors and/or 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 play a 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 fenfluramine 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, LEPTIN, AND HORMONES 1In 1994,
the gene for a weight-regulating protein called leptin was cloned
from obese mice having a mutant gene for leptin (designated ob/
ob) (99). The lack of leptin in these mice causes them to eat as
though they are in a perpetual state of starvation. Normally



40 PART Il / SPECIFIC NUTRIENT REQUIREMENTS

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 (/00). 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 normal leptin 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 (/03). 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 (/06). 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 (MSH) to a receptor designated Metabolic
Clearance Rate (MCR)-1 (109). Normally, oMSH 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 (1/0). 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
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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 (/71,112). 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 (/11,113). Adults will lose approxi-
mately 25% of body weight within 6 mo of a semistarvation diet
(approximately 1500 cal) (/14). 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
prestarvation 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 (/15). 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 (720). 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 (127). The risk incurred by
low birth weight (e.g., 5.5 1bs vs 8.5 1bs 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 1bs or less at birth have impaired glucose tolerance or overt
diabetes versus 22% of those whose birth weight was 8.5 Ibs)
(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 (TNFo) and other cytokines (/28). Before insulin was widely
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availabletotreat 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.” Modern equivalents include
the HIV wasting syndrome (7/29) 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 (730). 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-o.
is an important element in the pathogenesis of cachexia. TNF-ot
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-o. 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-ot 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 (/37). 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). Itis 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)] play a 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 (/41) 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). Tt 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 (I44). Factors that conspire
to create this perception include fashion standards that promote
alean, 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 (/44,145). 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 (/48). 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 (/44). 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



CHAPTER 4 / CALORIC INTAKE: AN OVERVIEW 43

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 (/53). 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, burn, 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 g/L 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 1t 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, burns,
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 (). 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 turn over and part
of their nitrogen and carbon is irretrievably lost via the excretory
pathways, including CO, 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

Example

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

Those for which there is a codon
Leucine, arginine

Arginine and NAG synthetase; Phe and PAH 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 (NH,)

BCKADH

B-12 binding proteins; ceruloplasmin; apolipoproteins
Insulin; growth hormone

Kinesin; actin

Collagens; elastin

Ferritin; metallothionein

Antibodies; TNF; interleukins

EGF; IGFs; transcription factors

Note: PAH: 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

Protein
Synthesis

Protein
Breakdown

Amino Acids
/ \ De Novo

Intake
na Synthesis

Oxidation

Urea and CO,

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 Ages'

Table 4
Some Energy-Dependent Processes Associated with Protein
Turnover and Amino Acid Homeostasis

Protein Protein Ratio
Age group synthesis® (A)  allowance® (B) A/B
Infant (premature) 11.3, 14 ~3 43
Newborn 6.7 1.85 3.6
Child (15 mo) 6.3 1.3 4.8
Child (2-8 yr) 3.9 1.1 35
Adolescent (~13 yr) ~5 1.0 ~5
Young adult (~20 yr) ~4.0 0.75 ~5.3
Elderly (~70 yr) ~3.5 0.75 4.7

“Extended slightly from Young et al. (4).
*In units of g protein/kg/d.

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)  Ratio
Species (kg) (A) (g/kg/d) (k/kg/d)  B/A
Mouse 0.04 43.5 760 11
Rat 0.35 22.0 364 17
Rabbit 3.6 9.2 192 20
Wallaby (Parma) 42 7.5 163 21
Sheep 63 5.6 96 17
Man 70 4.6 107 23
Cow 575 3.0 60 20
Birds (chickens) 14 27 439 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.

Protein turnover
Formation of initiation complex
Peptide bond synthesis
Protein degradation
Ubiquitin dependent
Ubiquitin independent
Autophagic degradation (sequestration, lysosomal, proton
pump)
RNA turnover
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 (/I) 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
burn 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 (/4) 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 N/kcal (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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Diet Adequate
in Protein

Diet Low
in Protein

NITROGEN BALANCE

A B
ENERGY INTAKE

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.)

N/kcal 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 of N-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).

80 |-

slope = 1.5 mg N/kcal

AN slope = 7.5 mg N/keal

NITROGEN BALANCE (mg N/kg)
A
)
I

-80
Nintake.
120 = ® 207 g
A N SR I B
0 20 40 60

ENERGY INTAKE (kcal/kg)

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 (/9,27), 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

1954° Present® Present 1954 Present’

Valine Valine Glycine Glycine

Isoleucine Isoleucine Cystine Cystine

Leucine Leucine Glutamine Glutamic acid Glutamic acid?

Lysine Lysine Tyrosine Tyrosine

Methionine Methionine Proline Proline

Phenylalanine Phenylalanine Arginine Arginine

Threonine Threonine Taurine Alanine Alanine

Tryptophan Tryptophan Glutamic acid? Serine Serine

Histidine Aspartic acid Aspartic acid

Histidine Asparagine
Hydroxyproline
Citrulline

“Based on “final classification” by Rose et al. (21).
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 burn patients (37) 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.

In view of the role played by cyst(e)ine in the regulation of
glutathione (L-y-glutamyl-L-cysteinylglycine) synthesis and homeo-
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 FAO/WHO/UNU (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 turn 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 FAO/WHO/UNU (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/
kg/d 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 FAO/WHO 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 FAO/WHO 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 FAO/WHO/UNU 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 adulits,
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 FAO/WHO/UNU 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 [SD]) of birth weight
and (i) 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/WHO/UNU (58) Because the 1985 report of the FAO/
WHO/UNU Expert Consultation (58) includes an extensive dis-
cussion of the approaches taken to arrive at estimates of the 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, FAO/WHO/UNU (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 0.3-0.5 147
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 mo ~+11 g daily

Note: Data summarized from FAO/WHO/UNU (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 FAO/WHO/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. Normal adult:
(a) for N equilibrium: 0.75 g/kg, raised to 0.83 g/kg for
dietary protein digestibility of 90%
(b) Customary intake: 1-2 g/kg
II. Metabolic response to severe burn injury and trauma:
(a) acute phase: 2—4 g/kg plus energy
(b) convalescence: 2+ g/kg
Malabsorption and GI diseases:
(a) malabsorption syndrome: 1 g/kg
(b) ulcerative colitis: 1-1.4 g/kg*
(c) ileocecostomy: 1-1.4 mg/kg®
Liver disease:
(a) acute hepatic encephalopathy; very low?
(b) recovered encephalopathy: 1-1.5 g/kg
(c) chronic encephalopathy: 0.5 g/kg
V. Renal disease:
(a) uremia: 0.6 g/kg’ (including ketoanalogs)
(b) nephrosis: 1-1.4 g/kg*
VI. Malignant disease: increased protein energy needs

III.

Iv.

“Intake restricted on clinical grounds.
"In 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 FAO/WHO/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/WHO/UNU (58) Intakes of “Protein” by Breast-Fed Infants

Breast milk

Total nitrogen intake?

Crude “protein” intake Adjusted protein intake*

Age intake

(mo) N (g/dy Weight (kg) mg/d mg/kg/d g/d grkg/d g/d g/kg/d
14 37 794 4.76 1723 362 10.8 2.26 9.3-9.7 1.95-2.04
24 40 766 5.62 1486 264 9.3 1.65 7.9-8.3 1.41-1.48
34 37 764 6.30 1406 233 8.8 1.46 7.5-79 1.19-1.25
3¢ 61 812 6.24 1472 236 9.2 1.48 7.9-8.3 1.27-1.33
4¢ 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.

‘Based on milk protein concentration plus 46-61% of the NPN (protein=6.25 X nitrogen).

From 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 FAO/WHO/UNU  IDECG safe protein®®
(mo) (75) (58) intake

0-1 1.99 — 2.69

-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

“In units of g protein/kg/d.
*Includes separate variations for maintenance (12.5% Coefficient of Varia-
tion) and growth, as described in Table 5 of IDECG (75).

ment of the utilization of the nonprotein nitrogen fraction of breast
milk. Here, it was assumed that all of the o-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 FAO/WHO/UNU report (58), as
described earlier. Thus, (i) a maintenance requirement value of
90 mg N/kg/d was chosen (rather than the FAO/WHO/UNU 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 interindividual
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 FAO/WHO/UNU (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 protein/kg/d) (g protein/kg/d)
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
12-13 0.69 0.85
14-15 0.66 0.82
17-18 0.63 0.78
Boys
12-13 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 FAO/WHO/UNU (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 nitrogen/d 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 FAO/WHO/UNU 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 FAO/WHO/UNU
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 El-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 C-labeled “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 *C-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

13C-Phenylalanine oxidation

|

Requirement intake

Indicator Amino Acid Oxidation

Test Amino Acid Intake
(Leucine or Lysine)

Fig. 5. 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 *C-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 C-leucine-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 ®C-leucine 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 *C-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 *CO, exhalation in the breath and the isotopic *C 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:
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Table 13
1985 FAO/WHO/UNU' 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 17 125 33 35
Valine 93 38 25 10
Total 714 352 216 84
Total per gram 434 320 222 111

of protein®

“Total 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 *C-labeled 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 *C tracer approach, because of a
hypothesized substantial inflow of [AAs 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 FAO/
WHO/UNU (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 FAO/WHO/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 (/06) 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 FAO/WHO/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

1985 FAO/WHO/UNU New revised MIT estimates®
Requirement’ Pattern® 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
“Estimates from ref. 58.
*Data 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 (IDECGY) (FAO/WHO/UNU ) FAO/WHO/UNU? MIT*
Isoleucine 32 28 13 38
Leucine 54 66 19 65
Lysine 63 58 16 50
Met + Cys (SAA) 27 25 17 25
Phe + Tyr 60 63 19 65
Threonine 34 34 9 25
Tryptophan 11 11 6 10
Valine 38 35 13 35
Total 319 320 111 313

“Data calculated from ref. 76.
®Data 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
(109-111) 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

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) (109). 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 FAO/WHO 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

1985 FAO/WHO/UNU

Lysine content

Protein (mg/g protein) Adult pattern Preschool MIT pattern
Whole wheat flour 24 >100 (L) 41 (L) 48 (L)
Wheat flour 20 >100 (L) 34 (L) 40 (L)
Wheat bran 16 100 (L) 28 (L) 32 (L)
“Animal proteins” 8519 >100 >100
Legumes 6517 >100 >100
Note: Data combined from Tables 6 and 7 in ref. 105.
(L) = Lysine is the linking amino acid.

Consultation (/10) reviewed the appropriate methods for measur- Table 18

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-

Biological Assessment of the Nutritional Quality of
Whole Wheat Proteins in Young Adults

Predicted from amino acid values

Measure of Experimental

tional use. This amino acid scoring procedure, including a correc- quality value 1985 FAO/WHO/UNU _ MIT pattern
tion corrected for digestibility, uses the amino acid requirement  Rpy« 34b >100 48
pattern for the 2- to 5-yr-old child as proposed in 1985 by FAO/  RNR¢ 56° >100 48

WHO/UNU (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
FAO/WHO amino acid scoring pattern

In addition to establishing the amino acid reference pattern for
use in the PDCAAS method, the FAO/WHO Consultation (7110)
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 FAO/WHO (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 FAO/WHO scoring pattern, on the one hand, and the

“RPV = relative protein value (see ref. 109).
’Expressed in comparison with beef protein as reference protein (112).
‘RNR = relative nitrogen requirement.

1985 FAO/WHO/UNU 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 FAO/WHO (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/
WHO/UNU (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 FAO/WHO/UNU 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/
WHO/UNU 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 IDECG 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 FAO/WHO amino acid scoring (requirement) pattern
(110) 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 ug/d to
about 20 mg/d. The requirements for macrominerals, such as
calcium, phosphorus, magnesium, and potassium, are 20-fold to
1000-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;

. Its withdrawal from the body induces the same physiologi-
cal and structural changes reproducibly, regardless of
the species;

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

. The functional abnormalities induced by deficiencies are

always accompanied by specific biochemical changes;

The biochemical changes are prevented or cured when the

deficiency is prevented or cured; and

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

From: Nutrition and Immunology: Principles and Practice (ME
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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;

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

. 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 Flements

Mineral Function Deficiency symptoms
Iron Part of hemoglobin, myoglobin, and cytochrome enzymes Microcytic anemia, fatigue, reduced work performance
Zinc Catalytic, structural, and regulatory functions in over 50 Growth retardation, reduced immunity, loss of appetite,
different enzymes skin rashes, failure in wound healing
Copper Cofactor or component of enzymes that often catalyze Microcytic anemia, neutropenia, poor growth, impaired
reactions involving molecular oxygen; required for immunity, abnormal bone growth
normal iron metabolism
Selenium Cofactor for enzymes involved in peroxide metabolism and  Cardiomyopathy, muscle pain, and weakness
thyroid hormone metabolism
Iodine Component of thyroid hormones Goiter, poor growth and development, cretinism
Manganese Component of enzymes (i.e., arginase, pyruvate None in humans
carboxylase, and MnSOD)
Molybdenum Component of enzymes (i.e., xanthine dehydrogenase) None in humans
Fluoride Increases resistance to acid erosion of teeth Increased risk of dental caries
Chromium May increase insulin action 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

Zinc—copper

copper absorption.
Selenium—iodine  Selenium is required for iodothyronine deiodinase.
Iron-manganese  Supplemental manganese may interfere with iron

absorption

Excess zinc intakes (>150 mg/d) may interfere with

recommended if >60 mg supplemental iron is taken.

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.

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, zine, 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

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 <1% 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 (/). 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 b and ¢ 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 (H,0,). 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 (/0). 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 (17). With severe anemia (hemoglobin <70 g/1), compensa-
tion is no longer possible and acidosis develops. The risk for
maternal and infant mortality rises as hemoglobin concentrations
drop below 70 g/L (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 (74). 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 (MCV) 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 ug/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) (ng/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: 10 M: 15 M: 70 1.5-3.0
F: 15 F: 12 F: 55
25-50 yr M: 10 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%
of the 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
normal 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-X,-C-X,—C-X,~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 hormone production and activity, impaired func-
tions of lymphocytes, 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 abnormalities, 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 malformations 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. Furthermore, 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 g 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 h and
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
H,0 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-fB-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 Fe* 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 pg/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 radicais 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 1.5-3.0 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 1.2 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 ug/g) 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 B-
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-1 is the most abundant and is
found in all cells. It reduces H,O, 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 T, prevents hypothyroid-
ism. Type II and type III iodothyronine deiodinases were also
recently shown to be selenoproteins. Type II regulates T; produc-
tion in brain, pituitary, brown fat and placental tissue and controls
thyroid-stimulating hormone secretion (62). Type Il also degrades
T; 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 B; 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 pg selenium/d 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 selenium/d 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 (RfD)
of 350 ug/d, or 5 pg/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 umol/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 pg/d for women and 70 pg/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 ug/kg/d in adult men and women. Based
on the normal variation in selenium intakes, 30 {1g/d are needed

in the diet of women to meet this need and 40 pg/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 (/). 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 By,. Folacin or folate (the family
of folic acid derivatives) is absorbed through the mid-intestine;
vitamin B, 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 modern perspective, the



76

PART 11 / SPECIFIC NUTRIENT REQUIREMENTS

Table 1

The Vitamins

Vitamin

Trivial
and IUPAC
Designations®

Adult daily need
(per 1000 kcal or
4180 kJ) or RDA?

Sources

Vitamin A

Vitamin D

Vitamin E

Vitamin K

Ascorbic acid

Niacin

Riboflavin

Thiamin

Vitamin By

Pantothenic acid

Biotin

Folate
(pteroylglutamate)
and folic acid/
pteroylglutamic
acid)

Vitamin B,

Antixerophthalmic factor, retinol,
metinol, axerophthol

Ergocalciferol or D, derived from
plant sources; cholecalciferol or
D; derived from 7-dehydro-
cholesterol; rachitic factor,
calciol (Ds)*, ercalciol (D,)

Various isomers of tocopherols, the
most potent of which is R,R,R-
o-tocopherol (formally d-o-
tocopherol) or all-rac-0.-
tocopherol

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

Vitamin C, antisorbutic or scurvy
factor

Antipellagra factor, vitamin Bs

Vitamin B,, vitamin G

Vitamin B,, anti-beri-beri factor

Now used as the designation for
the vitamins: pyridoxine
(—-CH,NH, form), pyridox-
ylamine (-CH,NH, form), and
pyridoxal (~CHO).

Antidermatitis factor
Vitamin H

Folacin, folate polymers; pteroates
(PteGlu, PteGlu,, PteGlus,, etc.)

Designation for various forms of
the cobalamines

0.3-0.4 mg as retinol; 300400 as
retinol equivalents (RE), where
one RE = 1 pg of retinol;
1000-1300 international units
(TU), where 1 IU = 0.3 pg of
retinol; current RDA: 1000 pg/d
(males) or 800 ng/d (females)
as RE

Adults 1 pg to infants/children 2—4
pg as vitamin Dj; 400-1600 IU
where 1 IU = 0.025 pg as
vitamin D, or D,

2-4 mg as R,R,R-0-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 pg as MK¢; current RDA:
80 png/d (males) or 65 pg/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)

2-4 mg

75-250 pg

Current RDA: 200 pg/d (males) or
180 png/d (females)

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

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)

“International Union of Pure and Applied Chemistry.
*Recommended Daily Allowances, if established.
“Based 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 B-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.

FOOD

y

RELEASED COFACTORS

NUCLEOSIDASES
PEPTIDASES
PHOSPHATASES

VITAMINS

Active Transport
Energy Source Needed
Receptor-Mediated Transport

Facilitated Transport
Binding Proteins Needed

N to Facilitate Concentration
Pericellular Transport Gradients

Passive Transport

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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Table 2
Vitamins for Which Plasma Transport
Proteins Have Been Characterized

Vitamin Transport proteins in plasma

Vitamin A Retinol-binding protein

Retinyl esters Very low-density lipoprotein

Vitamin D Vitamin D-binding protein (member of the
globulin family of proteins

Vitamin E Low-density lipoprotein

Vitamin K Very low-density lipoprotein

Riboflavin Riboflavin-binding protein

Vitamin Bg Albumin

Folate Folate-binding protein

Vitamin B, 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

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. B-Carotene is the most potent vitamin A precursor.
For vitamin A activity, the presence of the B-ionone ring structure is essential. For structures similar to B-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-frans-retinyl ester are capable of isomerization. Reactions involving all-frans-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 D; if they
receive adequate exposure to ultraviolet light (280320 nm). As
vitamin D; 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



81

CHAPTER 7 / VITAMINS: OVERVIEW AND METABOLIC FUNCTIONS
U\=I Light Lumisterol
Z, H
HO H
7-Dehydrocholesterol = Tachysterol

%,

vitamin D5

DBP

&~*oH
Y~ 25(0H)D
H, (OH)D3
HOY
< Ca* > Ca*?
4, OH
OH
, {c*<on
1!25(0H)2D3 d CH b 24,25(0“)2D3
\\ 2 0 CH2
HO "OH N
HO

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 D; (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 D,. 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 D; to
active forms of the vitamin (/6). The sequence of events is outlined
in Fig. 6 (17). The kidney is the major site of 1,25 dihydroxychole-
calciferol (calcitriol, 1,25-(OH),-D; production. Other organs, such

the placenta, bone, and macrophages are also capable of synthesis
in vitamin D; small quantities. This discovery together with the
finding that 1,25-(OH),-D; is found in the nuclei of intestinal cells
suggested that vitamin D; 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),-D;. A separate hydroxylase, 25-
hydroxyvitamin D;-24-hydroxylase, which catalyzes 24,25-(OH),-
D, formation, is activated under eucalcemic and hypercalcemic
states. Whether 24,25-(OH),-D; has unique hormonal activity is
controversial. There is evidence that 24,25-(OH),-D; 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),-D; 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),-Ds exhibits permissive or enhancing effects on
T-cell suppressor activity (19).

Humans require 5 g or less of vitamin D; 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 (79).

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-ai-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°C. 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 (27-22).

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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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 pg 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 pg per day, but recent data based on optimal
GLA formation in osteocalcin suggest the daily need may be
300 pg 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 Bg), 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 B,, (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 (hydroxylases) 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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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 play a 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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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 (#). 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, H,0,—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/1000 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 CO,
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 B,, 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 of highlight-
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 corn (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
thatcells 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
inositol 1,4,5-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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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. Riboflavin- and niacin-derived cofactors are also important. Electrons to and from lipoic acid go from NADH + H*
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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 o-carbon of
oxaloacetate has positive or carbonion ion character. The B-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.



88 PART 11 / SPECIFIC NUTRIENT REQUIREMENTS

Tryptophan

HeH cooH
)
I B H'nm,
l N
H
N-Formylkyurenine H
R coon
7z I C.
H NH.
l NAONCHO
H
Kynurenine H
%—c{' COOH
1 C.
H NH2
NH
H
3-Hydroxykynurenine HH
Q.-C, ,COOH
| H NH
B-6 NH 2
\ OH H

3-Hydroxyanthranilic acid

| COOH

! : :N-H
oH H

o-Amino-B-carboxymuconic-3-semialdehyde

(jT\COOH
cHO K,

HOOC 4y

X
!

N~ "COOH

+
Ribose Phosphate

F COOH

S . VT
N
v

Quinolinic acid

P

Nicotinic acid ribonucleotide

N” “COOH

Ribose
Phosphate

™
|
N

R"’°T’ Ribose

POy

POg4

NAD

Fig. 12. The niacin and tryptophan relationship. NAD can be derived
from tryptophan through the quinolinate pathway. A diet containing
250-500 mg of tryptophan (easily derived from consuming 50-80 g
of high-quality protein) produces the equivalent of 3—8 mg of niacin.

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 of NAD in cells. Some estimates suggest that as
much as 40-60% of the NAD in cells is involved in monoribosyla-
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.

RIBOFLAVIN 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 o-keto acids (Figs. 9 and 10).
Decarboxylation of o-keto acids occurs twice in the TCA cycle (Fig-
ure 10); the conversion of pyruvate to acetyl-CoA and o-ketogluta-
rateto succinyl CoA. The other reaction of TPP is 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)].

PYRIDOXINE Vitamin Bgis 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 By 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-f-phosphate, which is
catalyzed by glycogen phosphorylase (42). It is the association
of vitamin B, with glycogen phosphorylase that accounts for the
high concentration of vitamin B4 in muscle (43).

The requirement of vitamin By in animals is positively related
to the intake of protein and amino acids (41). Although vitamin
Bs deficiency is rarely seen in nature, drug-induced vitamin By
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, B-
dimethylcysteine, used in the treatment of Wilson’s disease can
also induce a vitamin By deficiency resulting from the formation
of thioazole derivatives. Moreover, there are naturally occurring
antagonists to vitamin Bg, (e.g., linatine [1-amino-D-proline]),
which is present in flax seed. To iterate, vitamin By 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 panto-
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 pg/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 (.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/1000 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 B,,

BIOTIN In food, biotin is present in relatively high concentra-
tions in cereals including soybeans, rice, barley, oats, corn, 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 €-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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Fig. 14. Pantothenic acid and coenzyme A. Pantothenic acid is a component of coenzyme A. The choice of coenzyme A, a thiol ester, rather
than an oxygen ester for acyl transfers is very pragmatic. Thiol esters are more reactive than oxygen esters (4). Oxygen esters are kinetically
more stable than thiol esters in reactions at the acyl carbon atom as a result of greater stabilization of the ground state by resonance interactions

(B). Such interactions are largely absent in thiol esters (A).

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 B;; Knowledge regarding
folic acid and vitamin B, 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 of folic acid and vitamin B, is an appreciation
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for methylation reactions. This intermediate is important to the methylation of phospholipids, DNA, and the production of methylated forms
of various amino acids and carbohydrates. GAR = glycinamide ribonucleotide; AIGAR = aminoimidazolecarboxamide ribonucleotide, which

are precursors in the purine synthesis pathway.

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
formimino 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 B;, coenzymes participate in mammalian metabo-
lism. Vitamin By, inits methylated form is the cofactorin the THFA-
homocysteine transmethylase system in which the methyl group is
transferred from methyl THFA to homocysteine. Inits adenosylated
form as 5-deoxyadenosylcobalamin, vitamin B, 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 Bj,, 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 B, for most
animals is in the range of 2-6 g/kg of typical diet. Deficiencies of
both vitamin B,; and folic acid produce clinical signs of macrocytic
anemia and dissynchronies in growth and development owing to
the importance of folic acid to purine and DNA synthesis. Chronic
deficiencies of either folic acid or vitamin By, 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 THFA and
vitamin By, deficiencies, because of the integral relationship of
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vitamin By, to reduced folic acid regeneration. Dietary intakes of
folic acid, sufficient to maintain functional levels, can mask the
initial signs of vitamin B;, deficiency (e.g., macrocytic and mega-
loblastic anemia). Prolonged vitamin B, deficiency results in seri-
ous neurologic disorders (e.g., degeneration of the myelin sheath).

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).

Choline plays a key role in methyl group metabolism, carcino-
genesis, and lipid transport (57). Choline is generally the major
source of methyl groups in the diet, but it can also be synthesized
de novo from ethanolamine when methionine, dimethylcysteine,
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 mg/100 kcal of diet
or about 0.5-1.0 g/kg of dry food.

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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Table 3
Vitamin Assessment

Vitamin Analytical methods Clinical and chemical methods
Vitamin A High-performance liquid chromatography® (HPLC) Impaired vision
separation and extraction into lipids solvents, UV
absorption, HPLC and mass spectrophotometry of
isolated retinoids
Vitamin D Extraction into lipid solvents, HPLC separation, and UV Signs of rickets or osteomalacia
absorption or mass spectrophotometry
Vitamin E Extraction into lipid solvents, HPLC separation, and UV~ Malonaldehyde detection, diene conjugation, lipid
absorption peroxidation, hexane and pentane expiration, tissue
fluorescence
Vitamin K Extraction into lipid solvents, HPLC separation, and UV~ GLA? content in osteocalcin or prothrombin
absorption
Vitamin C Plasma assays based on oxidation to dehydroascorbic Signs of scurvy

(ascorbic acid)

acid coupled to a chromaphoric substance with a high

extinction coefficient, HPLC separation, and UV

detection
Riboflavin
plasma riboflavin

Niacin
or detection by redox enzyme activity

Thiamin Urinary thiamin excretion and plasma thiamin

determined following HPLC separation and fluorescent

detection of thiochrome (produced by alkali
treatment).
Vitamin BG

Biotin
binding bacterial growth assays
Vitamin B,
binding proteins

HPLC separation and fluorescent detection of urinary or

HPLC separation and UV detection of NAD and NADP

Plasma pyridoxal-5’-phosphate (PLP) estimation using
assays based on activation of PLP-requiring enzymes.
HPLC separation and fluorescence detection, avidin-

Competition assays based on binding to cobalamin-

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

“High-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 B-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 carnitine 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 VITAMIN 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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Table 4
Vitaminlike Compounds
Compound A Major Function Ref.
Taurine Formation of taurocholic acid; 60
antioxidant
Quesuosine Can substitute for guanine in tRNA, 61
when available for the diet
Coenzyme Q Mitochondrial redox cofactor 62
Pteridines Several redox cofactors are pteridines, 63

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

Lipoic acid Acetyl and acyl transfer reactions, 64
antioxidant

Pyrroloquinoline  Potent growth factor for neonatal mice 65
quinone and rodents

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”
(kg’) 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 (Wt

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, Grollman 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 Grollman 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.

Chatterjee (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 pharmokinetic
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 acid/d (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 Wtkg%*, that is, ([Wtkg])+[Wtkg34). This is derived by assuming
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Table 5
Ascorbic Acid Synthesis

L. Based on extrapolation from the data
provided by Grollman and Lehniger (56)

Relative Synthesis

Ascorbic acid L-Gulonic acid to

Body weight production ascorbic acid
Specie (kg) (mg/liver/d) (molar ratio)
Mouse 0.033 3.0 0.39
Rat 0.350 70 0.117
Rabbit 2 264 0.053
Dog 10 816 0.013
Pig 125 1014 0.008
Cow 488 8921 0.004

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

Ascorbic acid

production

(ug/mg of Theoretical net Amount (g)

microsomal synthesis per day per
Species protein/h)® (mg/liver/d) (70 kg )
Goat 68 646 0.8
Cow 50 3042 0.7
Sheep 43 495 0.6
Rat 38 54 03
Mouse 35 0.3 0.1
Squirrel 30 57 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

II1. Ascorbate turnover in guinea pig and humans
based on extrapolation from data provided by Ginter*

Guinea pig Man
Animal (W) (d) (d)
Mouse 0.414 34 9.8
Hamster 0.569 47 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

“Represent the micrograms of ascorbic acid synthesized per milligram of
liver microsomal protein per hour using r-gulonolactone as a substrate.
"The 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 V. The K, 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 V;, = V,,,S/
K, + S. The values were then multiplied by 40 (1 g of liver contains
approx 40 mg of microsomal protein), times 24 (to convert to 1 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, 0.015 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)y4 for the guinea pig (body weight taken to be 1 kg) or
man (body weight taken to be 70 kg) by the values in the column labeled
(Wt/kg)l/‘ 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 of the 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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3 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 a
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. 1). 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 €-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, o-ketoglu-
tarate, and branched-chain o-keto acids (Fig. 2). The complexes
that catalyze these reactions share structural similarities. They are
all composed of multiple copies of three enzymes, E;, E,, and E;.
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The E, subunit, called dihydrolipoyl acyltransferase, contains the
lipoyl domains, which, depending on the species, can vary between
1 and 3.

The lipoyl group of the E, subunit receives the acetylated
thiamine pyrophosphate group from E, (pyruvate dehydrogenase)
and transfers the acetyl group to coenzyme A, forming acetyl
CoA. In this process, lipoamide is reduced to the dihydrolipoamide
form. E;, dihydrolipoamide dehydrogenase, is the enzyme that
reoxidizes this back to lipoamide, using NAD*, which is converted
to NADH. The E, and E; 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 (I1), which catalyzes the oxidation of glycine to CO,
and ammonia, forming NADH and 5,10-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 o-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 o-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 uM, and passive diffusion, which
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Fig. 1.

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 (/4). How-
ever the exact mechanism is still in doubt. The cellular reduction
of a-lipoic acid was proposed by Peinado et al. (/4); 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 (/6). The mitochondrial enzyme E;
(dihydrolipoamide dehydrogenase) is capable of reducing o-lipoic
acid, in a reverse reaction, which is at the expense of NADH. 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,

Structures of o-lipoic and dihydrolipoic acid.

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, o-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 (/6). Because the
stereospecificities of the enzymes are markedly different, this has
implications for the form in which exogenously supplied o-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
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found to be tissue-specific with values ranging from 2.6-0.1 pg/
g dry weight. The highest content was found in the kidney, heart,
liver, and muscle. Interestingly, these values correlate exactly with
the amount of NADH-dependent lipoate reduction in these tissues
found by Haramaki et al. (16). This is no surprise because dihydro-
lipoamide dehydrogenase (E;) 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-*C]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 o-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 o-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. o-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 ¢-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 (UVA) irradiation of NPIII [N,N’-bis(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 (O,") is
formed, which forms H,O, in the presence of superoxide dismutase

Table 1
Antioxidant Activity of a-Lipoic Acid and DHLA
Scavenged by
Oxidant o-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 Yes* Yes®
Nitric oxide radical Yes* Yes*
Peroxynitrite Yes* Yes®

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

“Unpublished 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 o,-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 Mn*, Cu?, and
Zn* (34) and that the complexes were mediated via the carboxylate
group. Two different studies have indicated that lipoic acid may
chelate iron. Scott et al. (32) showed that a-lipoic acid inhibited
site-specific degradation of deoxyribose by a FeCli-H,O—
ascorbate system and attributed this effect to the removal of deoxy-
ribose-bound iron by lipoate. Devasagayam et al. (30) found that
the protective effect of lipoate against singlet-oxygen-induced
DNA strand breaks was lowered in the presence of EDTA, indicat-
ing that the protective effect was somewhat dependent on metal-
ion chelation. In terms of oxidative systems, lipoic acid was found
to prevent Cu?*-induced ascorbic acid oxidation; liposomal peroxi-
dation (33), however, was found to be ineffective against Cu*-
induced low-density lipoprotein (LDL) peroxidation (39), whereas
DHLA was (39). It has also been found that lipoate decreased
Cd**-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 Fe*. 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 Cu?, but not Fe** or Fe?. This in
contrast to recent research showing the ability of DHLA to prevent
Cu*-mediated LDL peroxidation via chelation (39). Such incon-
sistent data in this area warrant further work for clarification.

LIPOATE 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 o-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 o~
lipoate to DHLA (49). This role of GSH 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 (57), 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*/NADH, any
compound that can modulate these ratios can affect numerous
aspects of cell metabolism. o-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 NADH/NAD* ratio (53). In Wurzburg T cells
exposed to 0.5 mM o-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 E; 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*/NADH ratio; however, the reduced form of
lipoate (DHLA) has been found to decrease respiration of NADH-
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 o-
lipoate enhanced glucose disposal in patients with Type II diabetes
(54). These events are summarized in Fig. 5.

o-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 o-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. Ca*
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 Ca?* signaling, which has led to suggestions that oxidants
may play a physiological role in Ca* 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 Ca? channels, the inhibition of Ca®*
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 Ca* is stabilized in cells pretreated with o-lipoate
(63). In this flow cytometric study with Jurkat T cells, treatment
of 0.25 mM hydrogen peroxide resulted in a multifold increase
in intracellular Ca* 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 o-lipoate also affects mitochondrial calcium trans-
port (64). The authors suggest that the o-lipoate stimulated Ca*-
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-xB is a well-characterized redox-sensitive transcrip-
tion factor. The activation of NF-xB is involved in the expression
of a wide variety of genes involved in oxidative stress and cellular
response mechanisms. Most agents activating NF-xB tend to trig-
ger the formation of reactive oxygen species or are oxidants by
themselves (e.g., 0,7, H,0,, or lipoxygenase products) (65); there-
fore, it is not surprising that a number of antioxidants and reducing
agents have the ability to inhibit NF-xB activation. These include
various thiol-containing compounds (2-mercaptoethanol, glutathi-
one, N-acetylcysteine, cysteine), phenolic and catecholic com-
pounds (tocopherol derivatives), and chelators (desferrioxamine).
o-Lipoate was also found to inhibit NF-kB activation induced by
phorbol ester or tumor necrosis factor oo (TNFo) in Jurkat 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 o-lipoate (67).
It has recently been shown that the ability of o-lipoate to inhibit
NF-xB 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-kB activation induced
by phorbol ester, TNFa or H,0, (63). Following the activation
of NF-kB, 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 of NF-kB (68); however,
DHLA was found to enhance binding. Also, the inhibition of
DNA binding by diamide can be overcome by the addition of
DHLA. These observations suggest that two modes of redox regu-
lation exist in cell signaling for NF-xB (69): the first, a requirement

of oxidative processes in activating NF-xB, 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 o-lipoic acid is in diabetes. o-Lipoic acid appears to act in a
number of ways that maybe protective in diabetes. In an animal
model, supplementation of lipoate prevented B-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 o-lipoate to prevent glycation of various pro-
teins (77). A nuclear magnetic resonance (NMR) study revealed
that o-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 o-lipoate supplementation to be effective in
the alleviation of some symptoms of this condition (80,81), and
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now o-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-xB activation, this has implications in diabetic-
associated atherosclerosis. Advanced glycosolation end products
(AGE) can induce the expression of vascular-cell-adhesion mole-
cules (VCAM-1), 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, o-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 KATI 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 (/-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

From: Nutrition and Immunology: Principles and Practice (ME
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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.

e The fundamental role that phytochemicals can potentially
play in modulating immune function.

e The importance of utilizing appropriate animal and in vitro
experiments to elucidate the potential mechanisms by which
phytochemicals may modulate immune function.

o 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 modern
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 (/0). 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 (1/). During the
early part of the 1980s, largely in response to the hypothesis paper
by Peto et al. (/) 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 (/4), 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 of these 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



CHAPTER 9 / ROLE OF DIETARY PHYTOCHEMICALS

109

OH

\\\\\\\\\

HO

Lutein

Lycopene

XXX

OH

Retinol

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

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 C15 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
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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 (37). 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 (13) 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 of this 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 BC 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 BC 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 BC 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 BC 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 BC 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 flavonoids 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 flavonoids 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 BC, 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 BC 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-performance liquid chromatographic (HPLC) separation of carotenoids in palm oil using a YMC C;, stationary phase in
combination with a mobile phase consisting of 11% Methyl Tert Butyl Ether (MTBE) in MeOH at 2.0 mL/min. Peak 1 is all-trans-alpha-
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0 : 2
20
I\ “ 5
) 3 L\J/Y\r
W
0 T T T l T 1] T T [ L 1) T I T T ¥ T T L} T L} T 1 T 1] T T ' T T
I 10 20 30 40 50 60

Minutes

Fig. 6. HPLC separation of carotenoids in human serum using a 25-cm Vydac 201 Cy, stationary phase in combination with a mobile phase
consisting of 1% THF in MeOH (+0.05% Triethylamine (TEA) at 0.7 mL/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 immunomodulating 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.

. 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 immunomodulating 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 immunomodulating activity
because of the formation of active isomers or degrada-
tion products.

. 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 mode! 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 of BC 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 al., 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 al., 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-1 (IL-1) as well as the ability
of beta-carotene to stimulate T-lymphocyte proliferation (5/-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-lymphocyte 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). Modern 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 WM, 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 C12 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-
1 beta and TNF by human peripheral blood mononuclear cells in
vitro (72). EGCG also stimulated the production of both IL-1at
production by mononuclear cells and stimulated the adherence of
mononuclear cells. In addition, EGCG-enhanced IL-1o00 mRNA
synthesis but not that of IL-1J.

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 (87). Formation of
reactive oxygen species, as measured by chemiluminescence (CL),
was inhibited by quercetin in Polymorphonuclear leukocyte PMN
cells at a 10~°M concentration of quercetin. Quercetin, at concentra-
tions of 1 X 10°M to 1 x 10°M, also reduced the production of
superoxide as well as reduced neutrophil oxygen consumption at
concentrations of 10~*M. 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-O-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 may or 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 (57). 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 of little 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
flavonoids 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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10 Dietary n-3 Polyunsaturated Fatty Acids
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 (/). 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 (/). Double-blind, placebo-controlled clini-
cal trials showed that supplementation with fish oil containing
2.7-5.6 g/d 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

From: Nutrition and Immunology: Principles and Practice (ME
Gershwin et al. eds.), © Humana Press, Inc., Totowa, NJ

121

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 (/7). 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 g/d 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 Il / SPECIFIC NUTRIENT REQUIREMENTS

Table 1
Comparison of the Fatty Acid Consumption Among Epidemiological, Clinical, and Experimental Studies

Fatty acid Greenland Eskimo Japanese Canadian® Mouse United States” Clinical trials
% Energy as fat 39 30 39 7 38 40
Fat® 130 70 80-110 0.150 80 88
18:2n-6° 2-3¢ 2-54 14-19 0.080° 14.7 14.7
18:3n-3¢ 13.7% 0.4¢ 1.4-2.8 0 1.6 1.6
20:4n-6° 1.3 2.6 0.25 0 0.1 0.1
20:5n-3+

22:6n-3¢ 6-12¢ 1-3¢ 0.15 0.048° 0.1 8
“From Ref. 9.

*From Ref. 6.

“Values represent grams per day.

From ref. 7.

¢From 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/F1 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 corn oil
controls (18,19). Mrl Ipr/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 NZBxXNZW 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 of RA 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

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 (TCR/CD3). 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-1 (IL-1) and/or
tumor necrosis factor (TNF) (26) interacting with the T-cell IL-
1 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 costimulation. 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 ¢-chain
(IL-2R o). The IL-2R o-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
of lymphokines (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 polyclonal 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% (wt/
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% wt/wt) 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 of fish 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% (wt/wt) fish oil for 8 wk (37). In contrast, there
was no effect of feeding a 20% (wt/wt) 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 E, (PGE,) which directly suppresses T-cell prolifera-
tion. A decrease in PGE, 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 PGE;, which
is less biologically active than PGE,. DHA does not yield PGs, but
it can suppress PGE, formation by inhibiting the cyclooxygenase
enzyme (50). Therefore, decreased PGE, 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 (57-55).
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% (wt/wt) fish oil diet was shown to suppress the costimulatory
molecule IL-1 mRNA in murine macrophages (58). Interestingly,
fish oil feeding enhanced murine macrophage TNF secretion
(59,60). The mechanism most likely involves the downregulation
of PGE, because PGE, 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% wt/wt) 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 o-chain expression at the cell surface in response
to PHA activation (62). Decreased IL-2R o 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 CDS8+).
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.

Insummary, 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 o 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-1, nuclear factor kB (NF-xB),
and activating protein-1 (AP-1, a heterodimer composed of fos
and jun) (67,68). Currently, the only known transcription factor
regulating IL-2R o-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-y1; PIP; = phosphatidylinositol-3,4,5-triphosphate;
PIP, = phosphatidylinositol-4,5-bisphosphate; IP; = inositol-1,4,5-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 of IL-2 and expression of the IL-2R o-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 Gy to G, transition
and the IL-2/IL-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 o and P transmembrane peptides (TCR), forming
the antigen-specific part of the complex. The CD3 portion is com-
prised of the y, 8, two €, and two covalently bound { transmembrane
peptides. The o- and B-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-
lation 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 Ick (another nonre-
ceptor tyrosine kinase) (78). Once activated, Zap-70 tyrosine phos-
phorylates phospholipase C-y1 (PLC-y1), leading to its activation.
PLC-y1 hydrolyzes phosphatidylinositol-4,5-bisphosphate (PIP,),



CHAPTER 10 / POLYUNSATURATED FATTY ACIDS AND CHRONIC INFLAMMATION

125

yielding inositol-1,4,5-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 o and/or
B then phosphorylate, hence activating raf-1 kinase (82). The
raf-1 kinase activates mitogen-activated protein kinase, which
phosphorylates and activates mitogen-activated protein (MAP)
kinase. MAP kinase ultimately enhances transcription of the fos
and jun genes by a currently unknown mechanism. The fos and
jun proteins form AP-1, which binds to the IL-2 promoter, enhanc-
ing IL-2 gene transcription (80). Interestingly, the TCR/CD3 com-
plex possesses an alternative mechanism for raf-1 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 turn, 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-1 kinase, initiating the MAP kinase pathway
described earlier (83). Finally, Lnk has been shown to recruit
phosphatidylinositol-3-kinase (PI-3-Kinase) to the TCR/CD3
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 B1, €, 1,
and € in vitro (85).

Interleukin-2 receptor activates a novel signaling cascade
referred to as the JAK/STAT pathway (janus kinase/signal trans-
ducers and activators of transcription) (Fig. 1). IL-2 binding
induces recruitment of the nonreceptor tyrosine kinase JAK3 to
the cytoplasmic tails of the IL-2R, where they are activated by
transphosphorylation (86,87). The JAK3 then tyrosine phospho-
rylates cytoplasmic STATS (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 TCR/CD3 signal transduction. The Shc binds Grb2, which, in
turn, interacts with and stimulates SOS. SOS stimulates ras activ-
ity, leading to the activation of raf-1 kinase, thus stimulating the
MAP kinase cascade (83).

The TCR/CD3 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-1]
are not well established. However, what is known about these
receptors will be discussed in conjunction with the TCR/CD3 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 o 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 of PKC’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 ., B1, B2, and y and require phosphatidylser-
ine (PS), calcium, and DAG. The novel PKCs (nPKC) include 3,
€, M, 0, and u and differ from the cPKCs by their independence
from calcium. The atypical PKCs are { and v/A and are calcium
and DAG independent (81); however, { can be activated by cera-
mide (104). The T cell expresses o, B1, 8, €, 1, 6, W, and { (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 o protein
relative to their young counterparts (105). PKC o 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 a, B, and & compared to CD45RO+ cells
(memory T cells that have previously been activated) (7107). In
normal human CD4+ T cells, there is more [ than o protein,
whereas in CD8+ T cells, the relative levels of o and B are equal
(108). Differences also exist between normal and transformed T
cells. Mature T lymphocytes express higher PKC B relative to o,
whereas in Jurkat cells, a T-cell line, more o is expressed compared
to B (106,109). There are even differences between T-cell clones,
with some not expressing PKC o, whereas others lack PKC B
(110). Because malignant transformed cell lines are routinely used
for the elucidation of T-cell signal transduction pathways (e.g.,
Jurkat cells), caution should be used when extrapolating these
data to normal cells.

Functionally, the o and p 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 o and
B from the cytosol to the membrane fraction in Jurkat cells (111).
Similar observations have been in anti-CD3 stimulated human T
cells (/12). 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 o 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 (/13). Transfection resulting
in overexpression of PKC o in Jurkat cells enhanced AP-1 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 B mutant in Jurkat cells induced the activity
of an IL-2 gene reporter plasmid (/15). In a similar cell model,
PKC B-induced IL-2 promoter activity was associated with the
activation of AP-1 (116). Inhibition of PKC B1 with a B1-specific
agonist reduced the expression of IL-2 and IL-2R o protein levels
(117). Direct comparison of PKC o and B function in human T
cells has shown that anti-CD3 monoclonal antibody stimulation
induced a transient activation of PKC o at 10 min, followed by
a prolonged increase in PKC B activity from 30 to 240 min.
Suppression of PKC B 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 o 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 B in T-cell prolifera-
tion. Three T-cell lines do not express PKC B but still proliferate
and produce IL-2 in response to phorbol ester (/19-121). 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 o and B mRNA expression in
response to stimulation. The addition of phorbol ester and calcium
ionophore enhances PKC o and B protein and mRNA, which was
positively associated with enhanced IL-2 production and IL-2R
o expression in human T cells (/22). Mitogenic stimulation of
thymocytes induces multiphasic expression of PKC B mRNA over
time (123). Mature, human T-cell stimulation with PHA transiently
increased the time-dependent expression of PKC o and B (124).

Studies examining the role of PKC isoforms other than o and
B are somewhat limiting. PMA induces the translocation of PKC
¢ in Jurkat cells (125). In normal human T cells stimulated with
anti-CD3 monoclonal antibody, PKC 6 and € translocated to the
membrane (12). PMA stimulation does not affect PKC { translo-
cation or redistribution to other intracellular compartments. How-
ever, stimulation with anti-CD3 led to a redistribution of PKC {
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 &, , and 8§ mRNA over time (123).
A recent study showed that PKC € activated AP-1 and NF-AT
but not NF-xB, whereas PKC { did not affect any of the three
transcription factors (1 74). 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, a T-cell clone, whereas Con A-induced, TCR/CD3-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 B, € or { 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 «, B, ¥, 0, €, M, 6, and p. It is well
accepted that stimulation of the TCR/CD3 complex transiently
generates DAG (79,82) through activation of PLC-y1, hydrolyzing
PIP, to DAG and IP;. DAG has also been shown to be produced
via the hydrolysis of phosphatidylcholine (PC) in Jurkat cells
stimulated with PHA or anti-CD3 monoclonal antibody (133—
135). PC is hydrolyzed by phospholipase D (PLD), yielding phos-
phatidic acid (PA), 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 CD3/TCR complex (139) over a 2- to 4-h
time period to induce T-cell proliferation. Interestingly, the PLD
activity in stimulated Jurkat 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
PIP, 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-1 [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 PIP, hydrolysis (/46). The 1L-
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 (/50). 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-1 stimulate the generation of ceramide by a N-SMase
(152,153). However, both TNF and IL-1 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 of this TNF-mediated pathway is associated with
the activation of NF-xB, allowing the cytosolic transcription factor
to translocate to the nucleus in both Jurkat (7156) 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-1-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 play a 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 { (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-1 kinase (/63), 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 (765). An additional mech-
anism is via the ceramide-dependent activation of PKC {, which
has been shown to activate NF-kB (104). Alternatively, ceramide
has been shown to stimulate AP-1 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 uM
sphingosine, apoptosis was inhibited, but the addition of 5 uM
sphingosine induced apoptosis (/67). When 20 WM 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 (/71). 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 ceramide 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
of T 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:In-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 IP; 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 (777). 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 ceramide 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 DHA. Murine splenic lymphocytes were isolated
and incubated with 10 pg/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. A = SAF (safflower oil ethyl esters, contains no n-3 polyunsatu-
rated fatty acids); @ = AA (arachidonic acid triglyceride, contains no
n-3 polyunsaturated fatty acids); O= EPA; M=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 = SAF. 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 o gene. Therefore, we also deter-
mined the effects of dietary EPA and DHA on Con A-induced
IL-2 and IL-2R o-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 o
was suppressed 3 h after Con A addition by dietary EPA and
DHA. and maximal expression was moderately reduced in EPA-
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Fig. 3. Dietary EPA and DHA suppress ceramide kinetics in acti-
vated lymphocytes. Murine splenic lymphocytes were isolated and
incubated with 10 pg/ml Con A. At 0, 2, 5, 20, 45, 60, 120 and 180
min, cell aliquots were obtained. Cellular lipids were extracted and
ceramide mass quantitated using the DAG kinase phosphorylation
assay. Refer to Figure 2 for details. A = 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 = SAF. 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 o 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 oo mRNA levels.

It is well established that PKC plays an important positive role
in T-lymphocyte activation (87) via regulation of IL-2 (92) and
IL-2R o-gene expression. We have demonstrated that dietary EPA
and DHA enhance mitogen-induced PKC o, PKC B1, and PKC
€ mRNA expression relative to the SAF and AA groups (Jolly,
McMurray, and Chapkin, unpublished data). Interestingly, PKC
o and B1 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 by multiple posttranscriptional mechanisms
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Fig. 4. Effects of dietary EPA and DHA on IL-2 gene expression.
Mice were fed SAF, AA, EPA or DHA diets for 10 days. Splenic
lymphocytes were isolated and incubated with 5 pig/ml 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 DHA on IL-2R0. 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-2Ro 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.
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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.

(180,181). Therefore, a clear interpretation of the enhanced PKC
o, B1, and { mRNA levels in this system will have to await
determination of PKC a, B1, 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 o mRNA levels. In addition, EPA and DHA feeding
enhances PKC a, B1, 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 ¢.-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-lymphocyte intracellular signal transduction. Future studies will
address the specific mechanism(s) by which dietary EPA and DHA
selectively modulate T-lymphocyte 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 [DHAY]), 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 o and PKC isozyme gene
expression.
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1 1 Nucleotides

GEORGE K. GRIMBLE AND OLWYN 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 (/). 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,
recent 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 (7/0) in premature infants and
was shown to nearly double the responsiveness to Haemophilus
influenzae type b polysaccharide in infants receiving Hib vaccine,
and diphtheria, tetanus toxoids, and oral polio virus immuniza-
tion (11).

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 (//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
levels 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 (/2). 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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Fig.1. Outline of purine and pyrimidine salvage and de novo pathways. PRPP = phosphoribosylpyrophosphate; N'—formylTHF = N**—formyl-
tetrahydrofolic acid, APRT = adenine phosphoribosyltransferase; OPRT = orotidine phosphoribosyltransferase; HGPRT = hypoxanthine—

guanine phosphoribosyltransferase.

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 CO,,
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 (/4—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 novolsalvage pathways and will require increased salvage
uptake during recovery in order to maintain adequate rates of
RNA synthesis (see Table 1).

HEART Cardiac tRNA 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), 3
and is slow in comparison to liver protein synthesis (60). It is Z
profoundly depressed by starvation (67), which results in loss of a
about half of the ribosomal mass. In contrast, stimuli such as R I N NG
partial hepatectomy (62,63) or induction acute-phase response E -------------------------- -
(64) strongly stimulate ribosome production and accumulation é Degradation
rates while suppressing ribosome degradation (Fig. 2). The liver Accumulation
is uniquely adapted to rapid induction of supply of nucleotides ol L N L 1 )
for RNA and DNA synthesis. Thus, in growing cultured hepato- 0 2 4 6 8 10 12
cytes, the log phase was associated with a marked increase in de Time after Hepatectomy (days)

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 C-labeled nucleic acids (21).

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 *H-
orotic acid and *H-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

Proliferative Phase 9| Post-proliferative Phase ——>

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
anincreasingly 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 15-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 (8/)] 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 (/1a).

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-
beled RNA, >80% of “C 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 “C—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
“C—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. 5. Purine and pyrimidine metabolism after lymphocyte stimulation. (Based on data from refs. 37, 38, and 76.)

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). 1t 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 (/01,102). 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 (//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-lymphocytes numbers. Hence, patients with
SCID 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-lymphocyte
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 deaminase [ADA] or
purine nucleoside phosphorylase [PNP]). 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 SCID
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 of nucle-
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. 1 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-lymphocyte function
following heart allografting (170) and reduced severity of trinitro-
benzensulfonic acid-induced colitis in rats (1/11,112). 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 (10.7 £ 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 (12 1) but to exacer-
bate chemically induced colitis (1/2). 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. (/22). Oral administration
appeared to lead to local increased levels of cytokines, such as
tumor necrosis factor-alpha (TNF-o) and interleukin-8, in the
inflamed colon (/22). 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 of TNF-o and IL-6 (123). However, they also
claimed an accelerated recovery of levels of the IL-1f 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-o., 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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on Immune Integrity
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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 aresult, 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
afew (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 turn, 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 turn, 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 Disease states
Autoimmune diseases Aging

AIDS Anorexia
Chronic gastrointestinal disorders Alcoholism
Crohn’s disease Burns
Infections Malnutrition
Renal disease Trauma

Cirrhosis of the liver
Sickle cell anemia

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 (/7). 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 pg Zn/mL 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 of lymphocytes
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*CD8* 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 (CD4CD8") 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 B and T cells contain high levels
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of the proto-oncogene Bcl-2, which provides resistance to apop-
tosis (24).

REGULATION OF THE CHANGES
IN IMMUNE STATUS AS A NUTRITIONAL
DEFICIENCY ADVANCES

We are 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
adietary 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

Serum deprivation
Protein-calorie deficiencies

High zinc Zinc deficiency
Iron Vitamin Ds
Calcium fluxes

Selenite

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 turn, 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 uM 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 *H-dexamethasone failed to initiate apoptosis. As suspected,
zinc had blocked binding of the *H-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 WM, 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 L1210, 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 Dj 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). Inmune 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 (517). 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 (/1,13). Moreover, healthy
males fed low-copper diets exhibited reduced response to T cell
mitogens with reduced production of IL-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 Jurkat 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 HIV 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 HIV* patients with
chronic diarrhea and Microsporidia infection (64). This might be
an important but secondary outcome of HIV* because gastrointesti-
nal disturbances accompanied by diarrhea are known to alter zinc
absorption (4). The most recent study, which included 125 HIV*
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 IV AIDS patients
had substantial reductions in serum zinc and the zinc-dependent
hormone thymulin, whereas mid-stage subjects manifested more
moderate reductionsin these entities. Subsequently, zinc sulfate was
provided to a group of mid-stage HIV* 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. Various 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 D; (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 D; 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 of T 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 turn, 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 (7-3,18,57). 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 Inte-
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 (7,2). 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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