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PREFACE

v

Several years ago, two of us published a full-length textbook entitled
Nutrition and Immunology: Principles and Practice. The book was aca-
demically successful and well received by our peers. Our colleagues
commented that while the book was eminently suitable for a library, there
was still an intellectual need for a more concise volume on nutrition and
immunology for health care providers and scientists working at the inter-
face of delivering therapeutic and/or preventive health care. We agreed
and decided that a book focused on issues relevant to laboratory workers
and to developing countries would be valuable. We invited well-known
experts in their fields to contribute a chapter each and asked that they err
on the short rather than the long side and update cited review articles
rather than original papers wherever possible. The Handbook of Nutrition
and Immunity is the culmination of that process. Our intention is that the
book will grow over time and new editions will fill identified voids that
meet the changing needs of health care providers and scientists interested
in the practical aspects related to evaluating nutrition and immunology in
the field. The Handbook of Nutrition and Immunity is for those people
working in both adult and child nutrition throughout the world. It is also
of relevance to those in the pharmaceutical and the food industry who are
interested in developing ways to evaluate both the efficacy and effective-
ness of their products.

The goal of this handbook is to make available a short text replete with
useful information. It is not intended to replace our large textbook, but
rather to serve as a fundamental source of practical information that is
immediately useful and that can be updated every few years. As with any
text, there will be errors in omission; the responsibility for these belong
to the editors.

Finally, we express our gratitude to Nikki Phipps, who was so gra-
cious in the international communication required and in helping us
assemble the final product.

M. Eric Gershwin, MD

Penelope Nestel, PhD

Carl L. Keen, PhD
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1 Evaluation of the Immune Function
in the Nutritionally At-Risk Patient

CARLO SELMI, PIETRO INVERNIZZI, MASSIMO ZUIN,
AFTAB A. ANSARI, AND M. ERIC GERSHWIN
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KEY POINTS

• Impaired or inadequate nutriture is prevalent throughout the world, and
frequently accompanies a number of medical and social conditions.

• It is important in clinical practice to determine whether the patient is mal-
nourished to avoid consequences such as increased susceptibility to dis-
ease owing to poor immune function.

• Many underlying causes of malnutrition can be treated effectively and
promptly. Therefore, it is recommended that health care workers prevent,
rather than treat, possible immune dysfunctions.

• Malnutrition can lead to impaired immune function at the cellular, tissue,
and whole body level, and can compromise an individual’s ability to resist
infections.

• Both innate and acquired immune functions, including mucosal barriers
and white blood cells and their products such as cytokines/chemokines,



2 Selmi et al.

can be negatively influenced by a lack of specific nutrients and/or insuffi-
cient energy intake.

• The immune status of a malnourished individual or population can be as-
sessed by taking a careful history, conducting a physical examination, and
conducting laboratory tests.

• The type of laboratory tests carried out depends on general conditions and
the infrastructure available at the site where the immunological evalua-
tions take place, the availability of materials, and the capabilities of per-
sonnel available.

• A flexible system that can adapt to a variety of situations, but still achieve
the goal of obtaining reliable and useful immunological information,
should be used.

• A practical approach for both nutrition and immunity might include a
tiered system, applying increasingly sophisticated analysis of materials as
one moves from remote isolated villages to large urban city centers.

Introduction
Nutrition and immunity have been linked to each other for centuries. In the

last decade, systematic studies have confirmed that nutrient deficiencies can
alter the immune response and lead to a higher incidence of infections result-
ing in increased mortality, especially in children. Protein-energy malnutrition
is widespread in developing countries and results in an altered number of
T-cells, phagocytic cells, and secretory immunoglobulin (Ig) A antibody
response, as well as reduced levels of several complement components. Other
impairments of immune function have been reported for moderate deficiencies
of trace minerals and vitamins. The interactions between nutrition and the
immune system have clinical, practical, and public health importance (1,2).
This chapter focuses on the conditions in which malnutrition can lead to differ-
ent grades of immunodeficiency, the methods to assess the immune compe-
tence, and the options for detecting the latter in particular settings. Specific
influences of nutrients on immune function are summarized for generic nutri-
tional depletion (see Table 1), vitamins (see Table 2), trace elements and min-
erals (see Table 3), and antioxidants (see Table 4).

Nutrients and Immunity in Specific Conditions
Inadequate nutriture because of insufficient food intake is found in patients

of all ages (especially children) in developing countries, whereas isolated or
combined dietary deficiencies/excesses of one or more nutrients are important
factors that accompany a number of physiologic and pathologic conditions in
developed countries. It is important to consider and/or recognize these risks
because these physiologic and pathologic conditions can be reversed with the
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Table 1
Immunologic Consequences

of Nutritional Impairment from Food and Macronutrient Intake

Nutrient Decrease in Increase in

Food deficit • Immunocompetence • Circulating B-cells
(at <60% age-corrected and antibodies
body weight)

• CD4+/CD8+ ratio
• Plasma complement

Energy deficit • Tumor virus expression • T-cell proliferative
(rodents) and malignancies response

• Proliferation of
autoreactive B1-cells

• Pro-inflammatory
and Th1 cytokines

Severe protein • Humoral and cell-mediated • Oxidative stress
and protein response
-energy deficit

Protein deficit (mice) • Delayed-type hyper- • Th2 tolerance
sensitivity

• Circulating IgG • Oxidative stress
• Tissue repair mechanisms • Splenic suppressor
• Macrophage function T-cells

Amino acid deficit • Immune competence:
(particularly Arg impairment of T-cell
and Gln) development and

growth (Arg), thymic
integrity (Arg),
leukocytes energy
source (Gln)

Nucleic acid deficit • Natural killer activity
• Recovery in sepsis
• Cell-mediated immune

response

Fatty acid supple- • Inflammation • Immunosuppression
mentation (n-3 fatty acids) (mostly saturated

• Composition and fluidity fatty acid)
of cell membranes

Source: Ref. 3
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Table 2
The Role of Vitamins in Immunity

Vitamin A

• Deficiency reduces leukocytes number,lymphoid tissue weight, comple-
ment, T-cell function, tumor resistance, NK cell number, Ag-specific
IgG and IgE, Th2 cytokines

• Deficiency increases IFN-  synthesis
• Supplementation increases lymphocytes proliferation, tumor resistance,

graft rejection, and cytotoxic T-cell activity
• Excess intake has adjuvant effects, possibly by apoptosis inhibition
• Physiologically, maintains intact epithelial membranes

Vitamin B complex

• Pyridoxine (B6) deficiency reduces lymphocytes number and proliferative
response, lymphoid tissue weight, graft rejection, IL-2 production,
DTH response, Ab response

• Pyridoxine supplementation protects against UV-B induced immunosup-
pression

• B12 deficiency depresses phagocyte functions, DTH response, T-cells
proliferation

• Biotin (H) deficiency reduces thymic weight, Ab response, lymphocytes
proliferation

• Pantothenic acid deficiency reduces Ab responses
• Thiamin (B1) deficiency reduces thymic weight, Ab response, PMN motility
• Riboflavin (B2) deficiency decreases Ab responses, thymic weight, circu-

lating lymphocytes number

Vitamin C

• Deficiency lowers phagocytes activity, tumor resistance, DTH reactions,
graft rejection, and slows wound repair

• Antioxidant function protects phagocytes

Vitamin D

• Stimulates monocytes and macrophages development and phagocytosis
• Selectively suppresses Th1, and not Th2 or CD8+ cells activity

Vitamin E

• Deficiency reduces lymphocytes proliferation, phagocytes functions,
tumor resistance

• Supplementation increases lymphocytes proliferation, Ab levels, DTH
reaction, IL-2 production, phagocytosis, Th1 activity, and reduces
PGE2 synthesis

Source: Ref. 3
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Table 3
The Role of Trace Elements and Minerals in Immunity

Copper

• Deficiency reduces antibody production, phagocytic activity, IL-2 pro-
duction, T-cell proliferation, and neutrphils respiratory burst and anti-
Candida activity in rodents; decreases T-cells proliferation in humans;
increases B-cell number

• Involved in complement function, cell membrane integrity, Cu-Zn super-
oxide dismutase (SOD), Ig structure

Iron

• Deficiency reduces DTH reaction, graft rejection, and cytotoxic activity
of phagocytes

• Low plasma iron selectively inhibits proliferation of Th1, and not Th2, cells
• High plasma iron interferes with IFN-
• Important in the formation of reactive oxygen and radicals during respira-

tory burst
• Component of metalloenzymes

Magnesium

• Deficiency increases thymic cellularity, eosinophils, IL-1, IL-6, TNF-
and histamine levels; reduces acute-phase protein and complement
activity

• Influences cytotoxicity of CTL through interactions with ATP and adhe-
sion molecules

• Component of metalloenzymes

Selenium

• Deficiency reduces thymic cellularity, eosinophils, cytokines synthesis,
cell-mediated cytotoxicity, lymphocytes proliferation

• A component of antioxidant enzyme glutathione peroxidase

Zinc

• Important for thymocyte development, T-cell function, and thymic integ-
rity; component of many proteins including transcription factors, SOD,
MHC I

• Deficiency causes reduction in T-cell development, thymic hormone
release, T-cell function

Source: Ref. 3
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Table 4
The Role of Antioxidants in Immunity

• Defenses include antioxidant vitamins and trace elements compounds of
antioxidant enzymes

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

• Kwashiorkor is characterized by oxidative stress
• CD8+ T-cells may be more susceptible to oxidant damage than CD4+ cells
• As cell-mediated immune responses produce reactive oxygen and radical

species, the Th1 cell may be an important focus for feedback inhibition
by products of inflammation

Source: Ref. 3

proper use of micronutrient supplements. In most cases, such supplementation
stimulates the immune response resulting in fewer infections, particularly in
the elderly, low-birth-weight infants, and critically ill patients in hospitals.

Aging (4)

Assessing the nutritional status of the elderly is an important component of
their medical examination. The early recognition of malnutrition in a patient is
important because its prevention may influence the incidence of infectious dis-
eases and restore immunocompetence, in addition to preventing deficiency dis-
eases and increasing longevity.

Energy intake and energy needs are generally thought to decrease propor-
tionally with age. This perception, however, ignores the wide variations in both
energy intakes and needs among the healthy, sick, or institutionalized elderly.
Nutritional requirements also depend on many social and physiological fac-
tors. For these reasons health care providers must recognize that dietary
requirements for the elderly are qualitatively grossly comparable to those for
middle-aged adults. However, the elderly are particularly at-risk of marginal
deficiencies of vitamins and trace elements; thus, questions need to be asked to
ascertain whether this risk exits and, if so, advice given about the appropriate
use of pharmaceutical supplements and increasing the intakes of fruits and veg-
etables. Particular attention must be dedicated to investigating the risk of pro-
tein-energy malnutrition in the elderly. Such condition, in fact, is more common
in the ageing population (because of chronic diseases and/or social factors) and
may be held resposible for the high frequency of recurrent or severe infections
in these patients, mostly regarding the upper and lower airways. In the respira-
tory system, besides causing immunity impairment, malnutrition can modify
muscle structure and decrease respiratory function and ventilatory drive. The
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resulting disease, in turn, can easily complicate the mosaic of nutrients deficits
resulting from diverse dietary inadequacies. In a similar fashion, iron defi-
ciency must be ruled out as this common condition can cause impaired immune
function and increased morbidity, together with an anemia (4).

The elderly, therefore, need to be encouraged to optimize the total amount
of food and energy they consume; lose weight in the case of obesity; decrease
blood lipid levels; and increase calcium and iron intakes, while ensuring a good
nutritional status is maintained.

Low-Birth-Weight Infants (5)

Low-birth-weight infants have a prolonged impairment of cell-mediated
immunity that can be partly restored by providing extra dietary zinc through
the use of fortified formula, although other deficiencies need to be ruled out.

Critically Ill Patients (6)

The nutritional and immunological state of the critically ill patient depends
on a number of factors including the patient’s age and the presence of chronic
conditions. As up to 50% of patients admitted to intensive-care units can be
malnourished, it is essential to assess regularly the nutritional and biochemical
status of the individual because multiple nutrient supplementation is usually
recommended and given with total parenteral or enteral nutrition. Obtaining
enteral access and providing sufficient micro- or macronutrients early on in the
hospital-stay can improve a patient’s outcome through the progression of the
disease process. Failure to use enteral feeding can promote a proinflammatory
state, which exacerbates disease severity and worsens morbidity. Enteral
feeding, when indicated, also provides a conduit for the delivery of immune
stimulants and can be considered as an effective prophylactic tool against
stress-induced gastrointestinal problems.

Obesity (7)

A long-standing positive imbalance between energy intake and requirements
leads to obesity, and immune responses mediated by both humoral and cell-
mediated mechanisms can be impaired. However, limited and often controver-
sial data exist comparing immunological fitness in obese and nonobese subjects
as well as the associated mechanisms of potential dysfunction implicated in the
former condition. Clinical and epidemiological data support the view that the
incidence and severity of specific types of infections are higher, but antibody
responses to antigens are poorer, in obese people compared with lean individu-
als. The hormone leptin is now recognized as the best candidate as a key factor
in the link between nutritional status and T-cell function.
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Alcoholism (8)

The association between alcohol exposure and the risk of developing an
alcohol-related immunodeficiency is multifactorial. Moreover, variables such
as age, gender, smoking habits, dietary intake, and exercise are also involved.
The evaluation of the host cellular and humoral immune responses has shown
that alcohol may induce some benefits when consumption is moderate (alcohol
intake below 10–12 g/d and 20–24 g/d for women and men, respectively).
Alcoholic beverages such as red wine contain antioxidants that may protect
against immune cell damage.

Among alcoholics particular attention must be paid to specific vitamin defi-
ciencies that can be caused by generic or specific malnutrition. The most com-
mon cause of thiamine (vitamin B1) deficiency in developed countries is
alcoholism. Thiamine diphosphate—the active form of thiamine—is a cofac-
tor for several enzymes involved primarily in carbohydrate catabolism. Alco-
hol affects thiamine uptake and other aspects of thiamine utilization, and these
effects may contribute to the prevalence of thiamine deficiency in alcoholics.

Eating Disorders (9)

Despite the serious undernourishment observed in patients with anorexia
and bulimia nervosa, aspects of the immune system that are otherwise impaired
in more typical types of undernutrition, such as protein-energy malnutrition,
are still being debated. In general, adaptative mechanisms appear to become
activated, for example, cytokines, the acute phase response to infection, and
the hormones cortisol and leptin thereby limiting the impairment of the immune
function during prolonged periods. However, cell-mediated immunity is
usually altered as reflected by changes in lymphocyte subset counts and the
response to skin tests, a measure of the delayed hypersensitivity response. The
duration of the eating disorder and the time before appropriate treatment is
started are thought to be the most likely factors that contribute to the alteration
of the helper/cytotoxic T-cell ratio. Despite these findings, it is worth noting
that anorexic patients seem to present a low incidence of common viral infec-
tions until the most advanced stages of undernutrition.

Gastrointestinal Diseases (10)

A number of gastrointestinal conditions can result in impaired nutrient
absorption either primarily (through inflammatory processes) or secondarily
(after surgical resection, short-bowel syndrome). Crohn disease most com-
monly involves the ileum, resulting in the malabsorption of a variety of ele-
ments that may result from extensive inflammation, resected small bowel, or
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both. In patients with Crohn disease levels of biotin, folate, iron, -carotene,
and vitamins A, C, D, B1, B6, and B12 need to be carefully monitored. Untreated
celiac disease can be associated with severe iron deficiency, vitamin D defi-
ciency, and hypocalcemia; thus concentrations of these nutrients need to be
montoried. Where disaccharidase deficiencies exist (sucrase-isomaltase, lac-
tase, primarily involving children), it is important to prevent or treat insuffi-
cient absorption of carbohydrates, folate, calcium, iron, and electrolytes.

Clinical Evaluation of the Patient With Suspected Immunodeficiency
Impaired immunity, or immunodeficiency, whether congenital or acquired

(including conditions resulting from malnutrition or infections such as HIV),
must always be suspected and promptly recognized in order to initiate treat-
ment and prevent the associated major complications from not only infections,
but also autoimmune diseases and malignancies.

The conditions under which immune evaluations are carried out vary widely.
In developing countries physicians may have a very narrow spectrum of fea-
sible technical options. In this situation decisions will have to be based on
simple and reliable tests or samples refered to larger clinical centers for further
analysis. The physician will also have to pay careful attention to the local preva-
lence of infectious diseases, sanitation and public health conditions, use and/or
misuse of herbal medicines and over-the-counter drugs, social sensitivities,
historical details, and physical findings. A tentative screening evaluation pro-
tocol for suspected immunodeficiencies is shown in Table 5.

History and Physical Examination

A careful history and physical examination will usually indicate whether the
major problem involves the antibody-complement-phagocyte system or cell-
mediated immunity. A history can provide very useful facts; for example,
referred presence of dermatitis owing to contact with poison ivy indicates intact
cellular immunity, whereas persistent candidiasis usually provides suggestive
evidence of a deficiency of this type of immunity. During the physical exami-
nation particular attention must be given to a proper evaluation of the lymph
nodes because the absence of palpable nodes associated with lymphopenia may
be an important findings, whereas diffuse lymphoid hyperplasia can be found
in patients with profound immunodeficiency.

Recurrent Infections

The study of recurring infectious diseases is a powerful investigative tool. A
major cause of recurrent infections is excessive exposure of individuals (mostly
infants or children) to infectious agents in settings with low hygiene standards.



10 Selmi et al.

Table 5
Screening Evaluation for Immunodeficiencies

History

• Medications and treatments
• Relatedness of parents, umbilical stump separation, age of onset, dental

history
• Previous/recurrent infectious diseases: frequency, severity, distribution,

causative agents
• Vaccination history, type of vaccines

Physical examination

• Weight and height
• Hair: sheen, pigmentation
• Abdomen: organomegaly
• Skin: dystrophic scars, telangiectasias, eczema
• Oropharynx: thrush, ulcers, gingivitis, secondary tooth eruption
• Skeleton: kyphoscoliosis, fractures

Routine laboratory tests

• Complete blood count
• Differential: lymphopenia, neutropenia, eosinophilia
• Peripheral smear: giant granules, specific granules
• Platelet count: thrombocytopenia
• Erythrocyte sedimentation rate
• Chemistry
• Serum calcium and uric acid
• Liver function tests
• Immunoglobulins
• IgA, IgM, IgG, IgE
• Iso-hemagglutinins
• Antibody titers (tetanus, pneumococcus, and so on)
• Complement
• Total hemolytic complement (CH50 )

Radiographs

• Plain chest films: kyphoscoliosis, pneumatoceles, scarring

Source: Ref. 11

In most cases, however, an underlying immunodeficiency status must be ruled
out (see Table 6).

Patients with defects in humoral immunity have recurrent or chronic sino-
pulmonary infection, meningitis, and bacteremia, most commonly caused by
pyogenic bacteria such as Hemophilus influenza, Streptococcus pneumonia,
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and staphylococci. These and other pyogenic organisms also cause frequent
infections in individuals who have either neutropenia or a deficiency of some
components of complement (especially C3). The collaboration of antibody,
complement, and phagocytes in host defense against pyogenic organisms
makes it important to assess all three systems in individuals with unusual sus-
ceptibility to bacterial infections.

Antibody-deficient patients, in whom cell-mediated immunity is intact, may
present a unique response to viral diseases. The clinical course of a primary
infection in these cases, unless complicated by other infections, does not differ
significantly from that of noncompromised individuals. However, as long-last-
ing immunity often fails to develop, recurrence of diseases such as chickenpox
or measles may occur in such patients. As a rule, the occurrence of an unusu-
ally serious infection, for example, H. influenza meningitis in an older child or
adult, as well as recurrent bacterial pulmonary or intestinal infection by Giar-
dia lamblia, are conditions that warrant consideration of humoral immune
deficiency.

Abnormalities of cell-mediated immunity may lead to disseminated virus
infections, particularly by latent viruses such as herpes simplex, varicella
zoster, and cytomegalovirus. In addition, patients may develop mucocutane-
ous candidiasis and frequently acquire systemic fungal infections. Pneumonia
caused by Pneumocystis carinii and severe enteritis caused by Cryptosporidium
infection are also common. In all these cases, however, infection by HIV needs
to be ruled out. T-cell deficiency is commonly accompanied by some degree of
abnormality in antibody responses, although this may not be reflected by
hypogammaglobulinemia. This explains partly why patients with primary
T-cell defects are also subject to overwhelming bacterial infection.

Finally, individuals with defects of both humoral and cell-mediated immu-
nity are susceptible to the whole range of infectious agents including otherwise
common nonpathogenic organisms.

Laboratory Evaluation

Most immunodeficiencies can be diagnosed using tests available in many
clinical laboratories. More precise evaluation of immunologic function and
treatment may require referral to specialized centers. Table 7 presents possible
approaches to laboratory investigations on immune status. The assays sug-
gested as an initial screening tool, together with a careful acquisition of history
and a physical exam, will identify the vast majority of patients with immuno-
deficiencies. In most cases, for example, deficiency of humoral immunity is
accompanied by diminished serum concentration of one or more classes of
immunoglobulins; in these settings, whenever feasible, determining the fre-
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Table 6
Evaluation of Suspect Immunodeficiency

Suspected abnormality Clinical finding Initial tests More advanced tests

Antibody Sinopulmonary and systemic Immunoglobulin levels B-cell enumeration
infections (pyogenic bacteria) (IgG, IgM, IgA)

Enteric infections (enterovirus, Antibody titers to protein Immunofixation
other viruses, Giardia sp.) antigens (diphtheria,

tetanus)
Autoimmune disease Antibody titers to poly- IgG subclass levels

saccharide antigens
(2-yr-old child) before
and after immunization
(pneumococcal poly-
saccharide vaccine)

Cell-mediated immunity Pneumonia (pyogenic bacteria, Total lymphocyte counts T-cell enumeration and
fungi, Pneumocystis carinii, subsets (CD3, CD4,
viruses) CD8)

Gastroenteritis (viruses, Giardia HIV ELISA/Western blot In vitro T-cell proliferation
 sp. Cryptosporidium sp.) to mitogens, antigens,

or allogeneic cells
Dermatitis/mucositis (fungi) Delayed-type hypersen- Chest radiography for

sitivity  skin test thymic hyplasia
(Candida sp., tetanus
toxoid, mumps,
Trichophyton sp.)
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Antibody and cell-mediated See above See above See above
immunity

Phagocytosis Cutaneous infections, abscesses, WBC/neutrophil count and Nitroblue tetrazolium
lymphadenitis (staphylococci, morphology (NBT) tes
enteric bacteria, fungi, myco- Chemotactic assay
bacteria), poor wound healing Phagocytic and

bacterial assay

Spleen Bacteremia/hematogenous Peripheral blood smears Technetium-99 spleen
infection (pneumococcus, for Howell-Jolly bodies scan
other streptococci, Hemoglobin electro-
Neisseria sp.) phoresis (HbSS)

Complement Bacterial sepsis, autoimmune CH50 (total hemolytic Alternative pathway
disease (lupus, glomerulo-  complement)  assays
nephritis), angioedema, Individual component
pyogenic infection, assays
encapsulated bacterial
infections (i.e., Neisseria sp.)

Source: Refs. 1 and 12
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Table 7
Laboratory Tests for Screening Evaluation of Immunodeficiencies

Initial Screening Assays
• Complete blood count with differential smear
• Serum immunoglobulin levels: IgM, IgG, IgA, IgD, IgE

Other Readily Available Assays

• Quantification of blood mononuclear cell populations by immunofluo-
rescence assays employing monoclonal antibody markers
• T-cells: CD3, CD4, CD8, TCR, TCR
• B-cells: CD19, CD20, CD21, Ig
• NK cells: CD16/CD56
• Monocytes: CD15
• Activation markers: HLA-DR, CD25, CD80 (B-cells), CD154 (T-cells)

• T-cell functional evaluation
• Delayed hypersensitivity skin tests (PPD, Candida, histoplasmin,

tetanus toxoid)
• Proliferative response to mitogens (anti-CD3 antibody, phytohemag-

glutinin, concanavalin A) and allogeneic cells (mixed lymphocyte
response)

• Cytokine production
• B-cell functional evaluation

• Natural or commonly acquired antibodies: isohemagglutinins; anti-
bodies to common viruses (influenza, rubella, rubeola) and bac-
terial toxins (diphtheria, tetanus)

• Response to immunization with protein (tetanus toxoid) and carbo-
hydrate (pneumococcal vaccine, H. influenzae B vaccine) antigens

• Quantitative IgG subclass determinations
• Complement

• CH50 assays (classic and alternative pathways)
• C3, C4, and other components

• Phagocyte function
• Reduction of nitroblue tetrazolium
• Chemotaxis assays
• Bactericidal activity

Source: Ref. 14

quency and absolute numbers of peripheral B-cells using specific monoclonal
antibodies can provide useful information.

Because antibody deficiency may be mimicked clinically by deficiency of
complement components, measurement of total hemolytic complement (CH50)
should be a part of the evaluation of host defense; measurement of C3 alone,
instead, is not suggested for screening purposes, because of its low sensitivity.
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T-cells can be enumerated by their expression of surface markers as the
TCR/CD3 complex, the CD4 molecule in helper T-cells, and the CD8 mol-
ecule in cytotoxic T-cells.

Normal levels of serum immunoglobulins and antibody responsiveness are
considered to indicate intact helper T-cell function. T-lymphocyte function can
also be assessed directly by delayed hypersensitivity skin tests using a variety
of antigens to which the majority of older children and adults have been either
immunized and/or naturally sensitized. These include intradermally injected
antigens such as tetanus toxoid, purified protein derivative (PPD), mumps an-
tigen, and extracts of Candida.

In vitro methods to estimate T-lymphocyte function include studying the
capacity of cells to proliferate in response to (1) antigens to which the patient
has been sensitized, (2) lymphocytes from an unrelated donor (allogeneic
rsponse), (3) a number of polyclonal mitogens, or (4) other stimuli (by
measurement of incorporation of radioactive thymidine into newly synthesized
DNA). Last, the production of cytokines (or interleukins) by activated T-cells,
the ability of T-cells activated in culture to lyse target cells, and defects in
T-cell surface receptors and specific elements of their signal transduction path-
ways can all be analyzed.

In most developing country situations, the above tests will not be feasible.
In these cases, the materials and personnel needed to obtain and interpret the
acquired information might be the limiting factors. A flexible system capable
of adapting to different situations to achieve the goal of proper immunological
investigation has been proposed and organized in tiers.

The Tier System
The feasibility and appropriateness of the methods available for evaluating

immunity will by necessity depend on the actual environment, the capabilities
of the health care personnel, the particular conditions of the population, and
the available resources. Table 8 describes a tiered system for health care that
can be applied to most working environments (1). By establishing a communi-
cation network that connects tier centers, biological samples can be sent to a
higher tier facility where tests can be carried out in a more controlled environ-
ment or additional immunologic parameters can be determined using tech-
niques otherwise not feasible in the original location. For the tier system to be
effective a number of factors must be clearly delineated, including the practi-
cality of preserving and transporting samples, which depends on the distance
between tier sites; the condition of roads, boats, or airfields; the efficiency of
the temperature-controlled storage (the cold chain and cryopreservation); and
ways to communicate and share information. Although isolated sites may have
airfields and airplanes nearby, their use will be expensive and therefore lim-
ited. Nevertheless, a number of methods for evaluating immunity—including
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Table 8
Suggested Tier System for Immunity Assessment

Tier Characteristics Methods

One Absence of permanent public • Hematology
health facility • Dermatologic hypersensitivity tests

Two Rural medical clinic • Immunodiffusion, ELISA,
and electrophoresis

• Short-term cell culture for chemo-
taxis, phagocytosis, antibody
production Immunofluorescence
staining with fluorescent micros-
copy for cell phenotyping

Three Medical center • Flow cytometry for cytokine analy-
sis, cell phenotyping, cell cycle
analysis

• In situ hybridization and RT-PCR
for cytokine analysis

• Longer-term cell culturing for cyto-
toxicity, proliferation, antigen
presentation

Source: Ref. 1

laboratory tests—are feasible even under conditions that preclude sophisticated
analyses, thereby considerably limiting the number of referrals to higher tier
facilities.

Tier 1

The first tier is a setting in which no permanent or a very basic health facil-
ity exists. Health care personnel may need to do outreach and travel into rural
or undeveloped areas and be required to perform evaluations in temporary
environments. In these situations the availability of water or electricity cannot
be taken for granted.

Careful history assessments, physical examinations, skin tests, and blood
smears are usually feasible. Skin tests investigate contact hypersensitivity to
various immunologic stimuli and tuberculin-type assays. Subsequent skin test-
ing can be used as an overall measure of the immunologic response. Immuno-
deficiencies may be indicated by an altered (both in magnitude or latency) or
nonresponse to antigens. It must be emphasized, however, that antibody IgE-
mediated “immediate hypersensitivity” will be evident in minutes while cell-
mediated “delayed hypersensitivity” must be followed over several days. Blood
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smears can also be performed in most tier one scenarios, allowing staining and
microscopic analysis of blood cells for hematologic counts.

Tier 2

The tier-2 scenario can be represented by a clinic located in a rural setting.
Running water (possibly with portable filtering devices and the ability to boil)
and electricity (usually fairly dependable but subject to occasional outages with
a potential to utilize diesel/battery powered electric power and solar powered
refrigeration units as back ups) are present, but the availability and mainte-
nance of sterile conditions can be problematic. A tier two facility is unlikely to
have an air-conditioned workroom and it will almost never have an ultracold
freezer for storage or a cold room. Equipment such as fluorescent microscopes
and enzyme-linked immunosorbent assay (ELISA) readers may be present, but
performing assays using radioactivity will not be possible.

In addition to the tests described for tier one, immunodiffusion assays and
ELISA probably constitute the least complicated and least expensive ways to
determine the presence of antigen and/or antibody and the classes of antibodies
from peripheral blood. Assuming the necessary reagents and scientific equipment
are available, both methods can be used in a rural setting. While complement
proteins can be measured by ELISA, the determination of their activity may
be problematic because the shelf-life of most reagents is limited. The study of
phagocytic and chemotactic activity, the quantitation of antigen-specific B-lym-
phocytes, and the staining of cells (using fluorescent antibodies and counting
by fluorescent microscope) are also feasible assays in tier two settings.

Tier 3

The third tier represents a medical center in a large urban center, for example,
the national, state, or provincial/district capital. This facility has the personnel,
materials, storage facilities, and laboratory equipment needed for highly
specialized immunological tests. In such centers, the proliferative capacity of
lymphocytes (by either the mixed leukocyte reaction or mitogen stimulation),
the cytotoxic capacity of peripheral blood T-lymphocytes and NK cells (dem-
onstrated on live target cells) may be measured. Assays using radioactive labels
can also be performed.

Conclusions
In this chapter, we described how malnutrition can lead to impaired immu-

nity among specific groups of people and how health care providers can evalu-
ate these changes in different clinical settings. We explained a three-tier system
that can be used to study nutrition-immunology in resource limited areas. This
system is flexible to adapt to most situations and still achieve the goals of a
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proper immunological evaluation. A system that facilitates the collection of
blood samples in rural areas, before and after dietary supplementation, repre-
sents an ideal method to study a population’s response to common infections,
thereby enabling the monitoring and evaluation of preventive strategies. The
rapid growth of techniques for assessing immunological status and function,
best represented by the increasing variety of available recombinant antigen,
raises hope for the improvement of one or two tier scenarios.
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KEY POINTS

• Undernutrition contributes globally to more than 50% of deaths among
children below the age of 5 yr.

• Nutritional assessment is the cornerstone of comprehensive child health
care and should be implemented at all levels of care.

• Clinical, dietary, and anthropometric measurements are the main compo-
nents of nutritional assessment.

• Different methods are available for assessing dietary intake, and each has
its strengths and limitations. All, however, require the use of well-trained
and experienced personnel.

• Growth monitoring and the use of clinical signs based on the World Health
Organization’s (WHO) Integrated Management of Childhood Illness strat-
egy can identify children in need of nutrition intervention, especially at
the primary care level.

• Underweight, wasting, and stunting based on the WHO Z-score cutoff
values are recommended for screening individuals and populations. They
are also useful for monitoring the effectiveness of nutrition interventions.

• Although limited quantitatively, body mass index and skinfold thickness
measurements can be used to screen for obesity at both the individual and
population level.
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• Deuterium dilution, dual energy X-ray absorptiometry, and bioelectrical
impedance more accurately determine body composition than equations
based on skinfold thickness, but their use is limited in resource-poor
settings.

• Biochemical tests are used to assess the micronutrient status of individu-
als and/or populations. However, some indicators, such as ferritin, zinc,
and retinol, are acute phase reactants; thus they may not reflect status in
the presence of subclinical or clinical infections.

Introduction
Malnutrition in early childhood interacts synergistically with infectious dis-

ease resulting in increased morbidity, mortality, and impaired cognitive devel-
opment (1). Every year, 10.8 million under-5-yr-old children die in developing
countries. Ninety percent of these deaths, which are mainly caused by neonatal
disorders, diarrhea, pneumonia, malaria, and HIV/AIDS, occur in 42 coun-
tries. Undernutrition contributes to over 50% of childhood deaths, and the risk
of mortality is directly associated with the degree of underweight (2). Changes
in weight-for-age are significantly associated with changes in child mortality
independent of socioeconomic and other health-related changes. Child and
under-5 mortality rates could be reduced by 30% and 13%, respectively, with a
5% improvement in weight-for-age by 2005 (2). In both developing and devel-
oped countries the prevalence of obesity is increasing. This is significant
because obesity leads to an increase in nutrition-related noncommunicable dis-
ease and ultimately contributes to high adult mortality rates (3).

Assessing malnutrition—both under and overnutrition—is important at both
the individual and population level for developing strategies to improve health.
This chapter provides an overview of nutritional assessment and its practical
application in children and adolescents.

Assessing Nutritional Status
Nutritional status can be determined clinically, from dietary data, and/or

from anthropometric measurements. Indicators of body composition and nutri-
tional biochemistry are also important, but their measurement is not always
feasible. Age-related changes in dietary requirements, growth patterns, body
composition, and disease epidemiology complicate the nutritional assessment
of children.

Medical History (4,5)

A detailed medical history is obtained from the mother/caregiver for all chil-
dren presenting at a health facility. This includes information about any
underlying illness such as diarrhea, nausea and vomiting, intestinal parasites,
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malaria, cough, symptoms of HIV/AIDS, tuberculosis, or measles, as well as
any previous illnesses or exposure to chronic illness such as tuberculosis. The
child’s immunization status is checked and special attention given to any
reported changes in the child’s weight and the direction of his or her growth
curve on the Road to Health Card. It is important to ask about family circum-
stances including type of housing, access to water and sanitation, and the avail-
ability of cooking fuel as well as maternal age and education, family size,
income, and emotional and social support.

Dietary Intake (4,5)

For children under 2 yr old, whether the child is exclusively breastfed or
formula fed and whether the child is receiving complementary food is recorded.
Where formula or complementary food are used, the type, amount, frequency
of feeding, brand, and method of preparation is also noted. For children 2 yr
and older, the type, quantity, and frequency of foods and liquids consumed
daily are recorded. For all children, appetite, food aversions, and dietary
restrictions, as well as the use of any drugs including vitamin and mineral
supplements, are noted.

Dietary intake is recorded using a 24-h dietary recall, a food frequency ques-
tionnaire, a food record diary, or a dietary history. The strengths and limita-
tions of these methods are shown in Table 1. Data collection requires input
from a dietitian or nutritionist trained in the different methods. Irrespective of
the method used, the mother/caregiver will provide data for infants and young
children, but older children and adolescents must also report what they ate as
food is often eaten outside the home.

In a 24-h recall the respondent recalls and provides a detailed description of
all food and drink consumed, including cooking methods and brand names
(where possible), on the previous day. Food quantities are measured using
household measures or food models. Because of day-to-day variation in food
intake, a single 24-h recall is not appropriate for assessing the usual food or
nutrient intake of individuals. At the population level, it is also not appropriate
for young children because there is too much intra- and interindividual
variation.

The food frequency questionnaire asks about the frequency (daily, weekly,
monthly, or yearly) of consumption of major foods. Quantitative data are not
usually provided.

In the food record diary method the respondent records at the time of con-
sumption all the foods and beverages eaten—using household measures or by
weighing—over a specified period. The foods eaten are described in detail, as
is their method of preparation and cooking.
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Table 1
Strengths and Limitations of Dietary Assessment Methods

Method Strengths Limitations

24-hour recall • Relatively easy to administer • A single recall may not be representative
• Inexpensive of usual intake
• Provides detailed information on • Under or over reporting possible

foods consumed • Relies on memory and motivation of
• Low respondent burden respondent
• Can be used in clinical • Omissions can result in low energy intake

and epidemiological studies estimates
• Can be used to quantify nutrient intake • Data entry and analysis is time
• More objective than dietary history consuming

Food frequency • Can be self-administered if subjects are • May not represent seasonal  foods
questionnaire iterate • Portion sizes not determined

• Moderate response burden • With single listings dietary intake data
• Inexpensive may be compromised
• Can be used in epidemiological studies • Cannot use to determine nutrient intake
• Can be used to assess associations

between diet and disease

22
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Food record • Not memory-dependent • Requires good cooperation

• Provides information about eating habits • High response burden
• More representative of actual intake • Subject must be literate
• Reasonably valid up to 5 d • Time consuming

• Diet may alter with need to record
• Analysis is expensive and labour

intensive

Diet History • Can detect seasonal changes • Time consuming
• Skilled interviewers needed
• Difficult and expensive to code
• Can overestimate intake
• Need good cooperation
• Not good for large surveys
• Provides qualitative rather than quantita-

tive data

Source: Adapted from refs. 4, 5

23
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The dietary history assesses the individual’s dietary intake over a month or
year. In addition to a 24-h recall on actual intake, respondents are asked about
their general eating pattern, both at meal times and between meals. This
includes information on the foods, their frequency of consumption, and usual
portion sizes in household measures.

Food consumption data are converted into nutrient intake using food
composition tables and reported as percentage of the recommended daily
allowances.

Clinical Assessment

The clinical assessment of any child presenting at a health facility is based
on the Integrated Management of Childhood Illness strategy. First, the child is
checked for general danger signs such as an inability to drink or breastfeed,
persistent vomiting, convulsions, lethargy, or loss of consciousness. The pres-
ence of any danger sign requires urgent assessment, specific management, and
referral to the nearest hospital. After asking about the main problem(s) such as
cough or difficulty breathing, diarrhea, fever, or an ear problem, the nutritional
status of the child is determined (6).

Physical Examination

Severe wasting over the shoulders, arms, ribs, buttocks, and thighs indicates
marasmus, whereas edema over the dorsum of both feet is an early indicator of
kwashiorkor (see Chapter 4). Other signs of kwashiorkor include hepatome-
galy; changes in the hair, skin, and mucous membranes; apathy; and anemia
(see Table 2) (7–9). Children with undernutrition or severe undernutrition
(marasmus and kwashiorkor) are at high risk of mortality (10). All children
must be examined for clinical signs and symptoms of vitamin A deficiency
(see Table 2), fever or hypothermia, and underlying infection such as pneumo-
nia, tuberculosis, and HIV/AIDS (11).

An examination of the conjunctivae and palms for pallor or a finger-prick
hemoglobin (Hb) test will identify anemia. Severe palmar pallor or a Hb below
70 g/L indicates severe anemia, while palmar pallor and a Hb below 110 g/L in
children 6 mo to 5 yr, below 115 g/L in children 5–11 yr, below 120 g/L in
children 12–13 yr and adolescent girls, and below130 g/L in boys 13+ yr indi-
cates anemia (12).

Children’s thyroids are checked for visible signs of goiter that may indicate
iodine deficiency.
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Table 2
Clinical Features of Undernutrition and Micronutrient Deficiency

Parameter Clinical features

Skin • Pallor especially palms (anemia from iron or folate
deficiency)

• Ecchymoses (vitamin K deficiency)
• Hypo or hyperpigmentation, desquamation,

ulceration (zinc or protein deficiency)
• Hyperpigmentation exposed areas (niacin deficiency)
• Perifollicular hyperkeratosis (vitamin A deficiency)

Eye • Night blindness, xerotic conjunctivae, xerotic
cornea, Bitot’s spots, keratomalacia, corneal scars
(vitamin A deficiency)

• Conjunctival pallor (anemia from iron or folate
deficiency)

Hair • Depigmentation, easy pluckability, sparsity (kwash-
iorkor)

Nails • Koilonychia (iron deficiency)
Mouth • Cheilosis, glossitis, loss of papillae, magenta tongue

(riboflavin deficiency)
• Glossitis, scarlet tongue (niacin deficiency)
• Bleeding gums (vitamin C deficiency)

Subcutaneous tissue • Reduced subcutaneous tissue and fat (energy
deficiency)

• Odema (sodium and potassium disturbances, hypoal-
buminemia)

Muscle bulk • Muscle wasting, weakness (undernutrition)
Bones • Craniotabes, prominent costochondral junctions,

widening of metaphyses (wrists and ankle), frontal
bossing, wide anterior fontanelle, rickety rosary,
delayed dentition, bow legs (vitamin D deficiency)

• Bony tenderness, pseudoparalysis (vitamin C
deficiency)

• Inadequate bone mass or osteoperosis (calcium)
Abdomen • Hepatomegaly (kwashiorkor)
Central nervous • Apathy (kwashiorkor, iron deficiency) system

• Peripheral neuropathy (thiamin or pyridoxine
deficiency)

Cardiac • Cardiac failure or enlargement (thiamin deficiency)
Thyroid • Goiter (iodine deficiency)

Source: Adapted from refs. 7–9.



26 Hendricks and Hussey

Anthropometry (4,5,13)

All children presenting at a health facility need to be weighed and their
weight plotted on their weight-for-age chart or Road to Health Card. A child is
categorised as having good growth (growth curve following the percentile
curves), growth faltering or failure (growth curve flat or dropping below the
percentile curves), underweight-for-age (weight 60–80% expected weight
without edema), kwashiorkor (weight 60–80% expected weight with edema)
or marasmus (weight below 60% expected weight without edema).

Anthropometric measures include physical measurements of weight, height,
head circumference, mid upper arm circumference, and skin fold thickness that
are compared to reference values. The first three assess growth while the latter
two can be used to estimate body composition. The strengths and limitations of
using these measurements are shown in Table 3. A single measurement gener-
ally indicates cumulative growth, while repeated measurements show whether
growth is proceeding normally.

HEAD CIRCUMFERENCE

Head and brain growth is maximal during the first two years of life, after
which growth is very slow. Head circumference is measured with the infant or
child seated on the caregiver’s lap. A nonstretchable measuring tape is posi-
tioned just above the eyebrows and over the occiput. Measurement is read to
the nearest 0.1 cm.

LENGTH OR HEIGHT (STATURE)

Two people are always needed to take length or height measurements. Chil-
dren below 2 yr of age, or less than 85 cm, are measured in the supine position
using a measuring board with a fixed headboard and a moveable footboard that
is perpendicular to the headboard. One person positions the child’s head against
the headboard and aligns the body centrally keeping shoulders and buttocks

Table 3
Advantages and Limitations of Using Anthropometric Measurements

Advantages Limitations

• Unskilled personnel can be easily • Affected by non-nutritional factors
trained • Does not indicate specific nutrient

• Reproducible deficiencies
• Reflects recent or longstanding

nutritional changes
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against the backboard. The head is positioned in the Frankfurt horizontal plane,
which is a line joining the lowest point of the margin of the orbit and the tragion
(the notch above the tragus) with the face positioned upwards. The other per-
son straightens the legs and brings the footboard up to the heels. Children over
2 yr old, or more than 85 cm tall, are measured standing up using a portable
anthropometer, a non-stretchable tape attached to a wall, or a stadiometer. The
child stands with the heels together, knees straight, and heels, buttocks, and
shoulders touching the vertical surface of the anthropometer, wall, or stadio-
meter with the head positioned in the Frankfurt plane and arms hanging loosely
by the sides. Both length and height are recorded to the nearest 0.1 cm. Length
measurements are 0.5–1.5 cm greater than height measurement. If length is
measured in children over 2 yr old, or greater than 85 cm tall, it is recom-
mended that that 1 cm be subtracted from the length measurement before com-
paring it with the reference.

WEIGHT

Ideally, a spring, beam balance, or electronic scale is used to measure weight.
Bathroom scales are not accurate and should be avoided. Scales must be cali-
brated regularly with a known set of weights and always zeroed before weigh-
ing the child. Children are weighed naked or with minimal clothing, and care
must be taken to ensure the child is not touching any person or surrounding
objects while being weighed. Weight is recorded to the nearest 0.1 kg, and
plotted on the growth chart.

MID-UPPER-ARM CIRCUMFERENCE (MUAC)

MUAC measurements reflect the amount of subcutaneous fat and muscle,
and changes correlate positively with changes in weight. A decrease in MUAC
indicates a reduction in one or both of these tissues. MUAC measurements
are made using a flexible, nonstretchable tape. Measurement is done with the
subject standing erect and the arms hanging by the sides. The midpoint of the
upper arm is first located by flexing the right elbow to a 90° angle with the palm
facing upward. Using a measuring tape, the observer identifies and marks the
midpoint between the lateral tip of the acromion and the distal tip of the olecra-
non processes. With the arm extended and hanging by the side just away from
the trunk with the palm towards the thigh, the tape measure is placed around
the arm at the marked midpoint. The tape is pulled snug around the arm and the
circumference is recorded to the nearest 0.1 cm.

SKINFOLD THICKNESS

Skinfold thickness measurements can provide an estimate of the amount of
subcutaneous fat and total body fat. The commonly used skinfolds include tri-
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ceps, biceps, subscapular, suprailiac, and midaxillary. Measurements from at
least two sites are needed and it is recommended that a limb (for example,
triceps) and body (for example, subscapular) skinfold measurement are used as
these correlate best with measures of body fat. Lange or Holtain calipers are
needed to measure skinfold thickness. To measure triceps skinfold thickness,
the subject stands erect with the arms hanging by the side. The midpoint of the
upper arm is first identified as for MUAC. A vertical fold of skin and subcuta-
neous tissue is then picked up between the thumb and index finger 1 cm
proximal to the marked midarm level and the tip of the callipers applied per-
pendicular to the skinfold. The biceps skinfold is measured over the anterior
aspect of the arm over the belly of the muscle opposite to the triceps skinfold
site. The site for measuring the subscapular skinfold is below the inferior angle
of the left scapula along a 45° diagonal to the horizontal plane. With the sub-
ject standing erect and the arms relaxed by the side, a pinch of skin and subcu-
taneous tissue is taken at a point 1 cm above and medial to the site. The
suprailiac skinfold is measured above the suprailiac crest in the midaxillary
line with the subject standing. The skinfold is picked up obliquely just poste-
rior to the midaxillary line and parallel to the cleavage lines of the skin. The
midaxillary skinfold is picked up horizontally in the midaxillary line at the
level of the xiphoid process. Three readings are taken at each site and the mean
used as the measure. Skinfold thickness are recorded to the nearest 0.5 mm
using Lange callipers and 0.2 mm using Holtain callipers.

Use and Interpretation of Anthropometric Indices

The main anthropometric measurements and indices are listed in Table 4.

HEAD CIRCUMFERENCE-FOR-AGE (4)

Chronic undernutrition in early infancy or intrauterine growth retardation
may affect brain development and result in a low head circumference. Head
circumference-for-age can be used as an indicator of chronic undernutrition in
children under 2 yr old. Microcephaly is a head circumference below the third
percentile and may be due to a prenatal or perinatal cerebral insult. Macro-
cephaly is a head circumference above the 97th percentile and may be due to
hydrocephalus.

WEIGHT-FOR-AGE, WEIGHT-FOR-HEIGHT, HEIGHT-FOR-AGE (4,13)

The weight or height of an individual is compared against a known refer-
ence of the same age or height. The most widely used reference is that of the
US National Centre for Health Statistics (CDC/NCHS/WHO). Anthropomet-
ric indices are reported using three different systems namely Z-scores, percen-
tiles, or percentage of the median.
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The Z-score or standard deviation (SD) unit is the difference between the
value for an individual and the median value of the reference population for the
same age divided by the SD of the reference population

Z-score = 
(observed value) – (median of the reference population)

SD of the reference population.

The advantage of this index is that the curves are normally distributed and a
fixed Z-score interval corresponds to a fixed weight or height difference for
children of a given age. Additionally, summary statistics such as means and
standard deviations can be calculated for a population.

Percentiles rank individuals according to a reference distribution and are
useful in clinical settings because their interpretation is straightforward. They
are not, however, useful for assessing the nutritional status of a population
because they are not normally distributed and the same percentile interval may
correspond to different changes in weight and height according to the part of
the distribution concerned.

The percentage of the median is the ratio of an individual’s measured value
to the median value of the reference population for the same age or height for
the specific sex, expressed as a percentage. The percentage of the median can
be used to calculate population summary statistics. The main disadvantage is
that a fixed point of the distribution may not be uniform across different ages.

Because of the limitations of percentiles and the percentage of the median,
the WHO recommends that Z-scores be used; thus, the focus is on these indices.

• Stunting is defined as a height-for-age Z-score below –2 SD and indicates
long-term undernutrition. Severe stunting is a Z-score below –3 SD.

• Underweight is defined as a weight-for-age Z-score below –2 SD and may
reflect either recent or long-term undernutrition as it is dependent on both
attained weight and height. Severe underweight is a Z-score below –3 SD.

• Wasting is defined as weight-for-height Z-score below –2 SD and reflects
recent failure to gain weight or loss of weight. Severe underweight is a
Z-score below –3 SD.

Although the CDC/NCHS/WHO growth reference is widely used and rec-
ommended, four technical issues limit its use (13,15,16). First, the growth ref-
erence was developed from two different data sets. The longitudinal weights
and lengths of formula fed children from the Fels Research Institute Longitudi-
nal Study were used for children under 2 yr old, while data from three
representative surveys that included standing heights were used for children
over 2 yr old. Because length measurements are greater than those for height
for a given child, a discrepancy exists before and after 2 yr of age. Also, the
children in the Fel’s study were taller than those in the three surveys. The use
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Table 4
Anthropometric Measurements and Indicators Used in Nutritional Assessment

Indicators
Measurement and indices Age groups Usefulness Disadvantages Explanation

Weight Underweight: All • Basic measure of • Need accurate • Underweight
Wt/age Z-score nutrition status scales and age reflects acute
<–2 SD • Only when related • Related to height and and chronic

to age or height weight-for-height undernutrition
• Trends over time

better than a single
measure

• Used for growth
monitoring

Height Stunting: All • Related to long-term • Influenced by • Stunting reflects
Ht/age Z-score nutritional status non-nutrition factors, long-term
 <–2 SD • Serial measures more for example, genetic changes

useful than a single and hormonal factors in nutritional
measure status

Weight-for- Wasting: Girls 137 cm • Age independent • Not easy to calculate • Wasting reflects
height Wt/ht Z-score Boys 1 45 cm • Index of body by hand acute under-
(wt/ht) <–2 SD proportion nutrition

• Can be used in
epidemiological
surveys



Field A
ssessm

ent of N
utrition

31
Head circum- Microcephaly: 0–2 years • Simple to measure • Affected by non- • May reflect

ference <3rd percentile nutrition factors intrauterine
Macrocephaly: • Not useful for growth

>97th percentile assessing nutrition restriction
status and/or early

childhood
undernutrition

Mid upper Moderate wasting: All • Simple • No limits for over- • Proxy for weight-
arm circum- Z-score • Can use in rapid nutrition for-height
ference- <–2 SD surveys • No standards
for-age Severe wasting: for adults

Z score <–3 SD • Small errors have big
implications

Body mass Thinness Older • Requires simple • Cannot use in younger • Indirect measure
index (BMI) <5th percentile children measurements children because of body

varies with age composition
Adolescents • Can be used in • Does not differentiate

Overweight Adults epidemiological fat from lean body
�85th percentile surveys mass

Obesity • Not easy to calculate
�85th percentile by hand
BMI and
�90th percentile
skinfold
thickness

Source: Adapted from refs. 7, 14.
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of this reference standard can underestimate height status in children under
24 mo old and overestimate that in children over 24 mo old. Second, in popu-
lation-based studies the 24-mo disjunction can result in variations in the preva-
lence of low weight-for-age when the nutritional status of children with a range
of ages is assessed. Third, the weight-for-age curves are skewed toward the
high end, which can result in misclassifying overweight children as normally
nourished children. Fourth, the growth pattern of infants living under optimal
conditions and fed according to the WHO recommendations differs from that
of the CDC/NCHS/WHO reference population.

The limitations of the CDC/NCHS/WHO growth reference can lead to mis-
interpretation of growth patterns and result in the too early introduction of
complementary food to infants who should be exclusively breastfed. This can
adversely affect the health and nutritional status of these infants especially in
poor communities. An international growth reference based on a representative,
geographically diverse population of healthy children from birth to adolescence,
who have no constraints on their growth is currently being developed (17).

MUAC (4,18)

MUAC increases by about 2 cm between 6 and 59 mo of age. There are also
sex specific differences for children below 24 mo of age. A combined MUAC-
for-age reference using the US National Health and Examination Surveys has
been developed, which can be used in determining the MUAC Z-scores for
age. A MUAC Z-score below –2 SD can be used as a proxy for low weight-for-
height (wasting) while a Z-score below –3 SD reflects severe wasting.

BODY MASS INDEX (BMI) (4,8,13)

BMI is an indirect measure of body composition and is calculated by divid-
ing weight in kg by height in m2. Because it is correlated with both lean mass
and fat mass, BMI does not distinguish between the two. Cutoff values are
available for children in determining overweight and obesity and these are dis-
cussed in more detail below.

Application of Anthropometry

NEWBORN INFANTS (13)

Intrauterine growth restriction (IUGR) is not easy to measure and birth
weight is often used as a proxy. However, birth weight is affected by intrauter-
ine growth and gestation duration. WHO uses weight-for-gestational age at
birth to categorize newborn infants as small-for-gestational age (SGA), appro-
priate-for-gestational age (AGA), or large-for-gestational age (LGA). Using
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an appropriate sex-specific international reference, SGA is defined as a birth
weight below the 10th percentile, AGA a birth weight between the 10th and
90th percentiles, and LGA a birth weight above the 90th percentile.

SGA is not necessarily the same as IUGR because some SGA infants fall in
the lower tail of the normal fetal growth distribution curve. Classification of an
infant as IUGR should be based on a specific cutoff for SGA. Generally, the
greater the prevalence of SGA the more likely this is as result of IUGR. For
population-based studies, low birth weight (LBW) (below 2500 g), which can
be measured with good precision and validity, is used as a proxy for SGA.

The criteria defining newborn nutrition as being of public health signifi-
cance and warranting intervention are a SGA rate greater than 20%, LBW rate
above 15%, and a very low LBW rate above 2%.

Fetal growth restriction can be further classified as symmetric or stunted, in
which all body dimensions are proportionally small, or asymmetric or wasted,
in which the fetus has a low ponderal index or BMI owing to a lack of fat and
sometimes lean tissue. Symmetric growth restriction may reflect undernutri-
tion throughout pregnancy while asymmetric growth restriction results from
inadequate nutrition late in pregnancy when fat deposition is most rapid. Dis-
proportionate IUGR infants tend to be more severely growth retarded and at
greater risk of mortality.

INFANTS AND CHILDREN (13,19)

Anthropometry is used for both individual and population-based nutritional
screening and for program monitoring and evaluation.

The use of anthropometry to screen and monitor the nutritional status of
individual infants and children is shown in Table 5. Primary health care or
community-based growth monitoring and promotion (GMP) programs track
changes in a child’s physical development, by regular weighing and some-
times measurement of length, to identify infants and children in need of health
and nutrition interventions. The essential components in a GMP program in-
clude taking preventive action before undernutrition occurs; effective commu-
nication with the mother/caregiver to change behavior; and taking cognizance
of the health, nutrition, environmental and social factors that influence each
child’s growth. GMP is a component of primary health care and is linked to
health interventions such as breastfeeding promotion and support, timing and
selection of complementary feeding, identification of underlying disease such
as tuberculosis and HIV/AIDS, and treatment of disease such as diarrhea and
respiratory tract infections. Adequate weight gain is the main indicator for
effective GMP but, where possible, attained weight-for-age, height-for-age,
and weight-for-height should be assessed.
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Table 5
The Use of Anthropometry in Screening and Monitoring Responses to Interventions in Individual Infants and Children

Indices for
monitoring

Target group Recommended Indices for response to
and setting measurements screening Cut-offs interventions Criteria

Infants and children Children under • Weight Deviation from • Direction Wt/age curve • Direction of
with poor growth 5 yr attending • Age weight-for-age of curve Attained: curve
who need support primary health • Gender  curve • Z-scores • Wt/age • Positive
through: care centers • If possible, Attained: <–2 SD • Ht/age Z-score
• Breastfeeding for growth height /length • Wt/age • No growth • Wt/ht trend
• Counseling monitoring every 3 mo • Ht/age >2 visits
• Prevention and • Wt/ht • <3rd centile

treatment of on growth
disease, e.g., chart
diarrhea

Selection of infants Children <5 years • Weight • Wt/ht • <–2 SD Wt/age curve • Direction
and children for attending • Height/length • MUAC/age wt/ht or of curve
supplementary growth • MUAC • MUAC/age Attained: • Positive
feeding monitoring • Age • Wt/age Z-score

• Gender • Wt/ht trend

Selection of infants • Attendees • Clinical signs • Wt/ht • Clinical signs Wt/age curve
and children for at nutrition of severe • MUAC/age • <–3 SD Attained: Z-score

therapeutic rehabilita- under- • Clinical signs wt/ht or • Wt/age >–2SD
feeding tion centers nutrition of severe • MUAC/age • Wt/ht wt/ht
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or hospitals • Weight under- • Clinical

• Children in • Height/length nutrition signs
refugee camps • MUAC
or emergency • Age
settings

Infants and children Children • Weight Deviation of • Direction of • Wt/age • Satisfactory
with organic attending: • Height/length curves of: curve • Ht/age growth
disease or failure • Paediatric • Age • Wt/age • Z-scores Change in: pattern
to thrive clinics • Gender • Ht/age <–2 SD • Wt/age

• Hospitals • No growth • Ht/age
Change in: >2 visits • Wt/ht

• Wt/age
• Ht/age
• Wt/ht

Overweight Children • Weight • Wt/ht • Wt/ht >2+ • Wt/ht • Reduction
infants and attending: • Height/length • Skinfold Z-scores • Skinfold wt/ht
children • Special • Skinfold measures Z-score

clinics • Age
• Hospitals • Gender
• Schools

Source: Adapted from ref. 13.
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Weight-for-height and MUAC-for-age are useful indicators for screening
children for enrollment into a supplementary program as these indices predict
benefits from the intervention. The identification of severely undernourished
children for therapeutic feeding is based on indices of severe wasting, (weight-
for-height below –3 Z-scores), clinical signs of severe undernutrition, or low
MUAC-for-age. Weight-for-age, weight-for-height, and clinical signs of severe
undernutrition can also be used to monitor the response to supplementary
feeding.

When a child fails-to-thrive, because of organic reasons, both the screening
for and response to the intervention is based on weight and height indicators as
well as serial measurements of growth. Weight-for-height can also be used to
screen for overweight, using a cutoff value of +2 Z-scores and monitoring the
reduction in weight-for-height or weight-for-age.

In assessing the prevalence of undernutrition in communities, and the
response to interventions, a representative sample must be selected to enable
comparisons to be made between populations. The nature of the intervention
determines which indicators to use, as shown in Table 6. For example, height-
for-age reflects cumulative growth, long-term nutrition, socioeconomic status,
and overall health and development of communities and can be used to mea-
sure the response to an intervention. The WHO has proposed prevalence ranges
for wasting, underweight, and stunting that define the extent to which undernu-
trition is a public health problem (see Table 7).

ADOLESCENTS (13,20)

The nutritional status of an individual or a population of adolescents can be
assessed using height-for-age based on the NCHS/WHO reference, BMI-for-
age, and subscapular or triceps skinfold thickness (see Table 8). For BMI, the
reference data published by Must et al. (20) are recommended because the
percentiles have been smoothed mathematically across age groups. Matura-
tional status with age-specific means and medians adjusted for rates of matura-
tion in relation to the reference population need to be factored in when assessing
growth of adolescents (13).

Body Composition (21–25)

Body composition is defined as the ratio of fat to fat-free mass and is usually
expressed as the percentage of body fat. Measuring body composition in chil-
dren is important for quantifying the prevalence of childhood obesity, deter-
mining fluid and energy requirements (linked to fat-free mass) in sick children
requiring hospitalization, and to assess and treat growth disorders.

Two models have been proposed for measuring body composition. The two-
component model, in which the body is divided into fat mass (adipose tissue)



Field A
ssessm

ent of N
utrition

37

Table 6
The Use of Anthropometry in Screening

and Monitoring Responses to Interventions in Populations of Infants and Children

Indices for
monitoring

Target group Recommended Indices for response to
and setting measurements screening Cut-offs interventions Criteria

Infants and children Nutrition surveys of • Weight • Wt/age • Prevalence • Wt/age Significant
in need of representative • Height/length • Ht/age <–2 Z-scores • Ht/age difference
targeted sample of • Age • Wt/ht • Difference in • Wt/ht in growth
interventions, e.g., children under • Gender mean Z-scores velocity,
breastfeeding 5 yr in need of • One e.g.,
support, supple- intervention measurement between
mentation of interven-
mothers, etc. tion and

 control
 groups

Determining the Rapid assessment • Weight • Wt/ht • Prevalence • Wt/ht Reduction in
severity of a surveys • Height • MUAC/age <–2 Z-scores • Clinical signs prevalence
disaster or • MUAC (children 1–5 yr) • Difference of severe of wasting
emergency and • Clinical signs • Clinical signs in mean under- using
the need for food of severe of severe Z-scores nutrition cutoffs
aid under- undernutrition for wt/ht

nutrition and
MUAC

Areas for targeting Representative • Weight • Wt/ht • Prevalence • Wt/ht Reduction in
interventions in surveys • Height/length >2+ Z-scores prevalence
reducing food and • Height/length of wt/ht
fat consumption • Age Z-score

• Gender >+2 SD
• One

measurement

Source: Adapted from ref. 13.
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Table 7
Severity Index in Children Under 5 yr Based

on Indices for Wasting, Stunting and Underweight, and Mean wt/ht Z-Score

Prevalence (% children below –2 SD Z-scores)

Prevalence Stunting Underweight Wasting

Low/Acceptable <20 <10 <5
Medium/Poor 20–29 10–19 5–9
High/Serious 30–39 20–29 10–14
Very high/Critical �40 �30 �5

Mean wt/ht Z-score
Acceptable — — –0.40
Poor — — –0.40 to –0.69
Serious — — –0.70 to –0.99
Critical — — �–1.00

Source: Ref. 13.

and fat-free mass (muscle, bone, water, and tissues devoid of fat/lipid), and the
four-component model, in which the body comprises water, protein, mineral,
and fat. The different methods for assessing body composition and their
advantages and limitations are outlined in Table 9. Skinfold thickness, BMI and
densitometry, bioelectrical impedance, and total body electrical conductivity
measure body composition based on the two-component model. Neutron acti-
vation analysis, isotope dilution, and dual-energy X-ray absorptiometry mea-
sure body composition based on the four-component model, but can also be
used to measure fat mass and fat-free mass.

Skinfold thickness measurements can be used to quantify the percent body
fat using equations. However, because of inaccuracies in the equations, this
method may underestimate fatness in children.

Table 8
Recommended Cutoff Values for Anthropometric Indices in Adolescents

Indicator Anthropometric variable Cut-off value

Stunting Height-for-age <3rd percentile or <–2 Z-score
Thinness or low BMI-for-age BMI-for-age <5th percentile
At risk of overweight BMI-for-age 85th percentile
Obese BMI-for-age 85th percentile

Triceps skinfold-for-age 90th percentile
Subscapular skinfold-for-age 90th percentile

Source: Ref. 13.
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Densitometry measures the body density through hydrostatic or underwater
weighing. It is based on Archimedes principle whereby the volume of a sub-
merged object is equal to the volume of the water displaced. An individual’s
density is determined from the mass and volume measurements, after which it
is used to calculate the percent body fat and fat free mass (FFM). Because the
densities of fat and fat-free mass are assumed constant, the proportion of these
compartments can be calculated using a known value for body density. This
technique, however, has limited value in children because it is not always safe
to submerge children in water.

Total body water (TBW) can be measured indirectly by dilution using a
tracer substance given either orally or parentally that disperses uniformly
throughout the water space. Isotopes of hydrogen such as deuterium or tritium
and oxygen (18O) are used. Tritium cannot be used in children and women of
reproductive age because of its radioactivity; whereas deuterium and 18O are
stable and are ideal. The concentration of the tracer in a sample of the subject’s
blood, urine, or saliva is analyzed and TBW is measured using a formula. Dis-
ease states can alter the total body water resulting in inaccuracies in the estima-
tion of the fat-free mass.

More than 90% of potassium in the body is in the fat-free mass; thus, fat-
free mass can be estimated from the total amount of body potassium obtained
from a whole body counter. This, however, assumes that the fat-free mass con-
tains a constant amount of potassium.

Neutron activation analysis can estimate the body’s content of sodium, chlo-
ride, phosphorous, carbon, and nitrogen. A beam of neutrons is delivered to the
subject, which interacts with the specific elements and emits gamma radiation
that is picked up by detectors. Measurements of total body nitrogen and carbon
can be used to determine the total amount of body protein and fat, respectively.
Bone mineral content can be determined through the measurement of total body
calcium.

Fat-free mass has a better electrical conductivity than fat because of the
higher concentration of electrolytes, which are capable of conducting electric-
ity. In bioelectrical impedance analysis (BIA) an electronic instrument
generates an alternating current, which is passed through the body and a mea-
surement of the resistance (impedance) to the current is used to calculate TBW,
fat-free mass, and percent body fat. BIA equations were previously based on
the two-component model. Recently, using a multicomponent model, sex-spe-
cific and race-combined BIA equations using pooled data from white and black
subjects between 12 and 94 yr old from different centers were developed. The
equations were validated and cross-validated for TBW and FFM and found to
have good precision and accuracy. The equations were more valid for white
people than black people, where they tended to under predict TBW and FFM.
The authors advise caution when applying the equations to children between
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Table 9
Strengths and Limitations of Body Composition Methods

Method Strengths Limitations

Skinfold thickness • Inexpensive • Interindividual variation in skinfold
• Quick compressibility
• Measures correlate well with underwater • Variation in the contribution of skin to

weighing skinfold thickness measurement
• Variation in subcutaneous skinfold thickness

between sites
• Subcutaneous fat may not correlate with

internal fat
• Skilled measurers required

Densitometry • Standard procedure for determining body • Cannot be used for large studies
density and percent fat • Dependent on subject cooperation

• Requires special equipment
• Requires experience
• Assumes constant density of fat-free mass

Isotope dilution • Isotopes of deuterium and oxygen are • Cost of the equipment
stable and safe to use • Time-consuming

• Radioactivity of tritium limits its use in chil-
dren and women of reproductive age

• Water content in fat-free tissue can vary
especially in fat subjects
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Total body potassium • Good precision • Expensive
• Overestimation of fat content in the obese

Neutron activation • Good precision • Exposure to ionizing radiation
analysis • Noninvasive • Expensive

• Not based on fixed ratios of body • Requires skilled operators
compartments • Units not mobile

Bioelectrical impedance • Good precision for calculations of total • Assumes normal hydration
body water • Expensive

• Safe and non-invasive
• Portable
• Quick

Dual-energy X-ray • Low radiation dose • Affected by hydration status
absorptiometry • Quick (20–20 min) • Results affected by part being scanned

• Requires little cooperation
• Results correlate well with other methods

Source: Refs. 5, 8, 22.
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12 yr and maturity as maturational development could influence the results.
Despite this, the equations have been recommended for use in large epidemio-
logical studies that describe normal levels of body composition.

Dual-energy X-ray absorptiometry (DEXA) is useful for measuring fat and
lean tissue. Estimates of percent body fat using DEXA correlate well with those
of underwater weighing.

The two-component model relies on the assumption that properties such as
hydration and density of FFM are constant. However, FFM can vary between
individuals of the same age and sex, with age and in disease states involving
overhydration, underhydration, muscle wasting, mineral loss, or edema. All of
these can reduce the validity of the measurements. Inter individual variations
can be overcome by using appropriate reference values or techniques such as
isotope dilution, which provides a more accurate assessment of body composi-
tion based on the two-component model. The use of multicomponent models
of body composition, which quantify the sources of variability, may be more
appropriate in disease states than two-component models.

Another shortcoming in reporting body composition relates to fat mass (FM)
expressed as a percentage of body weight when no adjustment is made for
FFM based on size. Percent body fat is dependent on both FM and FFM. Indi-
viduals who differ in percent fat may do so because they have differences in
FM, but identical FFM or because they have the same FM but differences in
FFM. Similarly, disease states may modify FM and FFM and these changes
will not be detected in the individual using percent body fat. It is recommended
that FM and FFM are normalized for height dividing by height squared and
that age- and sex-specific reference data are developed. Body composition can
be used to evaluate the prevalence of obesity and to monitor interventions.

Nutritional Biochemistry (4,5,26,27)

Laboratory investigations are not routinely used to assess nutritional status
because of the absence of a single laboratory test or a group of tests or indica-
tors that can be used reliably to measure nutritional status. Moreover, the equip-
ment required for most of laboratory tests is not readily available in situations
where they are most needed and where undernutrition is common. Neverthe-
less, biochemical markers are important in some situations and should be
regarded as an adjuvant tool to clinical assessment, anthropometric measure-
ment, and dietary intake assessment that are currently regarded as the best
methods for assessing overall nutritional status. Table 10 summarises the use-
fulness of some laboratory tests that can be used in nutritional assessment.

Nutritional biochemistry can be conveniently and arbitrarily divided into
static and functional tests. Static tests are a direct measurement of a nutrient or
related metabolite in the blood or other body fluids. However, blood levels
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Table 10
Usefulness of Selected Laboratory Tests for the Assessment of Nutritional Status

Nutrient Test Usefulness Availability* Comments

Protein Serum protein and Poor Available Reduced in liver and renal disease
albumin

Transferrin and Good Limited Reduced in infections
transthyretin

Nitrogen balance Good Research tool
Vitamin A Serum retinol Poor Limited Reduced with acute

Retinol binding Poor Limited phase response
protein

Vitamin D Plasma calcium Good Available May be first sign of deficiency
and phosphate

25 OH Vitamin D Good Limited
1,25 Di OH Vitamin D Good Limited

Folate Serum folate Good Available Reflects recent uptake
Red cell folate Good Available Reflects whole body status

Iron Serum ferritin Good Available Reduced with acute phase response
Bone marrow iron Good Limited
Serum iron and total Poor Available Reduced with acute

iron binding phase response
capacity

Zinc Plasma zinc Good Available Increased with acute infections
Plasma alkaline Poor Available
phosphatase

Copper Plasma copper Good Limited
Iodine Thyroid function tests Good Limited

Adapted from refs. 26 and 27.
*Most of these tests are not available in primary care situations and will generally be available in regional hospitals. However, in
many developing countries they may only be available in specialist centres.
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frequently do not reflect true tissue stores. For example, albumin and calcium
declines late in the course of protein deficiency or rickets, respectively. Other
factors also influence test results including the presence of fever owing to acute
and chronic infections, concomitant medical conditions, general nutritional sta-
tus, interaction with drugs, sample collection procedures, and the assay used.
Examples of static tests include measurement of serum albumin, calcium,
potassium, vitamin A, ferritin.

Functional or indirect tests measure a specific physiological or biochemical
reaction. These tests are less affected by recent changes in food and fluid intake.
However, they are usually influenced by a number of nutrient abnormalities.
Functional tests include dark adaptation to measure vitamin A status and
immunological tests.

In general, nutritional biochemistry is used at the individual level: to assess
macro and micronutrient status; as a prognostic indicator for morbidity and
mortality; to identify specific metabolic abnormalities frequently associated
with systemic disorders; and to monitor specific therapeutic interventions. At a
population level, nutritional biochemistry is used to screen for micronutrient
deficiencies such as vitamin A and iron and to monitor specific population-
based interventions.

Whereas laboratory tests for nutritional biochemistry may not be practical
in most situations, other laboratory tests are extremely useful for excluding a
chronic infection such as tuberculosis, HIV, or parasitic infestation in children
who are failing to thrive. These tests are also useful as a diagnostic aid to
exclude hypoglycemia in a sick infant or child who presents with convulsions
(finger-prick dextrostix); identify children with severe anemia (finger-prick
hemoglobin); and exclude urinary tract infections in febrile undernourished
children (dipsticks).

Conclusion
Nutritional assessment is the cornerstone in comprehensive child health care.

The presence of general danger signs or signs of severe undernutrition (severe
wasting and bipedal edema) and severe anemia (severe palmar pallor) can be
used at the primary care level to determine whether children need referral for
hospitalization. At a population level, clinical signs of undernutrition and mi-
cronutrient deficiencies need to be supported by anthropometric and biochemi-
cal data when deciding about nutrition interventions.

The most useful anthropometric indices are weight-for-age, height-for-age,
and weight-for-height that indicate underweight, stunting, and wasting, respec-
tively. Fixed cutoff values exist for each indicator and they can be used for
screening as well as monitoring the effect of interventions. WHO recommends
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the three indices are presented as Z-scores in epidemiological surveys because
this allows summary statistics to be computed. MUAC too reflects acute un-
dernutrition and is particularly useful in rapid surveys. Age- and sex-specific
graphs or tables rather than fixed cutoff values should be used to assess under-
nutrition using MUAC.

The CDC/NCHS/WHO growth reference is widely used although it has limi-
tations. A new growth reference is being developed by WHO that will reflect
the growth of children from diverse geographical and cultural backgrounds fed
according to the WHO feeding recommendations.

BMI-for-age and triceps and subscapular skinfold thickness percentiles can
be used to screen for obesity, although there are limitations in measuring fat
mass in quantitative terms. Measurements of body composition using deute-
rium dilution and DEXA are more accurate. The accuracy and precision of
techniques such as bioelectrical impedance has been improved using revised
equations, and have been recommended for epidemiological studies. However,
cost needs to be considered before such techniques can be recommended widely
for epidemiological use.

Nutritional biochemistry can be used at the individual and population level
to determine nutrition and micronutrient deficiencies. Static tests that measure
concentrations of serum retinol, zinc, calcium, and albumin, for example, do
not necessarily reflect tissue stores because they are acute phase reactants and
respond to underlying infection. There are, however, other tests that have prac-
tical importance such as finger-prick dextrostix or hemoglobin. Ideally, bio-
chemical investigations should serve as an adjuvant in the clinical and
anthropometric assessment of children and adolescents.
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KEY POINTS

• Nutritional and immune status during pregnancy and lactation affect the
health of both mother and child.

• The postpartum period is an especially vulnerable, but frequently over-
looked, time.

• Assessment of nutritional and immune status in pregnant and lactating
women differs from other adults:
• Higher requirements of some nutrients.
• Altered immunity during pregnancy to prevent rejection of the fetus.
• Need to account for the weight gain and hemodilution of pregnancy.
• Additional biological samples are available: placenta, cord blood, and breast

milk.
• Nutritional status affects immune function, and immune activation can

complicate the assessment of nutritional status.
• Micronutrients of particular concern during pregnancy and lactation are

iron, zinc, iodine, and vitamins A, C, D, and E.
• Neopterin and acute phase proteins are useful nonspecific measures of

immune system activation.
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• Subclinical mastitis, defined as raised breast milk sodium, is a nonspecific
indicator of morbidity unique to the lactating woman.

• Low technology methods for measuring some aspects of nutritional status
have been standardized across laboratories and correlated with both high
technology methods and with maternal and infant health outcomes, but
similar validation is less available for measures of immune status.

Introduction
During pregnancy and lactation, a woman’s nutritional and immune status

affects both her own health and that of her child. This chapter considers how
the assessment of nutritional and immune status in pregnant and lactating
women differs from other adults, and how adjustments often need to be made
(e.g., the effect of pregnancy on plasma retinol and -tocopherol). Suggestions
on collecting and utilizing the additional biological samples available—pla-
centa, cord blood, and breast milk—are made. The micronutrients of particular
concern during pregnancy and lactation are focused on, and techniques for as-
sessing these and for evaluating immune function are suggested. An overview
is provided on subclinical mastitis, and its role as a nonspecific indicator of
morbidity unique to the lactating woman.

Nutrition and Immunology During Pregnancy and Postpartum
The health and nutrition of pregnant and lactating women have always been

a matter of concern. Besides affecting her own health, a woman’s nutritional
status and immune function affects the growth and health of her offspring dur-
ing pregnancy through the placenta and during lactation by delivery of energy,
nutrients, and immune factors through breast milk. The assessment of maternal
nutritional status is an essential component of prenatal care (1). Several nutri-
ents are required in increased amounts during gestation, but the magnitude of
the increase varies from nutrient to nutrient (2). Lactation is more nutritionally
demanding for a woman than pregnancy; and it is also a vulnerable time for her
infant.

The pregnant woman has an altered immune status that provides a favorable
environment not only for fetal growth but also for the emergence of certain
infections, for example, malaria. Malaria infection is of particular risk to primi-
gravid women, predisposing them to maternal anemia and low birth weight
infants (3). As a consequence of delivery practices, morbidity and mortality
are more common postpartum than during pregnancy/parturition (4), but post-
partum women typically receive less care than during their pregnancy/parturi-
tion. Lactating women are also at risk of local infections in the mammary gland.

In addition to their independent importance for maternal health, nutrition
and immunity interact and this too can be important. Adequate nutritional sta-
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tus is necessary for optimal immune function. Measuring aspects of the immune
system and its active state can help interpret serum concentrations of the
micronutrients that are affected by acute phase responses (5).

Many of the analyses of nutritional status and immune function for pregnant
and lactating women are similar to those for other adults. However, adjust-
ments often need to be made for weight gain and hemodilution during
pregnancy. The availability of biological samples specific to reproduction—
placenta, cord blood, and breast milk—broadens the range of potential investi-
gations.

Sample Collection for Investigations in Pregnant and Lactating Women
Blood Samples

Venepuncture blood collection is well defined and is the standard for most
studies. For some analytes the type of anticoagulant, if any, is important (see
Table 1). Venous blood collection is unacceptable in some populations and
alternatives are important. Capillary blood is increasingly being used as labo-
ratory assays requiring smaller volumes of sample become available. Capillary
blood collection from, for example, finger-prick samples may be more practi-
cal in difficult field conditions and can be done by minimally trained
nonclinical personnel. A capillary blood sample from a finger-prick can be
collected into an appropriate tube, or a drop can be spotted onto filter paper and
dried. Many analytes are stable at ambient temperature in such blood spots and
filter papers can be easily sent, even by post, to a distant laboratory for analy-
sis. However, both collection of finger-prick blood, which may include vari-
able amounts of extracellular fluid depending on the collection technique, and
spotting onto filter paper where spreading of the sample is not completely uni-
form, tend to increase the variability of analyses from these samples (6). Con-
sequently, blood spots are most useful for qualitative analyses, such as the
presence or absence of a specific antibody, or semiquantitative analyses where
large differences are expected between normal and abnormal levels, for ex-
ample, thyroid stimulating hormone.

Cord blood can be collected using a needle and syringe from the cord artery
or vein after delivery. Cord blood samples are more associated with the infant’s
circulation than the mother, although there is a high correlation between many
analytes in maternal and cord blood, for example, micronutrients (7). Thus,
information can be gained without invasive blood sampling of either the mother
or the neonate. Dried blood spot samples can also be prepared from cord blood.

Placenta

A placenta can be collected noninvasively at delivery. Placental histology is
considered the most sensitive method for the diagnosis of malaria in pregnancy
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Table 1
Characteristics of Micronutrient and Immune Activity Tests and Normal Concentrations in Pregnancy and Lactation

Sample and collection Storage requirements Normal levels in pregnancy
Test tube and stability Assay and lactation

Hemoglobin Whole venous or Fresh whole blood, Cyanmethemoglobin >105 g/L (pregnancy)
capillary blood before clotting; Hemocue >120 g/L (lactation)

do not freeze
Ferritin Serum or heparin Store frozen <–20°C, ELISA >20 µg/L

plasma approx 6 mo
Retinola Serum or heparin Store frozen –70°C, HPLC for retinol and >1.05 µmol/L (plasma)

plasma >7 yr in plasma; modified relative >1.05 µmol/L
Breast milk protect from light dose response; or 8 µg/g fat (milk)

retinol binding
protein
by ELISA, RIA

-tocopherola Serum or heparin Store frozen –70°C, HPLC >11.6 µmol/L
plasma approx 6 mo; >2.2 µmol/mmol choles-

protect from light terol (lactation) (preg-
nancy may be higher)

Iodine Serum or heparin Store frozen <–20°C, Thyroxine, thyroid >50 µg I/g creatinine
plasma 1 mo (hormones); stimulating (lactation) (pregnancy

Urine (20 mL univeral iodine indefinitely hormone by urine I may be higher)
tube) ELISA, RIA

Urine Iodine by
spectrophometry
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Vitamin D Serum or plasma Store frozen 25-Hydroxy vitamin >30 nmol/L
(EDTA or heparin) <–20°C, yr D3 by RIA

Zincb Serum or heparin Store frozen <–20°C, Atomic absorption >10 µmol/L
plasma (do not use yr in serum/plasma spectroscopy
EDTA)

Neopterin Serum or EDTA 2–8°C, <72 h; ELISA < 10 nmol/L (serum)
plasma <–20°C, approx

Urine (20 mL univer- 6 mo; protect from
sal tube) light

CRP Serum or heparin Store frozen <–20°C, ELISA <5 mg/L
plasma, approx 6 mo

1-anti- Serum or bloodspot Store frozen <–20°C, Turbidimetry, ELISA <0.6 g/L
chymotrypsin (filter paper) approx 6 mo

1-acid Serum or heparin Store frozen <–20°C, Turbidimetry, ELISA <1.0 g/L
glycoprotein plasma approx 6 mo

Sodium Whole breast milk Store frozen Flame photometry, <1.0
potassium ratio (12 mL universal <–20°C, yr ion specific

tube) electrodes
aCertified reference standards in plasma (SRM 968b) are available from NIST, Gaithersburg, MD.
bCertified zinc controls are available (for example, Bio-Rad, Anaheim, CA; or NIST, Gaithersburg, MD), HPLC, high-performance liquid
chromatography; RIA, radioimmunoassay; CRP, c-Reactive Protein.
Source: Ref. 55.
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and can detect active and past infection (8). The presence of histological
chorioamnionitis is the standard postpartum indicator of intrauterine infection.
However, a delivered placenta differs greatly from a placenta during pregnancy
as a result of the large local inflammatory response that is a normal part of
delivery, and this can affect assessment of immune functions. Any placental
samples should only be collected following the routine examination to check
the placenta is complete.

Urine

Urine samples are readily collected and can be used to measure analytes
such as neopterin and urinary iodine, as well as for routine clinical tests during
pregnancy and lactation. Clean plastic, polystyrene, or cardboard cups can be
used for midstream sample collection, and the sample transferred into screw-
top sample tubes, tightly sealed to prevent leakage and exposure to air. Anti-
bacterial agents such as thymol may be added as a preservative.

Breast Milk

Breast milk collection is less invasive and often more acceptable than blood
drawing. An additional advantage is that for many assays, milk does not require
further processing at the point of collection. Consequently, there has been
considerable interest in the use of breast milk, for example, in the assessment
of vitamin A status. In our experience, however, the greater technical difficul-
ties of analysing the more complex matrix of breast milk compared with
plasma, and of standardizing the results obtained, offset most of the benefits
gained at the sample collection stage. We generally analyse breast milk only
when interested in it per se and not as an alternative to similar measurements in
blood samples.

Milk samples can be manually expressed, or collected using a breast pump
into sterile plastic screw-top containers. Some components of breast milk vary
between breasts (for example, sodium and some immune factors) and it may be
necessary to collect from both breasts into separate containers (9). Breast
milk can be frozen whole or first separated into aqueous, fat, and cellular
components. Care is needed when collecting a standardized cellular fraction
because milk macrophages are activated and tend to stick to the walls of the
collection tube. Milk macrophages also contain large amounts of lipid and may
float in the fat layer rather than sink with the cell pellet during centrifugation.
In addition to variations between breasts, breast milk composition varies with
time of day and time since the infant was last fed (9). The main source of this
variability is in the relative proportions of the fat and aqueous phases. This is a
serious concern when analyzing compounds such as fat-soluble vitamins that
are found in the milk lipid fraction. Although great efforts can be made to
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standardize collection methods to control for milk fat, it is usually much easier
to standardize results post hoc by expressing them per gram milk fat. Commer-
cial assays are available for triglycerides but an alternative is a simple
crematocrit “obtained using a hematocrit centrifuge” that correlates well with
milk triglycerides (10).

For some analytes, for example, cytokines, the milk fraction in which they
are found is unknown. Whole milk is more difficult to work with than the aque-
ous phase, but it is recommended that the lipid layer be retained until prelimi-
nary work confirms that the cytokine or other component of interest is in the
aqueous phase. If the analyte is found in the lipid phase, additional steps may
be required in the treatment and analysis of the samples in order to measure the
component reliably, for example, disruption of the fat globules by the addition
of an equal volume of 12 mmol/L bile salts (11).

Technology Considerations

Nutritional status and immune function can be measured using low or high
technology methods; the choice depends on both the purpose of the assessment
and the facilities available. Methods for assessing the nutritional status of an
individual in clinical care may differ from those for assessing the status of a
population. For example, zinc status is difficult to determine at the individual
level but serum zinc can be used for population assessment (see later). Once a
population has been identified as being deficient in a nutrient, it is not neces-
sary to measure each individual’s status before intervening.

Some laboratory assays are only possible in centers with secure power sup-
plies and access to specialized equipment and personnel to service it. How-
ever, it is often possible to collect and prepare samples for shipment to a central
facility for assay and have the results sent back to the site of origin. For some
measures of nutritional status, for example, body composition and vitamin A
status, low technological methods have been validated against the more expen-
sive or complex techniques. Moreover, reference standards are available for
interlaboratory comparisons. These types of validation are much less well
established for many immunological assays. However, new immunological
assays for both well-equipped and more basic laboratories are constantly being
developed and their association with important maternal and infant outcomes
need to be determined.

Evaluation of Nutritional Status
Overall Nutritional Status

Anthropometric evaluation of overall nutritional status is complicated dur-
ing pregnancy because of the related weight gain that is very variable. During
lactation, standard methods such as body mass index (weight (kg)/height (m)2)
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can be used (12). Despite interpretation difficulties, anthropometry is recom-
mended because it is easy, cheap, and meaningful: both prepregnancy weight
and weight gain are associated with maternal and infant health. More complex
and more sophisticated techniques requiring special equipment, for example,
bioelectrical impedence, may not be as well validated and as useful as simple
anthropometry done carefully. Biochemical measurement of plasma proteins
such as albumin is not recommended for assessment of overall nutritional sta-
tus because of low sensitivity and specificity; in particular, many of these
plasma proteins are affected by acute phase responses to infection. In addition,
albumin levels naturally decrease during pregnancy owing to pregnancy-related
hemodilution.

Iron

Iron deficiency is one of the most common nutrient deficiencies in the world,
and the single most common cause of nutritional anemia. Pregnant women are
at highest risk; anemia from iron and/or folate deficiency is the most frequent
health and nutritional complication related to pregnancy. Severe anemia
(hemoglobin (Hb) <70 g/L), to which iron deficiency is a major, but not the
only contributor (13), can adversely effect the mother and the fetus and result in
prematurity, spontaneous abortions, low birth weight, and fetal death (14).
Malaria during pregnancy aggravates the risk of anemia and of low birth
weight (15).

Assessing iron status is notoriously difficult, especially in pregnancy as
changes in maternal physiology (increase in plasma volume and erythropoie-
sis) significantly affect the iron-related hematological and biochemical param-
eters. Iron assessment methods can be grouped into those directed toward red
blood cells and those that are not. The simplest and most common methods
used in blood are hemoglobin (Hb) and hematocrit. Both lack sensitivity, but
are simple and cheap to perform and thus widely used. Furthermore, these
measure anemia and there is little evidence that less severe iron deficiency
without anemia is associated with adverse effects on health (14). Therefore,
assessment of anemia alone is sufficient for many applications.

Circulating Hb level falls early in the first trimester, reaches its lowest point
at the end of the second trimester, and gradually rises again during the third. A
Hb level of 110 g/L in the late first and third trimester, and of 105 g/L in the
second trimester, are suggested as lower limits for Hb concentration (16). The
cyanmethemoglobin spectrophotometric method is the gold standard method
for assessing Hb (17). Other methods are more useful for rapid testing in the
field, for example, the HemoCue™ hemoglobinometer (Angelholm, Sweden).
This transportable instrument uses disposable cuvets that draw blood by capil-
lary action. The cuvets are placed into the instrument where the Hb is read after
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several seconds. The HemoCue™ can be used by nonclinical personnel after
training. However, the test cuvets are often considered too expensive for rou-
tine use in clinics or primary health care centres in many countries.

The most frequently used nonred blood cell measure of iron status is serum
ferritin. It is the most sensitive measure of iron status because it reflects iron
stores rather than heme synthesis, is easy and relatively cheap to measure, and
uses very small amounts of serum. A low serum ferritin is diagnostic of iron
deficiency. However, a normal or high serum ferritin cannot be so unambigu-
ously interpreted, because ferritin is an acute phase protein and plasma levels
increase dramatically after infection (even subclinical infection) or trauma. In
the third trimester of pregnancy, a high ferritin level is a marker of maternal
infection and is associated with preterm delivery (18). Ferritin is usually mea-
sured by immunoassay, which requires a reasonable degree of laboratory
sophistication. Commercial kits are available, or cheaper in-house assays using
commercially available reagents (for example, Dako, Cambridge, UK) can be
set up by a more experienced technician (19).

Measurement of serum transferrin receptors (TfR) is an alternative tech-
nique for assessing iron status. TfR reflects cell receptor levels that rise as cells
sense an increased need or decreased availability of iron. The technique
requires very small amounts of serum and is a sensitive measure of iron status.
Unlike serum ferritin, TfR levels are unaffected by most types of acute or
chronic inflammation, although there is conflicting evidence concerning TfR
changes during malaria (19). TfR was unaffected by undernutrition and preg-
nancy in a study of Zairean women (20), but other studies have shown varia-
tion in TfR throughout normal pregnancy, which would complicate the use of
TfR to assess iron status (21). Results for TfR concentrations can vary consid-
erably depending on the commercial kit used. A reliable kit is available from
Ramco Laboratories Inc (Ati-Atlas Ltd; Chichester, UK). Different anticoagu-
lants in the sample collection tubes can also affect results—ethylene diamine
tetraacetic acid (EDTA) tubes should not be used—as can time delay between
sample collection and centrifugation (22). TfR levels can be measured in blood
spots collected on filter paper (6).

Retinol (Vitamin A)

Retinol is important for immune function, visual processes, and reproduc-
tion. Vitamin A is important for resistance to infection, although most of the
data come from studies involving young children (23). A recent study among
Nepali women found the risk of death related to pregnancy (during and
postpartum) was 40% lower among women supplemented weekly with vita-
min A (24).
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Vitamin A requirements increase slightly during pregnancy, but almost
double during lactation. Healthy term infants are born with very low stores of
vitamin A in their livers, and need to accumulate adequate stores during lacta-
tion. Unlike many other micronutrients, where breast milk levels remain
adequate despite maternal undernutrition, retinol in breast milk varies with ma-
ternal status (25).

Maternal history of night blindness during a recent pregnancy is an indica-
tor of the vitamin A status of a population (23). Night blindness can be assessed
easily in epidemiological surveys and a prevalence of greater than 5% indicates
a vitamin A deficiency problem of public health importance. The existence of
a well-recognized local term for night blindness can also suggests that vitamin
A deficiency is common in the population. Where night blindness is prevalent,
less severe vitamin A deficiency is also likely to be common and it may not be
necessary to assess individual plasma retinol before intervening to improve
vitamin A status.

Plasma retinol concentrations are homeostatically regulated and reflect vita-
min A stores only at the extremes of deficiency or toxicity. During the acute-
phase response to infection or trauma, plasma retinol levels decrease; thus it is
not a suitable indicator of vitamin A status during infection. During lactation,
the concentration in breast milk (expressed per volume or per gram of the fat
content) is an alternative index to plasma levels (26). Breast milk retinol con-
tent varies with stage of lactation and its interpretation can be complex.
Although plasma retinol circulates bound to retinol binding protein (RBP), in
milk, retinol is mainly in the form of retinyl esters associated with fat globules.
Consequently, laboratory techniques for measuring breast milk retinol are more
difficult than those for plasma retinol (27) and the cheap internal standard,
retinyl acetate, that is commonly used for plasma cannot be used.

Pregnancy hemodilution appears to decrease plasma retinol levels, although
a formal allowance for this effect on retinol has not been made as it has been
for Hb. Table 2 shows plasma retinol during the third trimester of pregnancy,
compared with levels 6 wk postpartum in Zambian women (unpublished).
High-performance liquid chromatography (HPLC) is considered to be the only
laboratory technique sufficiently reliable for routine determination of plasma
or breast milk retinol (27).

The relative dose response (RDR) and modified relative dose response
(MRDR) tests are designed to estimate liver retinol stores and are more sensi-
tive to deficiency than is plasma retinol (26,28). The tests measure a change in
plasma retinol or didehydroretinol several hours after ingestion of a small test
dose. Although useful in research or in a subsample of a larger survey, these
tests require both greater subject compliance and more sophisticated or precise
HPLC techniques than for plasma retinol.
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Table 2
Plasma Retinol and -Tocopherol Levels

(mean [SD]) in Zambian Women During Pregnancy and Postpartum

35 wk gestation 6 wk postpartum

n = 276 n = 194
Retinol (µmol/L) 1.09 (0.39) 1.50 (0.51)

-tocopherol (µmol/L) 26.1 (6.41) 21.3 (5.44)

Source: Kasonka, Makasa, Chisenga, Newens. (2002) Personal communication.

Measurement of plasma RBP has been suggested as an alternative to plasma
retinol to which it is highly correlated. Plasma levels of RBP are decreased by
the presence of an acute-phase response, protein-energy malnutrition, and in
acutely stressful situations (for example, just before parturition) (29). RBP can
be measured by radial immunodiffusion (for example, The Binding Site, Inc.,
San Diego, CA) or enzyme-linked immunoabsorbent assay (ELISA), tech-
niques that are less expensive and require less sensitive equipment than the
HPLC method for plasma retinol. Field methods allowing immediate analysis,
as well as dried blood spot methods for retinol and RBP, are being developed.
Currently, the major problem with the use of RBP for vitamin A assessment is
the lack of international standards and agreed cut-offs for deficiency, but these
problems are potentially solvable (30).

-Tocopherol (Vitamin E)

The main function of vitamin E is its role as an antioxidant, required for the
protection of polyunsaturated fatty acids, mainly in membranes. Antioxidants
such as vitamin E are particularly important for cells of the immune system
that are exposed to high concentrations of free-radical products as a result of
immune activation. Studies in dairy animals indicate that oxidative stress and
immune dysfunction are associated with mastitis, and that vitamin E supple-
mentation reduces the incidence of mastitis in cows (31). Evidence of a similar
reduction of subclinical mastitis after micronutrient supplementation also exists
for women (11,32).

Plasma -tocopherol can be measured by HPLC using techniques similar to
that for plasma retinol. The two vitamins can be measured simultaneously if
the HPLC system has a variable wavelength detector. -Tocopherol is subject
to oxidation, which can be enhanced by light or heat exposure. Samples should
be handled out of direct light, and stored at –70°C, with minimal freeze-
thawing.

 In contrast to plasma retinol, plasma levels of -tocopherol increased dur-
ing pregnancy in Zambian women (see Table 2), in parallel with an increase in
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total lipids (33). Plasma -tocopherol levels should be expressed relative to
fat, that is, cholesterol or triglyceride levels.

Iodine

Iodine deficiency during pregnancy increases the risk of stillbirth, abortion,
and low birth weight (34). The decreased availability of iodine to the fetus
leads to decreased synthesis of thyroid hormones, preventing normal develop-
ment of the brain and body. Methods for assessing iodine status in a wide range
of laboratory settings are published (35). Manual assessment of the prevalence
of goiter at the population level is cheap and relatively simple, but indicates
only deficiency that is sufficiently severe and prolonged to result in clinical
symptoms. More sensitive techniques of detecting iodine deficiency measure
plasma concentrations of the thyroid hormones, thyroxine (T4) and triiodothy-
ronine (T3), or of the related proteins, thyroglobulin and thyroid stimulating
hormone. Commercial radioimmunoassays and immunochemiluminometric
assays for the above are widely available and the compounds can be reliably
measured in dried blood spots from both maternal and cord whole blood
samples. Total T3 and T4 increase during pregnancy, but the unbound or free
hormone concentrations generally remain in the normal range for nonpregnant
women.

Measurement of iodine in urine is easy, inexpensive, rapid, sensitive, and
specific to iodine status (35). Several hundred samples can be run by a techni-
cian in a day, with the method’s greatest application probably being in smaller
laboratories where equipment is limited. Other than pipets, the only instru-
ments needed are a spectrophotometer and a heating block or water bath. How-
ever, the use of urinary iodine to estimate iodine sufficiency during pregnancy
can be misleading because pregnancy causes increased iodine excretion,
resulting in a relative increase in urinary iodine concentration, giving a false
sense of adequacy of iodine nutrition (36).

Vitamin D

The importance of vitamin D for immune function and resistance to infec-
tion, as well as the high prevalence of vitamin D deficiency even in sunny
climates, is being increasingly recognized. Pregnancy and lactation may impose
an increased requirement for vitamin D (37). The recommended indicator of
vitamin D status is plasma concentration of 25-hydroxyvitamin D3 [25(OH)D3].
Plasma levels of 25(OH)D3 remain relatively constant during pregnancy. Com-
mercial radioimmunoassay kits (for example Nichols Institute Diagnostics, San
Juan Capistrano, CA) are a good method for measuring 25(OH)D3 in most
laboratories, although the use of radioisotopes requires a laboratory licensed
for their safe use and disposal.
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Zinc

Zinc is an important trace element for immune function. About 80% of preg-
nant women worldwide may be zinc deficient (38), but this is speculative
because of the great difficulty in assessing zinc status. During pregnancy,
maternal zinc status may directly affect fetal growth and birth weight, and
influence neonatal growth and morbidity. Moderate zinc deficiency has been
related to complications during labor and delivery, but trials of zinc supple-
mentation during pregnancy have not convincingly improved outcome (39).
However, the majority of these trials have been performed in developed coun-
tries where zinc deficiency was probably not severe.

An established functional or enzymatic marker of zinc status is not avail-
able. Serum or plasma levels are considered a useful indicator of population
status, but are unreliable for assessment of individual status. Plasma zinc lev-
els vary throughout the day by 15–20%, and are affected by infection and preg-
nancy (39). During pregnancy, plasma zinc concentrations fall from the 10th
week of gestation onward, partly because of hemodilution. Serum and plasma
levels may not be an adequate measure of marginal zinc status because they
appear to adapt in populations where the dietary zinc intake is low. Serum and
plasma zinc levels can be measured by atomic absorption spectroscopy. Great
care must be taken to avoid sample contamination with environmental zinc
(40). Even slight hemolysis of blood samples, resulting from rough handling of
samples or prolonged time between sample collection and centrifugation, can
release enough zinc from red blood cells to invalidate the measurement of
plasma zinc.

Evaluation of Immune Function or Infection
Overall tests of immune function, such as total or differential blood leuko-

cyte count, antibody responses to vaccines, and delayed type hypersensivity,
can be used, but lack sensitivity. Commonly used vaccines have been selected
for high immunogenicity, and responses may be normal in women with modest
immunodeficiency. The assays provide limited mechanistic information. Anti-
body and delayed hypersensivity responses involve numerous cell types and
soluble factors, and it is unclear which is responsible when a defective overall
response is seen. Therefore, there is interest in assays for specific components
of the immune response to obtain more sensitive or mechanistic information.

Cytokines

Cytokines are a heterogeneous group of glycoproteins that are key regula-
tors of immune functions. Cytokines are synthesized by numerous cell types
including leukocytes that are normally considered part of the immune system
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and also by, for example, epithelial cells at the mucosal surface. The capacity
for and the profile of cytokine production reflects immunologic status.

The maternal immune system is modulated during pregnancy to avoid
rejecting the fetus. A few studies in humans have suggested that a bias toward
T-helper type-2 (Th2) anti-inflammatory responses exists in normal pregnancy,
and a T-helper type-1 (Th1) bias in women with high-risk pregnancies. Infec-
tion during pregnancy (systemic or of the genital tract) can negatively affect
outcome, for example, preterm birth and infant development, partly through
changes in cytokine balance (41–43). These changes fall into two broad cat-
egories: excessive production of inflammatory cytokines such as interleukins
(IL) 1 and 6 and tumor necrosis factor (TNF)- , and an increase in Th1
cytokines such as interferon (IFN)- relative to Th2 cytokines such as IL-4 and
IL-10.

Abnormal activation of the immune system, interacting with nutritional sta-
tus, plays a role in the etiology of preeclampsia. Antioxidant micronutrients
(vitamin C or E) have been implicated in cell-mediated immunity, affecting
both inflammatory cytokine levels and tissue damage. Damage from oxidative
stress and lipid peroxidation has been etiologically involved in a variety of
physiological, pathological, and clinical conditions including pregnancy and
its complications, mainly preeclampsia (44). Supplementation with vitamins C
and E has proved beneficial in the prevention of preeclampsia in women at
increased risk of the disease (45). Micronutrient deficiencies in pregnancy may
also increase the risk of vertical transmission of HIV from mother to infant
(46), via impairment of systemic immune function, weakening of epithelial
integrity of the placenta and genital tract, and increased viral shedding in breast
milk from inflamed breast tissue.

ELISA assays, both commercial and homemade, and higher-tech Flow
cytometry and microarray techniques can be used to measure cytokine-produc-
ing cells, circulating cytokines, or cytokines produced in vitro. Various assays
for mRNA such as Northern blot, RNAse protection assay, semiquantitative
reverse transcription polymerase chain reaction, and in situ hybridization can
be used to measure cytokine production at the cellular level. However,
interpretation of the results obtained can be more difficult than performing the
assay. mRNA levels may not correlate well with actual protein level due to
variations in posttranscriptional modifications, cytokines produced can be
bound to cells, or to binding proteins that can either promote or downregulate
their function. Bound cytokine is often not measurable by immunoassays
unless the assay is specifically designed to measure total, rather than free,
cytokine. In vitro culture of blood cells can provide information on constitu-
tive and stimulated cytokine production. Separation of total blood leukocytes
or a particular subpopulation and normalizing the cell number in samples from
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different subjects can reduce the variability between subjects and permit deter-
mination of key cell populations involved. However, these same procedures
may distort the system so far from what it was in vivo that the results cannot
easily be extrapolated back to the whole individual. Culture of whole blood has
the opposite problem in that it may better reflect the in vivo situation, but at
some loss of understanding of mechanisms. Whole blood cultures have an ad-
vantage in field situations: sterile tubes with necessary immunologic stimuli or
other reagents can be prepared in a central laboratory and samples can be sim-
ply added to tubes in the field with no further manipulation. Finally, many key
immunological responses involved in resistance to infection in vivo take place
at mucosae and mucosal immune functions are largely distinct from those in
circulating leukocytes. However, the problems of measuring and interpreting
cytokines, even in readily available mucosal fluids such as breast milk, are
even greater than for plasma or cell culture because of the complex matrix
of milk.

Proxy Markers of Cytokine Production

In view of the difficulties of measuring cytokines and interpreting the results,
several proxy markers, for example, neopterin and acute phase proteins, are
used to assess immunocompetence. Research is ongoing to determine how well
their measurement in pregnancy can be used to monitor women at risk of
obstetric complications. Because many of the indicators of micronutrient sta-
tus are affected by the acute phase response, and may not reflect micronutrient
status during infection, assessing for concurrent clinical and subclinical infec-
tions by monitoring the acute phase response can improve interpretation of
micronutrient results. The latter can be done on fresh blood samples, using the
older assay for erythrocyte sedimentation rate, or easily and cheaply on stored
plasma samples by measuring acute phase protein concentrations.

Neopterin

Neopterin is a product of IFN- -activated macrophages, and is closely asso-
ciated with activation of the cellular immune system. Serum and urine levels
are increased in a variety of infections, chronic inflammatory states, autoim-
mune disorders, and malignancies, and levels correlate with disease severity.
Neopterin increases early with infection and may precede the clinical manifes-
tation, especially in viral infections, or the increase in antibody titer. Neopterin
has recently been quantified in pregnancy and the postpartum period, and has
been suggested as a marker of high risk of complications such as intraamniotic
fluid infections and severe preeclampsia (47,48).

In comparison with the direct measurement of IFN- , the determination of
neopterin level presents important advantages. IFN- is subject to fast degra-
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dation and can be bound to soluble or cell bound receptors and the biologically
effective concentration can differ greatly from the obtained free concentration.
These problems do not occur with neopterin, which is not modified or bound
chemically in vivo, but is excreted quantitatively by the kidney. Neopterin can
be assayed in serum, plasma, or urine using commercially available immu-
noassay kits (for example, BRAHMS Diagnostica, Berlin).

Acute Phase Proteins

Plasma acute phase proteins such as C-reactive protein (CRP), 1-anti-
chymotrypsin (ACT) and 1-acid glycoprotein (AGP) are well-established
markers for monitoring clinical and subclinical inflammation. Easier to assay
than the inflammatory cytokines that induce them, with longer plasma half-
lives, they play a major role in the assessment of the acute phase response to
infection, injury, or other inflammatory stimuli (49). Acute phase proteins are
synthesized mainly by hepatocytes and secreted into the plasma. CRP plasma
concentrations increase within 10 h of the onset of acute inflammation; the
protein has a short plasma half-life and thus concentrations normalize rapidly
(49). Plasma ACT concentrations also increase early, but remain elevated for a
longer time than CRP concentrations (49). Plasma AGP concentrations only
begin to rise more than 24 h after the onset of inflammation, but remain elevated
even weeks into convalescence (49). Women who delivered prematurely had
higher plasma CRP levels early in the second trimester than those with term
deliveries (50). In healthy women, there is a major acute phase response during
parturition, with CRP levels peaking at 24 h after vaginal delivery or at 48 h
after caesarean section, declining during the days following the birth (51,52).

Commercial assays for CRP by ELISA are widely available. The newer
assays with lower detection limits are recommended over the older assays with
detection limits around 5 mg/L because it is now apparent that even plasma
levels lower than this can be associated with negative outcomes in nonpreg-
nant adults. CRP is also easily measured by a sensitive homemade sandwich
ELISA using commercial reagents (for example, Dako, Cambridge, UK;
Behring Diagnostics Milton Keynes, UK) (19).

Commercial assays for acute phase proteins other than CRP are less widely
available, but homemade assays can be readily developed. Turbidimetric meth-
ods work well for ACT and AGP but require equipment such as autoanalyzers
(for example, COBAS centrifugal analysers), which may not be widely avail-
able. AGP and ACT can also be measured by ELISA using commercially avail-
able antibody and other reagents (Dako, Cambridge, UK) (19).
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Subclinical Mastitis

Subclinical mastitis can be used to determine maternal morbidity in the post-
partum period, which is also a time of increased vulnerability. Subclinical mas-
titis is defined as raised breast milk sodium accompanied by raised milk
inflammatory cytokines in the absence of symptoms of mastitis, and has been
shown to be common in several populations (11,53). Subclinical mastitis results
from several causes and represents a nonspecific marker of poor maternal
health. The causes include poor lactation practice, maternal infection, or defi-
ciencies of micronutrients, particularly the antioxidants (11,32). Subclinical
mastitis is associated with poor infant growth and with increased milk HIV
viral load, a risk factor for mother-to-child HIV transmission (53,54). There-
fore, screening for and the prevention and treatment of subclinical mastitis are
potentially very important. A raised Na/K ratio can tentatively be used as a
nonspecific marker of mother–infant dyads at risk.

Breast milk sodium concentration is controlled at around 5–6 mmol/L by
tight junctions between alveolar cells of the breast tissue. During clinical or
subclinical mastitis, inflammation leads to opening of the tight junctions,
allowing plasma to enter the milk and increasing milk sodium levels. Milk
sodium can be expressed as a ratio to potassium, which is fairly constant in
mature milk (12–16 mmol/L), in order to ignore the variable proportion of
milk fat in spot milk samples. Normal Na/K ratios are less than about 0.6.
Ratios greater than 1.0 (about 16 mmol/L sodium) indicate breastfeeding prob-
lems severe enough to impair infant weight gain. Milk Na/K measurement is
useful for its simplicity but, like neopterin and acute phase proteins, it lacks
specificity for particular conditions. Breast milk sodium and potassium levels
can be cheaply and easily determined by flame photometry or by ion-specific
electrode. The inflammation itself can be detected by measurement of inflam-
matory cytokines such as IL-8 (11).

Conclusions
Techniques to measure nutritional status of pregnant and lactating women

are fairly well established because of longstanding appreciation of the impor-
tance of nutrition to maternal and infant health. Both high and low technology
methods of assessing nutritional status are available and, in many cases, have
been compared and standardized with each other and across laboratories.
Measures of immune function are generally less advanced in terms of such
standardization and of how different measures correlate with clinically impor-
tant outcomes. Sophisticated immunological assays are available, but research
is needed on their use in populations where infections are common and as
important determinants of maternal and infant health, especially in low-income
countries.
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KEY POINTS

• Severely undernourished children are severely immunocompromised.
• Severely undernourished children are highly susceptible to infection, and

the interaction leads to a vicious negative cycle.
• Ongoing infection leads to specific nutrient deficiencies.
• Severe undernutrition is associated with very high morbidity and mortal-

ity that is directly related to the lack of immunocompetence.
• Infection is often silent because the reductive adaptation of severe under-

nutrition impairs the immune responses.
• Nonspecific defenses and cell-mediated immunity are most severely

affected.
• The proliferative responses of T-lymphocytes are decreased.
• The acute phase response is less active in undernutrition.
• Antioxidant defenses are impaired.
• An increase in free iron promotes prooxidant cellular damage.
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Fig. 1. Bidirectional interaction between nutrition, immune function, and
infection. Undernutrition impairs immune defenses and lowers resistance to
invading pathogens. In turn, infection alters nutrient status (see Fig. 2) and con-
tributes to the undernourished state.

• Successful treatment requires a staged approach, in which cellular func-
tion is restored before any attempt is made to restore the weight deficit.

• Cellular function is restored by treating infections, correcting specific
nutrient deficiencies, and not giving supplemental iron or an excessive
intake of energy, protein, or sodium.

Introduction
Undernutrition is a strong determinant of morbidity and mortality from

infection, especially in young children. Globally, it is estimated that 10.4
million children under the age of 5 die each year. Infections are the underlying
cause of death for the majority: acute respiratory infections, 24%; diarrhea, 19%;
malaria, 7%; measles, 6%. However, undernutrition is the main underlying or
associated cause in 49% of all deaths (1). The severity of undernutrition deter-
mines the severity of an infection and risk of death (2–7). Undernutrition and
infection interact in a vicious negative cycle (see Fig. 1). Poor nutrition weak-
ens the body’s defenses and increases the likelihood of an infection taking
place, although infection itself leads to loss of appetite and increased losses of
nutrients from the body and, therefore, a poorer nutritional status (see Fig. 2).
In many situations, infection is the major precursor for the onset of undernutri-
tion (8). The nutrition-infection problem is most common among children from
households that have least assurance of a secure supply of food and have limited
resources. Ineffective breast feeding, poor feeding practices, lack of water, fail-
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Fig. 2. Mechanisms by which infection can affect nutrient status.

ure of simple hygienic measures, and failure to dispose of solid and other waste
adequately contribute substantially to the persistence of the problem. How-
ever, a failure to understand the nature of the interaction between poor nutri-
tion and infection and to institute appropriate treatment contributes to the
ongoing high mortality. The case mortality rate for severe undernutrition
remains unacceptably high—over 30–40% in many health centers around the
world (9). Even in resource-poor settings, mortality is expected to be less than
5–10% (10); and inappropriate clinical care makes an unacceptably high con-
tribution to this mortality (11).

This chapter outlines the changes in immune function that occur with severe
undernutrition, and which are associated with increased susceptibility to
infection, and clarifies some of the important aspects that underlie effective
approaches to treatment. Various terms have been and some continue to be used
to describe the wide range of different clinical presentations of severe
undernutrition. These terms are either descriptive or carry implications about
the underlying dietary cause of the disorder and the pathological changes that
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take place. The terms marasmus, kwashiorkor, wasting, oedematous malnutri-
tion, protein deficiency, and protein-energy deficiency have all been used.
Each term emphasizes a particular aspect of a complex condition that has been
useful in screening and diagnosis, but often unhelpful in treatment. This is
partly because the terms fail to emphasize sufficiently the extent to which
infection is present, and the effect of infection on the nutritional state of the
individual. Protein-energy malnutrition has been used to describe a condition
in which there is significant weight loss. This weight loss has been ascribed to
an inadequate intake of food, or an inadequate diet that lacks energy and/or
protein in terms of quantity or quality. However, weight loss may not be simply
caused by an inadequate intake of macronutrients, as more complex changes are
almost invariably taking place owing to a range of nutrient insufficiencies and
imbalances. Thus, the terms marasmus, kwashiorkor, and marasmic kwashiorkor
have been replaced by the more general terms undernutrition, severe undernutri-
tion, and edematous malnutrition, which do not make any a priori judgment
about the specific etiology or pathophysiology (12). It can be assumed that most,
if not all, severely undernourished children are infected, and making this assump-
tion is one of the key elements in any successful treatment regimen (10,13).

Humankind is continuously exposed to a range of infectious organisms, and
an individual’s ability to resist these is determined by their capacity to respond
appropriately. The response may vary in general or in detail for specific infect-
ing organisms but, at all ages, the flexibility to respond appropriately is funda-
mental to survival. Young children are particularly vulnerable because the
ability to respond most effectively develops with age, and this capability
becomes more refined with growth and development and with maturation of
the immune response. Therefore, the extent to which an individual is particu-
larly vulnerable is mainly dependent on the interaction of two factors: the extent
to which adequate nutrition provides the body with the capability to maintain
its function and to protect itself, and the hostility of the environment with which
the body has to cope.

Food supply and availability are often uncertain and the body copes by
adapting, that is, by bringing mechanisms into play that enable it to maintain
function (14–16). However, the extent to which these processes can cope is
limited, and they can fail if the degree of undernutrition is sufficiently severe.
These processes operate at the cellular, tissue, and whole body levels, and
involve the systems that are activated by infection and usually provide adequate
protection against infection. As undernutrition becomes progressively more severe,
this ability to cope is increasingly eroded and, in the more extreme situations,
may be lost completely. Infection induces changes in the body, including a loss
of appetite, and frequently leads to a deterioration of nutritional state and a
decreased ability to cope. Unless broken at an early stage, this vicious cycle of



Undernutrition and Immunity 75

infection and deteriorating nutrition leads to a progressively worsening state,
which can only be treated effectively if due consideration is given to the effect
that each has on the other. In this section, the pathophysiological changes that
take place in the interaction between nutrition and infection have been used
as the starting point for describing the effective management of severe under-
nutrition. Critically important to a successful outcome is the order in which the
different elements of care are brought into play (10).

Nature of Severe Undernutrition
Severe undernutrition is the consequence of two interacting and often con-

current processes, one quantitative change and the other qualitative. The quan-
titative change is a reduction in total food intake, so that the energy provided
by the food is inadequate to meet the needs of the body. The qualitative change
is deficiencies of specific nutrients, with the pattern and extent of these defi-
ciencies being variable. Deficiencies are often associated with a poor diet, but
importantly are often brought about or made worse by increased losses of spe-
cific nutrients during periods of stress such as infection (see Fig. 2). The clini-
cal presentation of severe undernutrition usually depends on the extent to which
energy intake is inadequate and the particular pattern of specific nutrient defi-
ciencies. This pattern can be very variable and accounts for the widely differ-
ent clinical presentation from one location to another and, indeed, gave rise to
the wide range of descriptive terminology mentioned earlier. This terminology
has contributed partly to the persisting high rates of mortality, because it has
been presumed that the clinical presentation is an indication of a particular
underlying nutritional etiology that has not been corrected. Nevertheless, an
inadequate intake of food leads to an unbalanced loss of body tissue, which can
be detected clinically as wasting, and on screening as a low body weight-for-
age and a low body weight-for-height. Specific nutritional deficiencies (water-
and fat-soluble vitamins; trace elements such as zinc, copper, selenium; and
minerals such as potassium and magnesium) and their immunologic effect are
described in other chapters. They are very common in severe undernutrition,
but the pattern of individual nutrient deficiencies and the severity of the
deficiency can vary extensively from location to location. Each will have an
effect on the body’s resistance to infection and will contribute to the variability
in clinical presentation in terms of the extent of edematous swelling, skin
changes, fatty enlargement of the liver, heart failure, renal impairment, and
brain function.

Reductive Adaptation
Reductive adaptation refers to the changes that take place in the body to

accommodate a situation where energy intake is insufficient to meet the



76 Jackson and Calder

requirements for maintaining the normal structure and function of cells and
tissues (13–16).

The activity of all cells depends upon a continuous supply of energy in a
useable form. For most situations, the ability to generate adequate ATP is criti-
cal, and for the whole body this is associated with the availability of oxygen
and a substrate ultimately derived from carbohydrate, lipid, or amino acids
(proteins). This substrate is derived from the body’s resources and is replaced
on an intermittent basis by the substrate in food consumed. If dietary intake is
insufficient to meet the rate at which energy is used by the body, tissues become
progressively lost and body weight decreases. The loss of tissue to supply the
substrate required to generate energy are not shared evenly among all tissues in
the body. The losses are relatively greater for muscle and subcutaneous adi-
pose tissue than other tissues, and there is relative preservation of the brain and
the visceral tissues including the kidneys, liver, heart and lungs, leading to a
change in the proportions of tissues within the body. The lymphoreticular sys-
tem is affected by the loss of tissue mass, and undernourished children have a
reduced size thymus and spleen and small local lymph nodes (see later).

As dietary energy intake fails to meet the needs of the body, the level of
work (energy expenditure) being carried out cannot be maintained. The amount
of work performed can be reduced by a decrease in external work, for example,
physical activity, or a decrease in internal work, namely, tissue mass. The func-
tions and processes that contribute to the overall internal work of the cells of
the system also slow down. The two most obvious processes that place a high
demand on the available energy are the pumps in the plasma membrane, which
maintain the intra- and extracellular environments in an appropriate state for
cell function to occur, and the rate at which proteins are synthesized. Nor-
mally, there is a high concentration of potassium within the cell and a high
concentration of sodium in the extracellular space that bathes the cells. Achiev-
ing and maintaining this difference in the distribution of potassium and sodium
is critical for normal cellular function, and this largely occurs through the
activity of a pump, the Na/K ATPase, which sits in the plasma membrane.
Energy is used to pump sodium from inside the cell to the extracellular fluid,
and potassium into the cell from the extracellular fluid. When the availability
of energy is limited, this pump slows down, which allows the level of potas-
sium within the cell to fall and the level of sodium to rise, thereby changing the
microenvironment within which cellular processes have to take place. Protein
synthesis from amino acids uses a substantial proportion of the body’s energy
requirements. These proteins fulfill a wide range of functions as structural ele-
ments, as enzymes to catalyze the chemical processes within the body, as
nutrient and hormone transporters, and as hormones or other signaling mol-
ecules that integrate the complex range of functions carried out by the body.
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Normally, the range and extent of the proteins synthesized are substantially
greater than are likely to be needed on a minute-by-minute basis. However,
this excess provides an important reserve of function should an unusual situa-
tion arise. Thus, the ability of the body to cope immediately with an unusual or
extreme situation is dependent upon this “reserve capacity.” When the avail-
able energy is reduced, it is not possible to maintain this reserve capacity in all
cells and tissues at the same level, and the ability to respond to sudden or un-
usual changes that stress metabolism is impaired. How this impaired ability is
expressed or manifested will vary from situation to situation, depending upon
the nature and severity of the stressor, and the degree of reductive adaptation in
the host.

Effect of Undernutrition on the Immune Response
An important characteristic of life is the body’s ability to protect itself from

the range of adverse environmental insults to which it is exposed daily. These
insults include infection with bacteria and other organisms, and protection is
provided by a complex multilayered system of defenses that may be general
or highly specific. The first layer of defense, the physical and chemical barrier
provided by the skin and mucous membranes, is highly dependent on cellular
replication, mucin secretion, and the secretion of protective molecules, such as
gastric acid, lysozyme, and secretory immunoglobulins. Once these barriers
are breached, increasing reliance is placed on the ability of the body to mount
an effective cellular immune response.

In clinical practice, the presence of an infection is indicated by the host’s
response to that infection. The changes that indicate infection may be a part of
a general response, such as the presence of fever, increased pulse, increased
respiratory rate, feeling unwell, or the loss of appetite. The site of the infection
is localized by the activation of an immune response and the presence of an
inflammatory infiltrate. In severe undernutrition, both the generalized and
localized responses are often diminished and may be completely absent; these
individuals are severely immunocompromised (14,17). Therefore, as in any
other immunocompromised state, the presence of an ongoing infection must be
highly suspected. Multiple foci of bacterial infection often exist and frequently
involve the surface barriers of the skin, respiratory, urinary, and gastrointesti-
nal tracts, but more invasive infection also takes place and can occur with or-
ganisms that are not usually considered pathogenic (18–20).

A large number of animal studies have demonstrated the adverse effects of a
low-protein diet on immunity (21,22) and these effects have been confirmed in
human settings involving protein-energy malnutrition (23–28). Both wasting
and stunting are associated with impaired immune function and increase the
risk of infectious morbidity and mortality. In severely undernourished chil-
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dren, there may be multiple foci of infection (18–20,29). Not unexpectedly, an
inadequate or low-protein diet diminishes the immune responses and increases
susceptibility to infection because immune defenses are dependent on cell rep-
lication and the production of proteins with biological activities, for example,
immunoglobulins, cytokines, and acute phase proteins. It is, however, impor-
tant to note that low-protein diets are often characterized as being inadequate
in micronutrients and low in energy and macronutrients. Nutritional status is
further impaired in the presence of infection, which leads to loss of appetite
and reduced food intake, as well as an increase in the losses of micronutrients
from the body (see Fig. 2). Therefore, the exact nature and extent of the immune
impairments observed will reflect the nature and extent of the nutrient defi-
ciencies present.

Practically all forms of immunity can be affected by severe undernutrition,
but nonspecific defenses and cell-mediated immunity appear to be more
severely affected than humoural (antibody) responses (see Table 1) (21,22,
30,31). Severe undernutrition causes atrophy of the lymphoid organs (thymus,
spleen, lymph nodes, tonsils) in laboratory animals and humans. The cortico-
medullary regions of lymphoid organs are affected to a greater extent than the
epithelium, although the latter is also altered. There is also loss of bone mar-
row reserves of leukocytes (32,33). The circulating white blood cell count can
be increased owing to increased numbers of neutrophils (34); the absolute and
relative numbers of monocytes, T-lymphocytes, CD4+ cells, and CD8+ cells
are decreased, as is the CD4 to CD8 ratio (25,35,36). The extent of decline in
lymphocyte numbers is proportional to the extent of undernutrition (28) (see
Fig. 3). The proliferative responses of T lymphocytes to mitogens and antigens
are decreased by undernutrition (34,35,37), as is the synthesis of interleukin
(IL)-2 and interferon (IFN). The effect on IFN- appears greater than that on
IL-2 (38). Animal studies indicate that the production of the Th2 cytokines
IL-4, IL-5, and IL-10 may be unaffected by protein deficiency even when pro-
duction of the Th1 cytokine IFN- is markedly depressed (39,40). Likewise,
antigen processing and presentation capacity of macrophages may remain in-
tact in undernutrition (41). Natural killer cell activity is decreased in undernu-
trition (42,43), as is the production of tumour necrosis factor (TNF)- , IL-1,
and IL-6, by stimulated monocytes (39,44–47). The delayed-type hypersensi-
tivity response to antigens is decreased by undernutrition (48–51) and the extent
of the decrease is related to the degree of undernutrition (28) (see Fig. 3). Bac-
tericidal activity and respiratory burst of neutrophils are decreased by under-
nutrition, but the phagocytic capacity of neutrophils and monocytes appears to
be unaffected (32,52). The concentration of the complement factor C3 is
decreased in severe undernutrition (48,53,54). B-cell numbers and circulating
immunoglobulin levels are not affected or may even be increased by undernu-
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Table 1
Summary of the Effects

of Protein-Energy Malnutrition on Various Aspects of Immune Function

Effect of protein-energy
Component or function malnutrition

Mucus production
Mucus structure Altered
Integrity of the intestinal mucosa
Weight of thymus, spleen, tonsils, and lymph nodes
White blood cell counts  or 
Number of T-lymphocytes in the bloodstream
Number of CD4 and CD8 cells in the bloodstream
Ratio of CD4 to CD8 cells in the bloodstream
Proliferation of T lymphocytes
Production of Th1-type cytokines (IL-2, IFN- )
Production of Th2-type cytokines (IL-4, IL-5, IL-10) ? 
Delayed-type hypersensitivity
Number of B-lymphocytes in the bloodstream
Concentration of immunoglobulins in the bloodstream  or 
Antibody response to immunization  or  depending upon

the response involved
Concentration of sIgA in tears, saliva, and so on
Concentration of C3 in the bloodstream
Natural killer cell activity
Phagocytosis by neutrophils
Respiratory burst by neutrophils
Phagocytosis by monocytes/macrophages
Bacterial killing by neutrophils
Antigen presentation by monocytes
Production of TNF, IL-1, and IL-6

by monocytes/macrophages
Concentration of acute phase proteins in the bloodstream

trition (34,35,48,49,55). The elevated levels may be the result of concurrent
infection. Antibody responses to diphtheria, tetanus toxoids, and pneumococ-
cal polysaccharides appear unaffected by undernutrition (48,49). However, the
antibody responses to immunization with viral vaccines, which are T-cell-
dependent antigens, are diminished (23). Although the level of secretory IgA
in tears, saliva, and intestinal washings is decreased by undernutrition (56–58),
this may relate to decreased expression of the polymeric Ig receptor that is
responsible for transepithelial transport of IgA, rather than to reduced IgA syn-
thesis (58,60).
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Low Birth Weight

The fetus accumulates several nutrients such as zinc, copper, iron, and vita-
min A during the last trimester of pregnancy, especially during the last 6–8 wk.
Thus, premature babies, whether they are small-for-gestational age or appro-
priate-for-gestational-age, are born with lower nutrient reserves than term
infants (61,62). IgG is transferred from the mother to fetus beyond 32 wk of
gestation and babies delivered before this time have low serum concentrations,
which is thought to contribute to the high frequency of respiratory infections
and sepsis in low-birth-weight (LBW) babies. In addition to immaturity of the
respiratory system and the gastrointestinal tract, the LBW infants are born with
an immature immune system and a reduction in the size of lymphoid organs.
LBW babies have decreased numbers of circulating lymphocytes, T-lympho-
cytes, and CD4+ cells, a decreased CD4 to CD8 ratio, a diminished lymphocyte
proliferative response, and a decreased ability of neutrophils to kill bacteria
(63–66). LBW babies have lower circulating immunoglobulin concentrations,
apart from IgE that is elevated, and normal numbers of B-cells. Some of the
immune abnormalities persist beyond 12 mo of age (64,66). LBW increases
susceptibility to diarrhea and pneumonia, and increases risk of death from
diarrhea, pneumonia, and measles (67).

Fig. 3. Relationship between extent of protein-energy malnutrition in children
and immune function. Weight-for-age among undernourished children is an
indicator of the malnutrition-induced body wasting. T-lymphocytes as a per-
centage of total blood lymphocytes (black squares) and the percentage of chil-
dren showing a negative response to tuberculin (shaded bars) are associated with
body wasting. Data are taken from ref. 28.



Undernutrition and Immunity 81

Barrier Function

Anatomic barriers (skin, mucous membranes) and secretory substances
(lysozyme, stomach acid, mucus, secretory IgA) form part of innate host
defense. Alterations of anatomic barriers such as skin lesions favor the
penetration of infectious microorganisms. Changes in the surface of the gas-
trointestinal tract can favor pathogen colonization (68), and bacterial translo-
cation (17). Undernutrition alters the quantity of mucus maintained on
epithelial surfaces and can also affect its structure (69,72). The intestinal
mucosa too may atrophy (68). Decreased secretory IgA has been observed in
undernutrition (see above). Salivary flow was reduced and the chemical com-
position of saliva altered in undernourished children (73) and rats (74). Gastric
acid secretion is significantly reduced increasing the likelihood of significant
numbers of bacteria reaching the small intestine. This, together with a slowing
in intestinal transit, contributes to the increased risk of bacterial overgrowth in
the small intestine and further impairs the ability to digest and absorb food
normally (17).

Acute Phase Response

The acute phase response is attenuated in advanced human protein-energy
malnutrition and in protein-deficient rodents. This conclusion is based on
measurements of acute phase proteins in serum of children following natural
infection (75) or vaccination (76), and in weanling rats following a sterile
inflammatory stimulus (77). Synthesis of TNF- , IL-1, and IL-6 is suppressed
by stimulated monocytes from children with wasting protein-energy malnu-
trition (46,47), as is IL-6 by macrophages in wasting protein-deficient young
adult rats (39). Thus, the decreased hepatic production of acute phase pro-
teins may reflect, in part, a decreased production of the promoters of their
synthesis (78).

Effect of Acute Phase Response on Nutrition
The metabolic response to a severe infection leads to an increase in energy

expenditure, increased whole body protein turnover, loss of weight, and nega-
tive nitrogen balance (79–81). These responses are muted in severe undernutri-
tion as a direct consequence of the process of reductive adaptation (17,45,78),
and are the underlying cause of the significantly increased morbidity and
mortality. Clinical signs of infection indicate a more fundamental change in
the reordering of the body’s metabolic behavior as an integral part of the
immune response. Nutrients are repartitioned between tissues and the losses
from the body increased, with the magnitude of these losses being greater than
might be expected from the degree of negative nitrogen balance. Loss of
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minerals such as potassium, trace elements such as zinc and copper, and vita-
mins such as retinol, folate, and B12 is increased (14,17). One important conse-
quence of these increased losses is that a marginally adequate diet prevents
effective recovery, and deficiencies of specific micronutrients will further
impair the ability of cells in general and the cells of the immune system in
particular to function adequately and effectively (16). An important exception
to this increase in micronutrient losses is iron. Erythrocyte production is
reduced in severe undernutrition and infection, and the available iron that is
not used for erythrocyte formation increases. There are no mechanisms through
which iron can be excreted from the body. Free iron is highly chemically reac-
tive and potentially toxic and is usually transported in blood or stored in a
nontoxic form, bound to transferrin or ferritin (82,83). In severe undernutri-
tion, either because of excess iron availability or a limit to the amount that can
be stored as ferritin, the amount of free iron in liver and bone marrow increases
(84–87). Free iron increases the risk of free radical generation and prooxidant
damage to cells (88).

An important aspect of being able to clear an infection is the leukocyte res-
piratory burst that is impaired in undernutrition. Under normal circumstances,
the respiratory burst leads to an increased generation of potentially toxic oxi-
dant damage caused by unbalanced generation of free radicals (89). Usually,
the integrity of the system is maintained by the balance being maintained by
cellular antioxidant systems and processes. One of the more important changes
in cellular function that limits the ability of undernourished children to cope
with infection is impaired antioxidant defenses (90,91), Many micronutrient-
based components are an integral part of this system, but central to this is the
ability to maintain the cellular concentration of the tripeptide antioxidant glu-
tathione (GSH) (91–93). Although energetically expensive, the formation and
maintenance of cellular levels of GSH is fundamental. The significant differ-
ence in edematous malnutrition is a failure to maintain GSH, which leads
directly to excess peroxidative damage of cellular lipids and impaired function
(94–96). The repair of cellular GSH status requires sufficient nonessential
amino acids such as glycine and cysteine (97,98) that are, in turn, dependent on
adequate folate, B2, B6, B12, zinc, and copper status.

The integration within the body of these complex changes at the cellular and
tissue levels depends on an appropriate pattern of hormonal signals and
cytokine responses. These responses are modulated by the availability of nutri-
ents, and central to this modulation is the changes that take place in liver func-
tion. A large proportion of the proteins synthesized are made in the liver and
secreted into the circulation (14). These proteins fulfill a range of functions,
among which the transport and delivery of nutrients to other tissues is signifi-
cant. Examples of transport proteins include albumin, apolipoproteins, trans-
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ferrin, retinol binding protein, and transthyretin (99–101). The amount and rate
at which each of the different proteins is synthesized and secreted varies and,
to an extent, is sensitive to the nutrient intake. This property has been used as a
biochemical measure of nutritional status (102,103). However, the rate at which
these proteins are synthesized and secreted is also modified profoundly during
an infection. During an acute phase response, the synthesis of nutrient trans-
port proteins is substantially reduced in favor of the synthesis of acute phase
proteins (78,99–101). This shift in the pattern of proteins secreted by the liver
exerts a substantial effect on nutrient delivery to all other tissues in the body.
In the past, the fall in the plasma albumin concentration was the focus of great
attention and taken as a marker for dietary intake. In practice, the significant
fall in albumin concentration in undernutrition is more likely to be caused by
the acute phase response than to a simple dietary deficiency (16,83,99,104).
Indeed, the changes in plasma concentration taking place, as a consequence of
alterations in the synthesis of albumin, reflect the changed pattern of synthesis
and secretion of the other nutrient transport proteins (99–101). With effective
treatment of infection and specific nutrient deficiencies, substantial clinical
improvement can take place well in advance of significant improvement in the
synthesis rate or plasma concentration of the nutrient transport proteins
(99–101). Importantly, transferrin synthesis is reduced as is its concentration
in serum, which is another factor that contributes to a general difficulty in han-
dling available iron safely and effectively (83,84). With appropriate treatment
the synthesis of transferrin returns to normal (100).

Nature of the Problem to be Managed in Treating a Child
With Severe Undernutrition and Infection

The most common infections are acute diarrheal diseases and respiratory
tract infections. Standard hygiene practices, including handwashing and effec-
tive disposal of contaminated materials, is the basis of limitation and control.
However, the weakened immune defenses of undernourished individuals are
often incapable of coping with the usual dangers of a modestly contaminated
environment. The constant challenge to the immune system allows ongoing
nutrient losses. The mainstay of effective treatment requires an integrated
approach that has been presented as a 10-step process by the World Health
Organization, and which essentially consists of four major elements for the
treatment of the acute stages (10) (see Table 2).

Step 1. Undernutrition As a Medical Emergency

Severely undernourished children often present as a medical emergency with
the combination of infection, hypothermia, and hypoglycemia. In addition to
general supportive therapy, “silent” infections must be seriously suspected and
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Table 2
Principles of Effective Staged Treatment of Severe Undernutrition

1. Infection, hypothermia, and hypoglycemia are linked and have to be
treated aggressively and together as a matter of urgency

2. Normal homeostasis can only be achieved when cells have been repaired
and can function competently. This requires that all infections are
under effective control and specific nutrient deficiencies have been
corrected

3. Growth can only be achieved by cells that can function competently.
Therefore, an excess of energy or protein, which drives growth, before
cellular repair has been completed is more likely to increase morbidity
than lead to an improvement

4. Iron, which cannot be used effectively by metabolic processes, is poten-
tially toxic. Undernourished children tend to have an excess of iron in
their body, and further supplements increase mortality

treated aggressively with suitable wide spectrum antibiotics. Body tempera-
ture is maintained by decreasing heat loss, by effectively covering the child,
and providing an external source of warmth, which may simply be the warmth
of the mother’s body. As nighttime temperatures can fall to low levels, the
child has to be protected from hypothermia in the early hours of the morning.
Treating infections and maintaining body temperature in themselves help to
maintain blood glucose, but during the early stages, intravenous glucose or
drinks of sucrose or glucose are often necessary while waiting to establish a
regular feeding regimen.

Step 2. Repair Cellular Machinery

The wasting process and loss of specific nutrients impairs the normal func-
tion of the cell. An overgrowth of organisms is common and recognizing and
effectively treating small bowel overgrowth may be critical to reducing the
continuing loss of nutrients through the gastrointestinal tract. Potassium defi-
ciency is an important cause of edema and impaired cellular function, and gen-
erous supplements of potassium are central to restoring cellular function and
competence. Because excess sodium is always present in cells and tissues, lim-
iting the intake of sodium ensures that further sodium retention does not make
case management even more difficult. All other specific nutrient deficiencies
need to be corrected progressively. By ensuring an adequate intake of antioxi-
dant nutrients (a vitamin and mineral mixture) it is possible to limit free-radi-
cal-mediated oxidative damage. These interventions are of specific importance
for competent cells of the immune system, but are also of general importance
in restoring the function of all cells.
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Step 3. Limit Energy and Protein

Screening for undernutrition is based on weight and height; thus drawing
attention to the loss of tissue rather than an underlying disturbance of cellular
function. If the problem is identified as tissue loss, the natural response is to
attempt to replace the lost tissue as quickly and effectively as possible. How-
ever, this is potentially dangerous because the damaged cells do not have the
ability to grow and replicate. Therefore, the first priority is to repair the
machinery required for normal cellular function. This involves correction of
micronutrient status that will, in turn, provide the ability to handle macronutri-
ents that will be deposited effectively as new tissue. Excessive energy intake,
even as little as 10% of the maintenance requirement, will promote a drive to
net tissue deposition. The drive for tissue growth represents a competitive de-
mand for available nutrients and, if excessive, leads to recovery syndrome and
possible death. Therefore, energy intake should be limited to cover the needs
for maintaining weight (90 kcal/kg/d) and avoid a drive to tissue deposition.
Similarly, excessive protein can have an adverse effect if the cellular machin-
ery is not sufficiently repaired to effectively detoxify an excess of amino acids.
Those amino acids that cannot be deposited as tissue have to be excreted, and if
the excretory systems are impaired, the residues are very toxic. Higher protein
diets during this period have been associated with excess mortality. In general,
it is not necessary to provide more than 1 g protein/kg/d (16,105).

Step 4. Do Not Give Iron Supplements During the Acute Stage
of Treatment

Additional iron is not usually given during the acute and early stages of
treatment, because excess iron is associated with greatly increased mortality. If
there is direct evidence of specific iron deficiency, clinical judgement is
required, but under this circumstance, great caution should be exercised in the
administration of iron.

The above regimen effectively treats infection and restores the body’s abil-
ity to control metabolic balance. Depending upon the severity of the condition,
this period may take a few days to a week to complete successfully. The rate at
which the immune capability responds is similar to that of other tissues, and
cell-mediated immune function may be improved over a period of days to
weeks. A failure to improve may reflect a failure to correct an undefined
specific nutrient deficiency, for example, the need for adequate zinc reple-
tion (13,50).

The treatment regimen may need to be adapted to manage specific infec-
tions most effectively. For example, particular considerations may exist for
treating tuberculosis, HIV, malaria, or other parasites. Patients with tuberculo-
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sis may not have obvious symptoms when undernourished, but they develop
significant symptomatology during treatment once the ability to mount an
effective immune response is restored. The increase in symptoms as nutritional
status improves may be mistaken for a deterioration in the condition and a
worsening of the underlying infection. Severe iron deficiency may be present
in individuals with malaria, and caution is required in correcting the iron defi-
ciency at an appropriate rate without stressing the patient. Increasingly, chil-
dren presenting with undernutrition are likely to have HIV/AIDS (106). The
general principles of treatment do not differ from those that apply to any other
infected-undernourished individual and, if anything, even greater care is
required in the nutritional support needed to improve metabolic control. Cer-
tainly, more effective management of any infected undernourished person is
likely to lead to a better response to standard pharmaceutical interventions.

Conclusion
A great deal remains to be learned about the nature of the complex interac-

tion between a host’s immune response and infection, and how this interaction
affects nutritional status. However, there is sufficient understanding of the prin-
ciples of these interactions to significantly improve the care that is offered to
undernourished individuals and to reduce the morbidity and mortality, even
under the most resource-poor conditions.
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KEY POINTS

• Vitamin deficiencies, especially A and the B-complex, are widespread in
many developing countries and impair both innate and adaptive immunity.

• Vitamin A is the most widely studied micronutrient and deficiency
results in:
• decreased barrier function
• decreased natural killer activity
• decreased T- and B-lymphocytes and abnormal cytokine function.

• Vitamin A supplementation:
• decreases child mortality
• decreases measles related morbidity and mortality
• decreases the severity and duration of diarrhea
• has no effect on acute lower respiratory infection and vertical transmission

of HIV.
• Vitamin E and C have antioxidant properties and supplementation and

• increase immune function in elderly
• may decrease HIV progression.

• The B vitamins and vitamins D and K are less studied, especially in
humans.
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• Multiple micronutrient supplements offer promise as a cost-effective strat-
egy to increase immune function in the elderly and HIV/AIDS patients,
but more studies are needed in developing countries.

Introduction
Inadequate food intake and poor dietary quality result in micronutrient defi-

ciencies and affects a large number of people in developing countries, as well
as subgroups such as the elderly and HIV infected individuals in developed
countries. The most extensively studied vitamin deficiency is that for vitamin
A, which affects up to 254 million young children worldwide (1). Women of
reproductive age are also at high risk of vitamin A deficiency (VAD) in many
developing countries. Vitamin A supplementation improves breast milk qual-
ity alleviates anemia, and may reduce maternal mortality (2). Other common
vitamin deficiencies include the B vitamins, especially folic acid, B6, B12,
thiamin (B1), riboflavin (B2), as well as vitamin C, although reliable data on
the magnitude of these deficiencies are limited (3). Deficiencies of the other
fat-soluble vitamins, namely D, E, and K are less common, and subgroups may
be at risk.

The synergistic association between nutrition and infections has been well
known for several decades. Scrimshaw (4) demonstrated protein-energy mal-
nutrition in young children increased their susceptibility to common childhood
illness such as diarrhea and acute respiratory infections which, in turn,
increased their risk of being undernourished as a result of reduced food intake
and increased losses from poor absorption and metabolism. Over the last 30 yr,
considerable progress has been made in understanding the mechanisms by
which undernutrition—and more recently specific micronutrient deficiencies—
can affect the immune system and thus the response to infections (5,6). This
chapter summarizes the role of vitamins in immune function and response to
infections. The role of vitamins in common childhood illnesses including diar-
rhea, measles, and respiratory infections as well as malaria and HIV/AIDS is
discussed.

Single Vitamins and Immune Infection
Vitamin A

The role of vitamin A in immune function was first recognized at the begin-
ning of the 20th century, when it was dubbed the “antiinfective” vitamin (7).
Since then, both its role in modulating disease-specific immunity and the
mechanisms through which it may exert its antiinfective effects have been elu-
cidated (8). Vitamin A supplementation can reduce all-cause child mortality
by almost one-third in areas where VAD is common (9). For measles and diar-
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rhea, this decreased the severity and duration of illness rather than the inci-
dence of the disease (2,10). Ongoing research related to vitamin A supplemen-
tation in malaria and HIV/AIDS will provide additional understanding of how
vitamin A functions in immunity.

Mechanisms

INNATE IMMUNITY

Vitamin A is essential for maintaining normal epithelial tissue integrity and
is critical to barrier function. Deficiency is associated with hyperkeratosis of
the skin, squamous metaplasia of respiratory epithelium, and decreased num-
bers of goblet cells and mucus secretions in the epithelial lining of the gut
(8,11). Vitamin A supplementation improved gut epithelial integrity and the
gut’s regenerative ability in children in India and the Gambia (12). VAD has
been associated with reduced numbers and activity of natural killer cells and
eosinophils and diminished phagocytic and oxidative burst capabilities of mac-
rophages and neutrophils (8,13). Increased production of interleukin (IL)-12
and tumor necrosis factor (TNF)- in the vitamin A deficient state, and a sub-
sequent increase in activated but inefficient macrophages, may promote an
excessive inflammatory response and its accompanying pathologies (8). Reple-
tion and supplementation reverse these cellular abnormalities (11,13). In sum-
mary, vitamin A is essential to a competent innate response; deficiency
suppresses innate immunity, hindering the formation of a rapid response in the
event of infections and insults. -carotene, the nontoxic precursor of vitamin
A, may also have similar effects but data are limited and more research is
needed to elucidate the role of -carotene in the immune response and in spe-
cific diseases.

ADAPTIVE RESPONSE

Vitamin A appears to maintain the normal antibody-mediated (or T-helper
type-2 [Th2]) response by suppressing IL-12 and TNF- production (6,8).
Deficiency results in abnormal production of these cytokines and subsequent
suppression of the Th2 response, and individuals with VAD have an impaired
ability to defend against extracellular pathogens (see Table 1). Additionally,
VAD is associated with a decrease in the number of antigen specific plasma
cells, a diminished immunoglobulin (Ig) A response to cholera toxin and influ-
enza, diminished IgG1 and IgE response to Schistosoma mansoni and Tri-
chinella spiralis (6,8). The diminished antibody response and suppression of
Th2 cytokine production have been shown to be reversible with supple-
mentation (6,8,11).
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Morbidity

The role of vitamin A and its deficiency in specific diseases, especially child-
hood diseases, has been a subject of interest for decades. Some of the key find-
ings for several common causes of child mortality are described below.

MEASLES

Vitamin A has long been associated with morbidity and mortality outcomes
from measles. Serum retinol concentrations are inversely related to increased
severity of measles, and community-based and clinical trials have shown that
large dose vitamin A supplementation (200,000 IU) decreased measles-spe-
cific mortality by more than 50% (14). These findings led the World Health
Organization (WHO) to recommend that all children receive a large-dose
vitamin A supplementation of 200,000 IU (100,000 for children under the age
of 1 yr) at the onset of measles. In areas where VAD is a public health concern,
WHO and UNICEF recommend two doses. Recent studies have also shown
that large dose vitamin A supplementation reduces the incidence and duration
of infections secondary to measles (see Table 2). A systematic review (21) that
included six randomized controlled trials found that vitamin A supplementa-
tion significantly reduced the incidence of croup and otitis media and the dura-
tion of diarrhea, pneumonia, hospital stay, and fever.

DIARRHEA

Studies reporting a role for vitamin A in alleviating and/or preventing diar-
rhea are mixed (see Table 3). Several randomized controlled trials failed to
detect any reduction in the incidence of diarrhea and it is now accepted that the
primary role of vitamin A in reducing diarrhea-associated mortality is by
reducing the severity and duration of a diarrheal episode (2,10). Some studies
found the beneficial effects of vitamin A supplementation appeared to be modu-
lated by the individual’s nutritional status and/or the infectious agent. Work in
Bangladesh, the Congo, and Tanzania illustrate the emerging dichotomy of
how vitamin A affects those with diarrhea. Supplementing Bangledeshi chil-
dren ameliorated diarrhea caused by shigellosis, but had no effect on diarrhea
of rotavirus or Escherichia coli origin (24,32). The suppression of the Th2
response during VAD may provide insight into this discrepancy. A hospital
study on Congolese children found decreased risk of diarrhea among those
with protein-energy malnutrition who received vitamin A supplementation and
an increased risk of diarrhea among those without protein-energy malnutrition
who received vitamin A supplementation (33). In Tanzania, the benefits of
supplementation were more evident in stunted children (39). It is hypothesized
that in well-nourished children, large doses of vitamin A may escalate a nor-
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mal inflammatory response whereas, in children with suboptimal status, large
doses of vitamin A may normalize the Th1 response and restore an optimal
Th2 response in addition to improving gut integrity (8,13).

RESPIRATORY INFECTIONS

In contrast to measles and diarrhea, vitamin A does not diminish the inci-
dence, severity, or duration of respiratory infections that are not secondary to
measles. In fact, some studies have indicated that vitamin A supplementation,
especially in well-nourished individuals, may exacerbate respiratory infections
(10,39). Studies in Guatemala, Brazil, and Tanzania found no effect of vitamin
A supplementation on reducing respiratory-related mortality; duration of hos-
pital stay; or fever, tachynpea, or hypoxia in hospitalized children, whereas a
study in Peru found significant increases in persistence of retractions on day 3
after supplementation with 300,000 IU vitamin A (39). Only one study (in Viet-
nam) found that a 400,000 IU vitamin A supplement was associated with
decreased hospital stay in undernourished children hospitalized for respiratory
infections. Community-based trials corroborate the findings of a lack of effect.
Studies in India and Australia found vitamin A supplementation did not alter
the incidence of acute lower respiratory tract infection (ALRI), whereas stud-
ies in Indonesia and Ecuador found that the effect was dependent on nutritional
status (31,34). In Indonesia (31), vitamin A supplementation was associated
with increased incidence of ALRI among nonstunted children; no effects were
observed among stunted children. The Ecuador study (34) found a significantly
decreased incidence of respiratory infections among underweight children, but
increased incidence among supplemented children with normal nutritional
status, and no effect among stunted children. It has been hypothesized that in
normally nourished children, vitamin A supplementation may increase the
inflammatory response, thus exacerbating damage to the respiratory tract (8).

MALARIA

Animal studies have long provided support for a role of vitamin A in malaria
morbidity and malaria resistance (40). A study in Papua New Guinea found
significantly reduced malarial episodes, and nonsignificantly diminished
parasite load and decreased spleenomegaly among preschool children supple-
mented with vitamin A. Other studies in humans, however, were confounded
or biased and their results must be interpreted with caution (40). Based on
animal and human studies, it appears that VAD potentiates malaria morbidi-
ties. The exact of role of supplementation in alleviating malaria illness,
however, has not been fully studied. Controlled intervention trials in adults
and children and in individuals of varying stages of nutritional deficit are
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Table 1
Role of Vitamins in Immune Function

Adaptive immunity

Vitamin INNATE IMMUNITY T cells B cells Cytokines Th1 Th2

A • Decreased Barrier Integrity • Decreased number • Decreased IgG1, IGE, • Abnormal Increased Decreased
• Squamous metaplasia of antigen speci- and IgA response cytokine

of epithelial linings fic plasma cells pattern
• Hyperkeratosis • Increased
• Decreased mucus secretion production
• Increased gut permeability of IL-12
• Increased number of circula- and IFN-

ting neutrophils and
natural killer (NK) cells

• Decreased killing ability
of NK cells, macrophages,
and neutophils

• Increased number of activated
macrophages

Folic • Decreased NK cell activity • Decreased DTH Decreased ?
Acid response

B6 • Decreased lymphocyte • Decreased T-helper • Decreased IL-2 Decreased ?
proliferation cells

• Decreased NK cell activity
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B12 • Increased lymphocyte activity • Decreased DTH ? Decreased?
and NK activity with response
supplementation

C • Decreased phagocytosis
and microbial activity ? ?

D3 • Inhibits NK in dose-depend- • Inhibits T-lympho-
ent manner ctyte prolifera-

tion

E • Decreased phagocytosis in • Increased lympho- • Decreased IL-2 Decreased
conjunction with cyte prolifera- formation in
vitamin C tion in response response to

• Decreased NK cytoxicity to mitogen specific mitogen
• Impaired DTH skin • Increased IL-4

response
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Table 2
Effect of Vitamin A Supplementation on Measles

Country (Yr) Study Sample Intervention Results

Tanzania, 1987 (15) 180 children admitted • 200,000 IU vitamin A • No effect on mortality from
to hospital for measles on days 1 and 2 measles or pneumonia

of hospital stay
• 1 mo follow up

 South Africa, 1990 (16) 189 children <13 yr • 200,000 IU vitamin A • Decreased hospital deaths
admitted to hospital on days 1 and 2 • Decreased duration of measles-

of hospital stay associated pneumonia,
• Follow up for length diarrhea, and hospital

of hospital stay confinement
• Decreased incidence of croup

South Africa, 1991 (17) 60 children 4–24 mo • 200,000 IU vitamin A • No effect on mortality
on days 1, 2, and 8 • Decreased duration of clinical
of hospital stay measles and measles-associated

• Follow up for length pneumonia
of hospital stay
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  Kenya, 1993 (18) 294 children <5 yr • 200,000 IU vitamin A • No effect on hospital death
in single dose • No effect on incidence of

• Followed up for length measles-specific pneumonia
of hospital stay • No effect on incidence of measles-

specific diarrhea
• Decreased incidence of otitis

media
Zambia, 1996 (19) 200 children <5 yr • 380,000 IU vitamin A • No effect on mortality

in single dose • No effect on incidence of
• 1 mo follow up pneumonia

Zambia, 2002 (20) 200 acute measles • 200,000 IU vitamin A • Decreased incidence of measles-
patients (5 mo–17 yr)  in single dose associated pneumonia in VAD
stratified by vitamin A • 1 mo follow up children receiving supple-
deficiency placebo and VA sufficient

• Increased incidence of measles-
associated pneumonia in VA
sufficient receiving supplemen-
tation compared to placebo
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Table 3
Effect of Vitamin A Supplementation on Diarrhea

Country (Yr) Study Sample Intervention Results

Indonesia, 1991 (22) 28,861 children 200,000 IU vitamin A • No effects on prevalence of diarrhea
1–5 yr every 6 mo for 1 yr

India, 1991 (23) 15,419 children ~8000 IU vitamin A/wk • Increased incidence of chronic diarrhea
6–60 mo  for 1 yr among stunted children

Bangladesh, 1992 (24) 83 children
1–5 yr 200,000 single dose vitamin A • No effect on diarrhea (predominantly

due to E. coli and rotavirus)
Haiti, 1993 (25) 11,124 children 200,000 IU vitamin A • Increased prevalence of diarrhea

6–83 mo 4x/mo
China, 1993 (26) 172 children 200,000 IU vitamin A • Decreased incidence of diarrhea

6–36 mo  every 6 mo
Brazil, 1994 (27) 1240 children 200,000 IU vitamin A • Decreased incidence of diarrhea

6–48 mo (100,000 in <1 yr) • Decreased incidence of severe diarrhea
every 4 mo for 1 yr

India, 1994 (28) 900 children 200,000 IU vitamin A • No effect on incidence
12–60 mo with

acute diarrhea
India, 1995 (29) 216 children 200,000 IU vitamin A • No effect on duration

6–60 mo • Decreased incidence of severe episodes
India, 1995 (30) 583 children 200,000 IU vitamin A • No effect on incidence

6–36 mo (100,000 <1 yr) • Decreased duration of diarrhea episode
every 4 mo for 1 yr

Indonesia, 1996 (31) 1407 children 200,000 IU vitamin A • No effect on incidence of diarrhea
6–47 mo (100,000 <1 yr)

every 4 mo for 1 yr
Bangladesh, 1998 (32) 83 children 200,000 single dose vitamin A • Reduced duration

1–7 yr with
shigellosis
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Congo, 1998 (33) 900 children 200,000 single dose vs daily • Decreased incidence of severe diarrhea
0–72 mo low dose (5000 IU) 40 wk in PEM children receiving daily

supplements
• Increased risk of diarrhea in non-PEM

children receiving single high dose
Ecuador, 1999 (34) 400 children 10,000 IU vitamin A/wk for 40 wk • Decreased risk of severe diarrhea in

6–36 mo children 18–23 mo
Tanzania 2000 (35) 687 children 200,000 IU vitamin A • Reduced risk of severe diarrhea

hospitalized on d 1, d 2, • Decreased risk of acute diarrhea
with mo 4 and 8 in wasted children
pneumonia • Increased risk of acute diarrhea

6–60 mo in children with normal nutritional
status

Bangladesh, 2001 (36) 96 moderately 4 intervention groups • Zn and not vitamin A decreased stool
malnourished Zn: 20 mg and multivitamin output, prevented weight loss, and
children with daily VA: 26,666 IU promoted earlier recovery
persistent vitamin A/d + multivitamin
diarrhea daily Zn + vitamin A:

6–24 mo 26,666 IU vitamin A + 20 mg
Zn + multivitamin daily
Placebo 7-d study

Bangladesh, 2001 (37) 800 children Four intervention groups • Both vitamin A and Zn decreased the
12–35 mo Zn: 20 mg/daily for 14 d prevalence and incidence of diarrhea,

Vitamin A: 200,000 IU separately and in combination
on d 14
Zn +VA • Decreased prevalence of dysentery for
Placebo vitamin A + Zn only

6 mo follow up
Tanzania, 2002 (38) 687 children 200,000 IU vitamin A on day 1, • Increased growth patterns observed

6–60 mo d 2, mo 4, and 8 among those who had suffered
hospitalized severe diarrhea
with
pneumonia
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needed. Furthermore, the ability of vitamin A to alleviate anemia (41), while
concurrently alleviating malaria-related illness, offers hope in improving the
health outcomes of pregnant women, who suffer from the compounded effects
of malaria induced anemia.

HIV

The two primary areas of research on vitamin A and HIV relate to maternal-
to-child transmission (MTCT) of HIV and HIV pathogenesis and progression.
With respect to MTCT, VAD is associated with increased risk of viral shed-
ding via genital secretions, epithelial cornification of the lower genital tract,
diminished placental integrity in rats, and increased viral shedding in human
breast milk. Observational studies in Malawi, Rwanda, and the United States
have also shown that low serum retinol levels were associated with increased
risk of vertical transmission of HIV (42). However, supplementation trials of
pregnant HIV+ women in Malawi, Tanzania, and South Africa, failed to dem-
onstrate any benefits.

With respect to HIV/AIDS pathogenesis and progression VAD, but not
supplementation per se, appears to be the primary modulator. In adults, low
serum vitamin A has been associated with increased mortality and disease pro-
gression (43,44). However, some studies found vitamin A supplementation had
a U-shaped relationship with disease progression and death (45). Supplemen-
tation had no effects on viral load in HIV+ intravenous drug users (42), or in
improving T-cell counts in HIV+ Tanzanian women (46). Thus, vitamin A
supplementation in adults may be important in HIV/AIDS only in the context
of remedying deficiency. In contrast, several studies have demonstrated that
vitamin A supplementation, provided three or four times a year to children
under the age of 5 yr, reduced AIDS-related morbidities, particularly diarrhea,
and death (47). Additionally, vitamin A supplementation in HIV-infected chil-
dren has not been associated with the adverse effects observed in some studies
involving uninfected children (42).

Vitamin B Complex

Understanding of the role of the B vitamins in immunity is difficult because
of the lack of well-designed human studies. The knowledge base is limited to
what can be gleaned from intervention trials that use multiple micronutrient or
vitamin supplements, animal studies, and a limited number of human trials
most involving the elderly or those with HIV/AIDS. The better understood B
vitamins include folate, B12, and B6, which are implicated in cell proliferation
and erythrocyte production. Deficiencies of these three micronutrients result
in anemia: microcytic anemia in B6 deficiency and megaloblastic anemia in
folate and/or B12 deficiency, rendering it difficult to determine whether the
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immunocompromised state is a result of the specific nutrient deficiency or to
the general, anemic state.

Mechanisms

Folate, B12, and B6 appear to aid in the maintenance of both the innate and
the adaptive response. Folate and B6 deficiencies are associated with thymic
atrophy. Rat offspring of B6 deficient dams were noted as having significantly
smaller spleens and thymus glands (48,49), indicating a role for these vitamins
in the maintenance of immune organs (see Table 1).

Vitamins

VITAMIN B6

Numerous animal studies have demonstrated that vitamin B6 deficiency is
associated with reductions in antibody producing cells, reduced delayed type
hypersensitivity (DTH) response, decreased proliferation of lymphocytes, and
diminished cytotoxicity of T-cells (49). Human studies investigating B6 medi-
ated immunity in the elderly observed an association between B6 deficiency
and decreased antibody production and Th cell populations (50). Additionally,
decreased IL-2 production, T-lymphocyte numbers, and T-lymphocyte prolif-
eration were observed in individuals undergoing B6 depletion studies (6).
Reduced lymphocyte proliferation and diminished natural killer cell activity
were observed in B6-deficient patients with HIV/AIDS (45). Repletion studies
showed B6 supplementation restored proper immune function, and supplemen-
tation studies in the elderly and those with HIV/AIDS improved immune
response (5). Taken together, researchers hypothesize that B6 deficiency may
suppress Th1 activity while repletion enables a proper Th2 response (6).

FOLATE

Folate is required for thymidine production and the normal cycle of cell
division and proliferation and, therefore, affects the proliferative response of
immune cells. Animal and human studies in folate deficient subjects have dem-
onstrated reduced lymphocyte numbers (48) and proliferation in response to
mitogens, as well as diminished DTH response and natural killer cell activity
(6). With respect to specific morbidities, folate-deficient animals developed
increased susceptibility to infections with various pathogens including shigella,
salmonella, murine rotavirus, trypanasoma flexniri, plasmodium yoelli, and the
Newcastle virus (48). Depletion studies in humans have demonstrated that
single deficiencies of either folate or B12 result in diarrhea (51). Folic acid
deficiency and megaloblastic anemia may increase malaria-associated morbidi-
ties and susceptibility to malarial infection (41). Researchers hypothesize that
folate deficiency may act mechanistically by inducing suppression of the Th1
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response (6), but few have examined the benefits of improving folate status in
reducing morbidity.

VITAMIN B12

Vitamin B12 is also important in erythrocyte production and cellular prolif-
eration. Deficiency leads to megaloblastic anemia and, with respect to immune
cells, impaired neutrophil function. Deficiency is also associated with declin-
ing CD4 counts and increased disease progression among men with HIV/AIDS
(43). B12 supplementation has been shown to improve antibody function and
lymphocyte production. In B12-deficient AIDS patients, supplementation
improved lymphocyte counts, CD8+ counts, and natural killer cell activity (43).
Its role in the Th2/Th1 response has not been elucidated, although researchers
speculate that B12 deficiency may suppress the Th2 response (6).

RIBOFLAVIN

Riboflavin has been relatively well studied in the context of malaria and
deficiency appears to protect against malaria infection and malaria-related mor-
bidities. It is hypothesized that the malaria parasite requires riboflavin and is
deprived in the deficient state (52). However, more recent research involving
high-dose riboflavin supplementation has demonstrated that riboflavin can sup-
press parasite growth, although the mechanisms have not been elucidated (53).

OTHER B VITAMINS

Few studies have examined the roles of the remaining B vitamins (thiamin,
pantothenic acid, niacin, and biotin) in immune function and those in humans
have been carried out in the context of multivitamin supplements. Thus, their
individual effects are difficult to determine. Preliminary research in rats hints
at an increased requirement for biotin by lymphocytes during the proliferative
response (54), although studies in biotin deficiency have found that immune
markers are not altered in the deficient state compared with a normal state of
nutriture (55).

Vitamin C

Mechanism

Vitamin C is found in high concentration in leukocytes and is readily mobi-
lized during infection. Human and animal studies have shown it to be a strong
modulator of immunity. Vitamin C deficiency in animals has been associated
with decreased phagocytosis and antimicrobial activity of macrophages. In
contrast, high levels of vitamin C have been associated with increased mito-
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gen-induced production of antibodies by the peripheral blood lymphocytes,
increased DTH response, and decreased T-cell death, as well as enhanced neu-
trophil function (6,13).

Morbidity

ACUTE RESPIRATORY INFECTIONS

Although it is commonly accepted that vitamin C can ‘boost’ immunity, few
studies have looked at the effect of ascorbate on specific morbidities. One study
suggests potential benefits: elderly patients admitted for acute respiratory
infection and supplemented with 200 mg vitamin C/d for 4 wk reportedly fared
much better than the unsupplemented ones (56).

HIV/AIDS

More recently, vitamin C has been implicated in the progression of HIV to
AIDS. In a randomized clinical trial of HIV+ subjects, daily supplementation
for 3 mo with both vitamin C and vitamin E (1000 mg ascorbic acid and 800 IU
dl- -tocopherol) decreased lipid peroxidation and indicated a trend toward a
reduced viral load (57). In vitro experiments using HIV-infected human cell
lines demonstrated that exposure to high doses of vitamin C decreased prolif-
eration and survival of the infected cells and reduced viral production (58).
These findings appear to confirm a role for vitamin C independent of vitamin
E, although more research is needed.

Vitamin D

Mechanism

In its active form, 1,24-dihydroxyvitamin D3, vitamin D has been shown to
act as a powerful immunoregulator that is capable of suppressing Th1 response.
It has been shown to inhibit T-lymphocyte proliferation and immunoglobulin
production, decrease natural killer cell toxicity, and decrease the production of
IL-2, IL-12, and IFN- . In contrast, 1,25-dihydroxyvitamin D3 increases syn-
thesis of IL-4, IL-5, and IL-12, as well as IgA, and it is thought this vitamin
may act to promote a Th2 response (6).

Morbidity

How the above findings translate into morbidity remains unclear as few stud-
ies have looked at the role of vitamin D in specific disease states. Several
observational studies suggest a role of vitamin D deficiency in various respira-
tory infections including tuberculosis and, to a lesser extent, pneumonia (59).



108 Ramakrishnan et al.

Vitamin E

Mechanism

Vitamin E is the primary lipid-soluble antioxidant in the body and is essen-
tial for protecting the cell membranes against lipid peroxidation, a damaging
process that is immunosuppressive. For this reason, vitamin E is thought to be
essential in optimizing and even enhancing immune function. Long and short
term supplementation with vitamin E in healthy elderly subjects increased
IL-2 levels and its associated lymphocyte proliferation in response to specific
mitogens, increased helper-T activity, and improved the DTH skin response
that is a marker of cell-mediated immunity (60,61). Vitamin E also increases
natural killer cell toxicity and, when given with vitamin C, promotes phagocy-
tosis (62) (see Table 1).

Morbidity

Few large-scale studies have looked at the effect of vitamin E supplementa-
tion on specific infections and disease state. Evidence from cross-sectional data
shows an inverse association between blood vitamin E levels and overall inci-
dence of infectious diseases in the preceding three years in noninstitutionalized,
healthy, elderly subjects (63).

HIV/AIDS

Serum vitamin E levels have been negativity associated with viral load and
disease progression in HIV-infected populations. In a 9-yr follow-up study of
HIV+ men in Baltimore, US, investigators found a significant 35% reduction in
the risk of progression to AIDS when comparing the highest and lowest
quartiles of serum vitamin E. Median AIDS-free survival time was 1.5 yr longer
in the highest serum vitamin E quartile compared with the lowest one (43).
Although not statistically significant, the results suggest vitamin E may protect
against HIV progression in infected subjects.

MALARIA

Despite the overall benefits of good vitamin E nutriture to protect against
infection, observational evidence suggests that low serum levels may be pro-
tective against malarial infection (64). It is hypothesized that vitamin E sup-
presses the parasite-damaging oxidative stress reaction generated by the
immune system, thus increasing survival of the Plasmodium falciparum para-
site.

Vitamin K

One of the least studied vitamins is vitamin K, a fat-soluble vitamin that is
widely available in plants and animal foods as phylloquinone (vitamin K1). An
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analog, menaquinone (vitamin K2) can be synthesized endogenously in the liver
of most mammalians organisms and by bacteria found in the human gut.

The importance of vitamin K in proper coagulation of the blood has long
been known and vitamin K-dependent proteins and factors have been identi-
fied. In recent years, vitamin K has also been found to play a role in bone
calcification.

Vitamin K deficiency is rare in healthy adults. Because they are born with
low vitamin K stores, a sterile gut, and because breastmilk is low in vitamin K,
newborn infants are especially vulnerable to vitamin K deficiency in the first
few days of life. Prophylactic vitamin K supplementation in newborns with the
purpose of preventing hemorrhagic disease of the newborn is a common prac-
tice, especially in premature infants. Other than this routine supplementation,
little is known about a potential role of vitamin K in the prevention of other
disease states or the association between vitamin K and the immune function.

Multiple Micronutrient Supplementation
Micronutrients do not act in isolation; they probably exert a synergestic

effect within the body to promote optimal health. Likewise, micronutrient
deficiencies rarely occur in isolation. Subclinical deficiencies of multiple
micronutrients, rather than single micronutrient deficiencies, are likely to be
highly prevalent in developing countries where access to high-quality food is
limited and the majority of household income is spent on a few simple staples
(65). Interventions such as multiple micronutrient supplementation or fortifi-
cation of commonly consumed foods, such as wheat flour with several micro-
nutrients, are attractive because they have potential to alleviate simultaneously
multiple subclinical deficiencies in a cost-effective manner compared with
single micronutrient interventions. Although multiple micronutrient and vita-
min supplements are widely consumed in some developed countries, and are
being promoted in developing countries, little is known about their benefits for
health and disease.

A few studies have examined the role of multiple micronutrient supplements
in the immune system and on morbidity outcomes, primarily among the elderly
in more developed countries and in HIV/AIDS patients. Regardless of their
lessened generalizability to the developing world, elderly populations in
developed countries are at increased risk of nutritional deficiencies for a vari-
ety of reasons and may represent an adequate, although not ideal, model for
comparison. Additionally, in the absence of undernutrition, aging is associated
with diminished cellular immunity (66). Patients with HIV/AIDS are also at
increased risk of micronutrient deficiencies; thus results from these studies
may also be applicable to developing countries. Several randomized controlled
trials in elderly patients found that supplementation with multiple micronutri-
ents improved cellular immune markers, specifically improved natural killer
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activity, enhanced DTH response, and/or cytokine production by lymphocytes.
Intervention studies in the elderly have also observed improved immune
responses, improved mirconutrient status, reduced frequency of illness, and
improved self-perceived quality of life (67). One study found these benefits to
be most pronounced among those with type II diabetes and those with
subclinical deficiencies in multiple nutrients (67). Multiple micronutrient
supplementation has been associated with improved immune function and
delayed disease progression in HIV/AIDS patients, and more rigorous studies
are needed (68).

A few intervention trials using multiple micronutrient supplementation have
been carried out among young children and pregnant women in developing
countries. The main outcome in most of these trials was young child growth
and the results have not been encouraging. Only one study, in Tanzania (46),
involved HIV+ pregnant women and examined the effects of supplementation
on immune function or morbidity. The results from the Tanzanian trial are
promising and need to be replicated. Women who received daily prenatal
multiple vitamins had significantly higher CD3+, CD4+, and CD8+ counts, as
well as improved infant outcomes compared with the control group who
received iron-folate supplements that is the standard of care (46). Studies of
selected combinations of one or more vitamins along with minerals such as
iron and zinc may help understand the mechanisms. More research is needed to
determine which nutrients need to be included in a multiple micronutrient
supplement, as well as the dose and method of delivery that will be most effec-
tive in developing country settings. Issues such as micronutrient interactions,
safety, cost, accessibility, and quality also need to be addressed.

Conclusion
Vitamins are important immunomodulaters and play a key role in alleviat-

ing the burden of disease globally. Vitamin A is important for preventing
adverse outcomes from common childhood diseases such as measles and diar-
rhea. Although less is known about the benefits of other vitamins, including C,
D, and E, they play an important role in maintaining normal immunity and
deficiencies are associated with impaired responses and immune function. The
challenge is to find ways to reduce the prevalence of vitamin deficiencies in a
cost-effective way and to better understand the interaction between vitamins
and other risk factors of common illnesses that affect many people—especially
young children—living in impoverished settings. Priority needs to be given to
determining the efficacy of both multiple micronutrient supplements and the
fortification of common foods with different micronutrients. More research is
also needed on understanding the role of vitamins in emerging infections as
well as infections, such as malaria, tuberculosis, and HIV/AIDS.
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KEY POINTS

• Mineral deficiencies:
• Arise through a variety of mechanisms.
• Occur frequently in both developed and developing countries.
• Can influence all components of the immune system.

• Mineral deficiency-induced abnormalities in the immune system are par-
ticularly profound when they occur during early development.

• Copper deficiency inhibits interleukin (IL)-2 production by affecting gene
transcription; IL-2 is a cytokine involved in normal T-cell metabolism.

• The effect of iodine deficiency on the immune system has not been well
characterized.

• Iron deficiency can be a risk factor for an impaired immune system. How-
ever, supplementation may enhance the virulence of some agents.

• While severe magnesium deficiency is thought to be rare in humans, low
plasma magnesium concentrations are a common clinical finding. The thy-
mus is vulnerable to magnesium deficiency-induced oxidative damage.
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• Manganese deficiency is rare in humans. Manganese plays a role in neu-
trophil adhesion and degranulation, and reduces superoxide-mediated
inflammatory and autoimmune responses via manganese superoxide
dismutase.

• Selenium intakes are very low in some populations. An individual’s risk
for infection from some viruses is influenced by their selenium and over-
all antioxidant status.

• Zinc influences multiple components of the immune system, and the risk
for infectious disease is increased with zinc deficiency.

Introduction
A large number of trace elements are found in human tissues, but few have

been shown to be essential for survival (1,2). A prolonged dietary deficit in any
essential trace element in the adult organism results in morbidity and poten-
tially death. Deficiency during prenatal or early postnatal development can
result in profound disturbances in development, including prenatal and early
postnatal death, congenital abnormalities, low birth weight, and functional dis-
turbances of systems including the neurological, cardiac, pulmonary, and
immune systems. In experimental animals, many of these disturbances can per-
sist after correcting the nutrient deficiency.

The essential trace elements include cobalt, copper, iodine, iron, manga-
nese, molybdenum, selenium, and zinc (2). However, because little is known
about the effects of cobalt and molybdenum deficiencies in humans, these trace
elements are not included in this chapter. Many countries (3) have dietary rec-
ommendations for fluoride (1) (for its benefits on dental health) and chromium
(2) (for its putative ability to increase insulin action in certain individuals) and
both influence immunity in experimental animal models (4,5), but neither ele-
ment meets the classical definition of essentiality; thus they too are not included
in this chapter. Arsenic, boron, nickel, and vanadium may be essential trace
elements for some species (2). Nevertheless, because of the lack of consensus
concerning their essentiality in humans, they are not discussed here. For
macrominerals, only magnesium is included in this chapter as deficits of cal-
cium, phosphorus, and potassium are not thought to induce abnormalities in
the immune system (1). Because of space constraints, in many places review
articles rather than primary references are cited.

Mechanisms Underlying the Develpment of Essential Trace Elements
and Mineral Deficiencies

Before discussing the immune defects associated with deficiencies of spe-
cific essential trace elements and minerals, it is important to recognize the
multiple pathways by which their deficiencies may arise (see Table 1). A pri-
mary deficiency and potentially the death of the individual can occur as a con-
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Table 1
Causative Factors in Mineral Deficiencies

Primary deficiency: low dietary intake of a micronutrient

Secondary (conditioned) deficiency

• Genetic factors
• Mutant genes (e.g., acrodermatitis enteropathica and Menkes disease)
• Polymorphisms (e.g., mutations in the methylenetetrahydrofolate

reductase gene)
• Multiple gene defects

• Nutritional interactions
• Dietary binding factors (e.g., fiber and phytate)
• Micronutrient-micronutrient interactions (e.g., zinc–copper,

iron–manganese, cadmium–zinc, and zinc–vitamin A interactions)
• Physiological stressors

• Disease-associated changes in micronutrient metabolism
(e.g., diabetes and hypertension-induced changes in mineral
metabolism)

• Drugs or other chemicals and toxicants
• Antimetabolites (e.g., dicumarol)
• Metal chelation (e.g., decreased absorption and increased excretion)
• Decreased gut absorption and/or increased kidney loss (secondary to

tissue damage)
• Toxicant-induced changes in tissue pools (secondary to inflammatory or

acute phase response)

sequence of a prolonged inadequate dietary intake of an element. In principle,
an individual’s risk of a primary deficiency of any essential element can be
determined from an analysis of their dietary intake. The prevalence of primary
trace element and mineral deficiencies in most developed countries is thought
to be low (1,2), but the opposite is true for developing countries. The exceptions
are iron and zinc deficiencies that are widespread throughout the world (2).
However, a primary deficiency of an essential nutrient rarely occurs in isola-
tion, and in most cases multiple deficiencies coexist. This makes it difficult to
extrapolate the results from experimental animal studies, in which single nutri-
ent deficiencies are typically studied, to humans.

A secondary or conditioned deficiency can occur where the dietary intake
would otherwise be adequate (6). Conditioned deficiencies can arise through
different mechanisms. First, genetic factors can create a higher than normal
requirement for a nutrient. For example, individuals with acrodermatitis
enteropathica require a higher than normal intake of zinc owing to a genetic
defect in zinc absorption, whereas those with Menkes disease require addi-
tional copper because of defects in copper absorption and transport. In addition
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to single gene defects, multiple gene polymorphisms can contribute to the
development of essential mineral deficiencies. For example, the frequency of
enzootic ataxia (a cluster of developmental defects observed in newborn lambs
from ewes that had been on copper deficient diets during pregnancy) varies
considerably among different breeds of sheep, even when grazed on the same
pasture. Similar “strain” differences in the response to diets low in essential
trace elements (copper, iron, manganese, zinc) have also been reported for the
rat, mouse, chicken, and dog (7). The extent to which multiple gene abnormali-
ties contribute to altered mineral metabolism in humans is unknown but, given
the widespread occurrence of these abnormalities in other species, it is reason-
able to speculate that they may occur with relatively high frequency.

Second, different nutritional interactions can produce conditioned deficien-
cies. Dietary binding factors, such as fiber and phytate (myoinositol hexa-
phosphate) form complexes with divalent essential minerals in the gut and limit
their absorption. This inhibition of absorption can be profound, resulting in
marked increases in dietary zinc requirements in populations characterized by
high phytate diets. Mineral–mineral interactions can also result in conditioned
deficiencies through multiple mechanisms, including:

• where one mineral is involved in the metabolism of another, a deficit of
one can influence the metabolism of the other. Examples are the altered iron
and selenium metabolism often observed with copper deficiency (8,9);

• when two metals share a common transport site or ligand, ions that have
similar physiochemical properties (for example, similar orbitals, size, and
coordination numbers) can be predicted to be antagonistic to each other in
biological systems. Chemical determinants of some potential mineral–
mineral interactions are shown in Table 2. Examples of nutritionally rel-
evant mineral–mineral interactions, that is where high intakes of one metal
are thought to interfere with the absorption of the other, include zinc–
copper, cadmium–zinc, iron–zinc, iron–manganese, and calcium–magne-
sium. Although these interactions can result in the “induction” of a
deficiency of an essential trace element or mineral, the same type of inter-
action can result in an excessive tissue accumulation of a nonessential
metal. For example, lead and cadmium uptake from the diet can increase
with zinc deficiency (3). The extent to which an excess concentration of
nonessential minerals contributes to the immune system abnormalities
observed in individuals with a deficiency of an essential mineral is
unknown;

• when the deficiency of one mineral is severe enough to cause tissue injury.
When this occurs in the gastrointestinal tract, a general malabsorption syn-
drome can result and affect the uptake of several essential minerals.
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Table 2
Chemical Determinants of Potential Mineral–Mineral Interactions

Ion Orbital Coordination number Group

Cu+ d10 4 lb
Cu2+ d9 4 lb
Zn2+ d10 4 llb
Fe2+ d6 6 VIII
Fe3+ d5 6 VIII

Mn2+ d5 6 VIIa
Cd2+ d10 4 llb

Third, drugs or other chemicals can affect the metabolism of the mineral.
Drug/chemical–mineral interactions can be separated into two categories.

• Drugs that act by chelating the metal. For example, copper and zinc by
D-penicillamine and ethylenediaminetetraacetate (EDTA), respectively (7).

• Drugs that indirectly influence the normal metabolism of the mineral.
Mineral uptake from the gastrointestinal tract can be reduced following
drug-induced intestinal cell damage, as well as by drug-induced reduc-
tions in gastrointestinal transit time (7). Similarly, diuretics can markedly
increase the excretion of some minerals; magnesium deficiency second-
ary to the use of diuretics is a frequent finding (10). Finally, drugs and
chemicals can alter the metabolism of numerous minerals through the
acute phase response. Although the acute phase response may provide
immediate benefits, if it persists, it can result in profound changes in zinc,
copper, iron, and selenium metabolism (6). The extent to which acute
phase response-induced changes in the metabolism in the above minerals
attenuates or augments the disease process is unclear.

Fourth, stressor-induced physiological changes in mineral metabolism can
occur. In some cases the stressor, often a disease or trauma, can result in an
excessive loss of a mineral; for example, excessive losses of copper, zinc, and
magnesium with chronic diarrhea and diabetes-associated polyuria (11,12). In
other cases the stressor may influence the metabolism of minerals through
the acute phase response; for example, the hypozincemia, hypoferremia, and
hypercupremia associated with hypertension, diabetes, alcoholism, and
AIDS (6,13).

Copper and Immune Function

Copper is essential for the immune system in humans and animals. In infants,
neutropenia is a clinical sign of copper deficiency that responds to copper treat-
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ment (14). In human adults, experimental copper deficiency induced by a low-
copper diet (0.38 mg Cu/d) resulted in a decreased ability of peripheral blood
mononuclear cells to proliferate when stimulated with mitogens (15). The per-
centage of circulating B-cells (CD 19+) also increased, whereas other popula-
tions of immune cells (for example, leukocytes, lymphocytes, monocytes,
neutrophils, and so on) were unaffected. When the above subjects were fed a
diet adequate in copper, indices of copper status normalized but the alterations
in immune function persisted.

Severe copper deficiency in animals results in anemia, thymic hypoplasia,
and splenomegaly (14). Lower lymphocyte stimulation indices for phytohe-
magglutinin and concanavalin A, and lower immunoglobulin (Ig)M concentra-
tions have also been noted. Copper-deficiency has been shown to suppress the
maturation and function of splenic T-helper cells and the bactericidal activity
of promonocytic cells and macrophages. When diets are marginal in copper,
neutropenia can occur and the ability of neutrophils and macrophages to gener-
ate superoxide anion is reduced leading to decreased bactericidal activity. The
maturation of copper-deficient neutrophils also appears to be arrested (14).
Importantly, copper supplementation to copper-deficient mice can reverse
impaired immune function. For example, mice fed copper-deficient diets over
lactation and weaning exhibited impaired antibody response to sheep erythro-
cytes, which was reversed with copper supplementation (16). Copper supple-
mentation also reversed the copper deficiency-induced decrease in total T-cells
and CD4+ (helper) cells (14,17).

The reduction in T-cell proliferation and differentiation may be attributed to
copper deficiency-induced reduction in IL-2, a cytokine essential for normal
T-cell metabolism (14). Indeed, the addition of IL-2 to copper-deficient
splenocytes in culture restores their proliferative capacity. Similar reversibility
of effects was noted in vivo in copper-deficient animals that were repleted with
dietary copper. The copper deficiency-induced decrease in IL-2 mRNA was
owing to inhibition of transcription of the IL-2 gene (18).

A secondary copper deficiency can be induced by administration of molyb-
denum. Superoxide anion and hydrogen peroxide formation after stimulation
with phorbal myristate acetate (PMA) and opsonized zymosan (OpZ) were
decreased in copper-deficient bovine macrophages (19). A marked increase in
monocytes and a decrease in B-lymphocytes were also noted. In cattle, copper
deficiency has also been noted to decrease antibody production, and reduce
production of interferon and tumor necrosis factor by mononuclear cells (20).
The compromised immune function can lead to an increased susceptibility to
microbial infections and endotoxin.

Genetic abnormalities in copper metabolism can precipitate copper deficien-
cies. In a murine model for Menkes syndrome, a human genetic copper disor-
der, the macular mutant mouse exhibited lymphoid tissue atrophy unless treated
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with copper (21). These mice had a decreased T-cell dependent response, for
example, decreased antibody production against sheep red blood cells in vivo
and in vitro, compared with normal mice.

Although severe copper deficiency is uncommon, marginal copper defi-
ciency may be prevalent in humans (1). Environmental or physiological
conditions that perturb copper metabolism can trigger a subclinical copper
deficiency. For example, exercise, infection, inflammation, diabetes and
hypertension, and the consumption of zinc supplements and diets high in fruc-
tose can alter copper metabolism. High levels of zinc intake (100–300 mg/d)
can induce copper deficiency resulting in neutropenia, anemia, and impaired
immune function (1). Failla et al. (22) investigated the contributory effects of
starch versus fructose on copper deficiency-induced impairment in immune
function. Rats fed starch-based copper-deficient diets exhibit reduced antibody
titers after primary immunization with sheep erythrocytes, and decreased cop-
per concentrations in thymus and spleen. These effects were even more pro-
nounced when fructose was substituted for the starch. Again, repletion of
copper rapidly restored immunocompetence and stimulated thymic growth
indicating an immunomodulatory role for copper.

With regard to excess copper, mice exposed to high concentrations of cop-
per in drinking water showed a reduced proliferative response to concanavalin
A (23). Elevated serum copper and ceruloplasmin can also reduce the in vitro
response of lymphocytes to mitogens, indicating that copper may be immuno-
suppressive in high amounts (24).

Indicators of Copper Status

Indicators of copper status include serum, plasma, and urinary copper con-
centrations, plasma ceruloplasmin activity, erythrocyte copper, zinc superox-
ide dismutase (CuZnSOD) activity, and leukocyte or platelet cytochrome-c
oxidase activity (1). Physiological stressors such as inflammation, infection,
and disease can result in an acute phase response with subsequent production
of ceruloplasmin. Thus, ceruloplasmin and plasma copper levels may not accu-
rately reflect copper status and the use of more than one copper status indicator
has been suggested.

Iodine and Immune Function

Iodine deficiency disorders (goiter, mental retardation, hypothyroidism, cre-
tinism, and various growth and developmental abnormalities) are one of the
world’s major public health problems, with over one billion individuals living
in areas where the soil and, therefore, food is deficient in iodine (2).

Iodine is an essential component of the two thyroid hormones, thyroxine
(T4) and triiodothyronine (T3), and this hormonal activity is its only confirmed
physiological function. However, in vitro, iodine has been reported to work
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with myeloperoxidase from white cells to inactivate bacteria. Iodine can stimu-
late IgG synthesis in human lymphocytes in vitro (25). Deficiency has been
reported to be a risk factor for gastric cancer, and iodine is thought to protect
the stomach through antioxidant mechanisms (26). Whereas iodine deficiency
has been reported to be a risk factor for the development of immune deficien-
cies (27), the mechanisms underlying these putative deficiencies have not been
identified. Iodine supplementation in areas characterized by a high incidence
of severe iodine deficiency is associated with reductions in infant mortality
(28), although it is thought that this is primarily as a result of the prevention of
hypothyroidism rather than a result of improvements in immune defense. In
China, populations characterized by low iodine intakes are often also charac-
terized by low selenium and copper intakes (9); thus, observed immune abnor-
malities in these populations can have multiple origins.

Excessive iodine intakes can result in hypothyroidism, as well as acute
hyperthyroidism, which can be characterized by impaired natural killer cell
activity (29). Excessive dietary iodine has been linked with an increase in the
risk for autoimmune thyroiditis. Iodine may induce stereochemical changes in
the conformation of thyroglobulin that increase its antigenicity (30). Although
serum concentrations of thyroid antibodies have been reported in some studies
to be lower in individuals with mild iodine deficiency than in individuals with
moderate deficiencies (31), this is not a consistent finding (32).

Indicators of Iodine Status

Urinary iodine is the standard method for assessing iodine status and
adequacy of intake. Levels below 20 µg/L indicate severe deficiency, 20–49
µg/L moderate deficiency, and 50–99 µg/L mild deficiency. Values between
100 and 200 µg/L are considered satisfactory. Thyroid function tests should be
conducted when urine iodine concentrations are low.

Iron and Immune Function

Iron deficiency is the most common known mineral deficiency in the world.
It is most prevalent among young children and pregnant women (2), groups
characterized by a high risk for infections and morbidity. The most recognized
consequences of iron deficiency include anemia, impaired work performance,
impaired child development, and, when severe, mortality (33). A reduction in
plasma iron concentration is an important component of the acute phase
response and can limit the growth of some pathogens. However, prolonged
iron deficiency can result in multiple immunological abnormalities. Character-
istic changes include reduced inflammatory responses such as the delayed-type
hypersensitivity reaction; impairments in neutrophil and macrophage cytotoxic
activity; reductions in lymphocyte proliferation, T-cell numbers, cytokine
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release, and antibody production; and lymphoid tissue atrophy (2). Although
reduced resistance to infection is commonly accepted to be an early effect of
iron deficiency in experimental animals, as well as in humans, few papers have
been published on this topic (34). A recent review of 28 randomized controlled
trials (35) concluded that there was no clear effect of iron supplementation on
the overall incidence of infectious illness in young children, although there
was an increased risk for developing diarrhea. De Silva et al. (36) found iron
supplementation reduced morbidity from upper respiratory tract infection in
Sri Lankan children. Iron supplementation trials for malarial disease have
yielded conflicting results; malarial anemia is reduced with iron supplementa-
tion, but the risk for incidence or reactivation of disease may be increased (37).
The adverse effects of iron supplementation on malaria have been attributed to
increased peripheral availability of young erythrocytes, increased iron reserves
for parasite development, and the loss of the inhibitory effects of microcytosis
on intraerythrocytic parasites (37). Iron supplementation has been reported to
be a potential risk factor for HIV progression and morbidity (38,39), although
others have argued that the potential risks and benefits of iron supplementation
for HIV-infected individuals, particularly young children, have not been suffi-
ciently studied (40). The effects of iron deficiency on the immune system
reflect the multiple roles of iron in mitochondrial energy production, the respi-
ratory burst, and its function as a component of numerous enzymes including
NO synthase, COX, lipoxygenase, and catalase.

Indicators of Iron Status

Iron status is typically assessed using multiple indicators. Plasma ferritin is
a measure of iron stores, but it is an acute phase protein and can be elevated in
inflammation. Plasma transferrin and plasma total iron binding capacity are
elevated with storage iron-depletion before anemia develops. Plasma-soluble
serum transferrin receptor (sTfR) concentration increases with functional defi-
cits, and its use as an indicator of iron status is rapidly gaining acceptance in
non malarial areas (41,42).

Magnesium and Immune Function

Magnesium, an abundant intracellular divalent cation, is involved in numer-
ous metabolic processes including the immune system. In experimental ani-
mals, chronic magnesium deficiency is associated with thymic atrophy, reduced
cellular and humoral immune response, as well as induction of malignant
T-cell lymphoma (43). Rats and guinea pigs fed magnesium-deficient diets
have been reported to be at an increased risk for anaphylactic shock (44),
perhaps because of increased levels of histamine. Degranulation of mast cells
occurs during the first few weeks of magnesium deficiency resulting in high
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histamine levels in the blood. Histamine release by the mast cells is partly
regulated by the actions of calcium and magnesium on cAMP formation; mag-
nesium can act as a calcium antagonist in numerous situations and can affect
calcium influx or mobilization in cells (45).

Besides the classical symptoms of inflammation, including peripheral
vasodilation and hyperemia of the ears, magnesium-deficient rats also exhibit
an increase in circulating leukocytes, including neutrophils, eosinophils, baso-
phils, and monocytes (46). Macrophages from magnesium-deficient rats have
a higher respiratory burst activity that control macrophages, both at basal con-
ditions and after PMA stimulation (46). The superoxide anion production of
human leukocytes following PMA activation is increased when cultured in low
magnesium conditions and decreased with high magnesium concentrations
(47). Magnesium-deficient rats challenged with live bacteria, bacterial endot-
oxin, or platelet-activating factor (PAF) as a model for anaphylaxis show
increased mortality compared with controls (46,48), indicating that magne-
sium-deficient animals have an abnormal reactivity to immune stress. In
magnesium deficiency, the activated macrophages are primed to produce
proinflammatory cytokines. Indeed, acute magnesium deficiency has been
associated with elevated plasma concentrations of several inflammatory
cytokines including IL-1, IL-6, and TNF- (49) as well as nitric oxide (50).
The increase in a number of acute phase response proteins such as 2-macro-
globulin, 1-acid glycoprotein, and fibrinogen may be a consequence of the
magnesium deficiency-induced elevation of IL-6 (46).

The inflammatory response induced by magnesium deficiency results in an
increase in both reactive oxygen and reactive nitrogen species (ROS, RNS)
(51). Whereas ROS/RNS can play an important role in signal transduction,
excessive or inappropriate activation of neutrophils and the concomitant
increased production of ROS/RNS can lead to oxidative damage to bio-
molecules including protein, lipid, and DNA, as well as to tissue injury and
cell death. The thymus appears to be particularly vulnerable to magnesium
deficiency-induced oxidative damage. Petrault et al. (52) have shown that the
expression of numerous genes that respond to oxidative stress (for example,
CuZnSOD, HSP70 and HSP84, glutathione transferase, TNF receptor 1, IL-1
receptor type I, and growth arrest and DNA damage inducible protein 45
(GADD45) are upregulated after only 2 d of experimental magnesium defi-
ciency (52). Apoptosis seems to be one early mechanism underlying the accel-
erated thymus involution induced by magnesium deficiency (43). Magnesium
deficiency, which can increase intracellular calcium concentrations, may trig-
ger the endonucleolytic processes leading to cell death (43). Lowering the cal-
cium/magnesium ratio by feeding a diet that is low in both magnesium and



Trace Elements 127

calcium significantly protects against the proinflammatory effect of magne-
sium deficiency (53).

In rats, gestational magnesium deficiency has been reported to result in
thymic and splenic hypoplasia in the offspring, and a reduced plaque-forming
response to sheep erythrocytes. Rat pups born to dams fed low magnesium
diets during pregnancy were characterized by low numbers of T-helper and
cytotoxic T-cells; these defects persisted until week 6 postnatal (54). In vitro
Tc-cell-mediated lysis of target cells is proportional to magnesium concentra-
tions, an effect that may be mediated through interactions with adhesion mol-
ecules. The adhesion of immune T-lymphocytes to specific antigen-bearing
ascites tumor target cells also requires magnesium.

Whereas severe magnesium deficiency is rare in humans, low plasma mag-
nesium concentrations are a common clinical finding. A number of studies
suggest that most population groups including young children and pregnant
women may not ingest adequate magnesium and, therefore, have compromised
magnesium status (55,56). Magnesium intake has decreased over the years
caused partly by increased consumption of refined and processed foods that
generally have low magnesium content.

Some investigators have argued that marginal magnesium deficiency is com-
mon in specific population groups, including diabetics and alcoholics (1),
although this is an area of considerable debate. A low magnesium intake and
status may be involved in the development of asthma and chronic obstructive
airway disease (57). The beneficial effects of dietary magnesium supplementa-
tion, or inhaled or intravenous magnesium administration, on improving asthma
symptoms have been noted in some (58) but not all studies (59). Oxidative
stress can lead to inflammation, bronchial hyperreactivity and broncho-
constriction, changes in mucus secretion, increased epithelial damage in air-
way vasculature, and ultimately lung pathology (60). Additional studies on the
effects of magnesium deficiency on all aspects of the immune system are
clearly warranted.

Excessive intakes of dietary magnesium have not been associated with the
induction of immune system abnormalities in either experimental animals or
humans.

Indicators of Magnesium Status

A variety of indicators are used to assess magnesium nutriture (1). Serum or
plasma magnesium levels may not reflect overall magnesium status, but they
are the most widely used measures in clinical practice. Some researchers con-
sider the concentration of ionized magnesium levels in serum/plasma (mea-
sured by ion-selective electrodes) or free intracellular magnesium levels in
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erythrocytes (measured by nuclear magnetic resonance) to be better indicators
than serum or plasma magnesium concentrations. Intravenous magnesium load-
ing (magnesium tolerance test) also seems to be an accurate method to assess
magnesium status in adults.

Manganese and Immune Function

There is a dearth of data on the effects of manganese on the immune system.
In experimental animal models, developmental manganese deficiency is asso-
ciated with the occurrence of congenital ataxia (secondary to the abnormal
development of the otoliths), a high incidence of neonatal mortality, impaired
postnatal growth, skeletal abnormalities, abnormal carbohydrate, lipid and pro-
tein metabolism, impaired insulin production, pancreatic damage, elevated
evidence of tissue oxidative damage, and an increased risk of epilepsy (61). To
a large extent, these abnormalities can be linked to roles manganese plays as a
constituent of several enzymes including glycosyl transferase, arginase,
pyruvate carboxylase, phosphoenolpyruvate carboxykinase, manganese super-
oxide dismutase (MnSOD), and glutamine synthetase. Immune system abnor-
malities are not considered to be a common sign of manganese deficiency in
experimental animals.

Manganese deficiency is thought to be rare in human subjects, although low
blood manganese has been reported to be associated with several diseases
including osteoporosis and epilepsy (61). Healthy human adult males fed a low
manganese diet for 39 d were characterized by low blood manganese concen-
trations and a high incidence of a fleeting dermatitis, Miliaria crystalline, that
resolved upon correction of the deficiency (62). Although the frequency of
severe manganese deficiency in humans is probably rare, conditions of mar-
ginal manganese deficiency may be common because of the use of iron supple-
ments that can interfere with manganese absorption. Lymphocyte MnSOD
activity was reported to be low in adult women who received a combined iron-
manganese supplement for 124 d compared with values in women who received
a manganese supplement alone (63). Similarly, high dietary iron intakes have
been associated with low blood manganese concentrations and low lympho-
cyte MnSOD activities in healthy women (64). In vitro, manganese has been
shown to induce macrophages to spread on glass surfaces, and to specifically
induce the high-affinity conformation of the 1- and 2-integrins, proteins that
allow neutrophils to adhere to distinct proteins of the extracellular matrix
(61,65,66). Manganese in combination with PMA has also been shown to
increase neutrophil degranulation (67). Additionally, manganese is a compo-
nent of the T-cell mitogen concanavalin A (68).

Experimental animals fed a manganese-deficient diet have shown deficient
antibody synthesis and/or secretion (69). After adding manganese to the diet,
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antibody production improved. However, when manganese is added in exces-
sive amounts, inhibition in antibody production may occur. The mechanism(s)
by which manganese affects antibody synthesis or release have not been clearly
elucidated, although the negative effect of excess manganese is thought to
involve the plasma membrane.

Manganese also plays a role in immune processes via its antioxidant activity
in MnSOD. MnSOD given as gene therapy in a plasmid or adenoviral vector,
or administration of a low molecular weight MnSOD mimetic (a compound
with a redox-active metal center that dismutases superoxide and can easily
traverse cell membranes and is nonimmunogenic), has been shown to affect
immune and autoimmune processes in a variety of studies, including reducing
tissue inflammation owing to irradiation, prolonging the time to rejection in
pancreatic islet cell allografts, and inhibiting lung inflammation as a result of
tobacco smoke (70,71). Gene therapy has also been used to induce MnSOD in
mice given islet cell transplants by injection of an IL-10 containing adeno-
associated viral vector (72). In these animals, IL-10 serum levels were posi-
tively associated with prolonged graft survival and induction of antioxidant
enzymes, including MnSOD.

There are numerous reports of human manganese toxicity (2,61), and typi-
cal signs include severe neurological damage and behavioral abnormalities.
Immune system abnormalities are not typically reported to be complications of
manganese toxicosis in either humans or experimental animals. However,
Srisuchart et al. (73) reported that mice injected with high amounts of manga-
nese are characterized by an increase in mitogen and mixed lymphocyte
responses, and a decrease in antibody production. Finally, at very high dietary
manganese intakes a secondary iron deficiency can arise (61), creating the
potential for iron deficiency-induced immune system abnormalities.

Indicators of Manganese Status

Plasma and whole blood manganese concentrations reflect dietary intake;
whole blood manganese concentrations can reflect soft tissue concentrations.
Lymphocyte MnSOD activity can also be reflective of manganese status. Mag-
netic resonance imaging is increasingly being used to assess manganese con-
centrations in the globus pallidus, a target tissue for manganese toxicity (61,74).

Selenium and Immune Function

Most of the selenium in tissue is found as selenomethionine or seleno-
cysteine. Unlike selenocysteine, selenomethionine is not synthesized in tissues
and must be obtained from the diet. Selenocysteine is the predominant form of
selenium used in biological processes. Since the discovery of selenocysteine,
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often referred to as the 21st amino acid, the field of selenium biology has rap-
idly expanded. There are at least 20 mammalian selenoproteins identified to
date, with the selenium-dependent glutathione peroxidases (GSHPX) being the
largest family (75,76). GSHPx reduces H2O2 and free hydroperoxides. GSHPx-
1 is the most common and is present in most tissues. GSHPx-2 is located in the
gastrointestinal tract, GSHPx-3 is in the plasma, and GSHPx-4 is primarily in
the testes. GSHPx-4 also has the ability to reduce fatty acid hydroperoxides
(77). In addition to its antioxidant function, GSHPx may have a specific role in
the enzymatic oxidation of arachadonic acid by modulating the cyclooxygenase
and lipoxygenase pathways. The former give rise to prostaglandins and throm-
boxanes, which tend to be antiinflammatory, whereas the latter give rise to
leukotrienes, which are proinflammatory (78,79).

Besides the GSHPxs, selenoenzymes form three families of thioredoxin
reductases and three families of iodothyronine deiodinases, thus important
interactions can occur between selenium and iodine (9). Copper also plays a
role in the synthesis of some selenoproteins, although the mechanisms are not
yet clarified; thus copper status is important in the production of certain sele-
nium-containing enzymes (9). Selenoproteins P and W also have antioxidant
functions (75,76). With respect to the immune system a 15-kDa selenoprotein
has been identified in T-cells, but its function has not been agreed upon (75,76).
Given the above, it is evident that selenium can influence multiple biological
systems through its involvement in oxidant defense systems, redox-regulation,
and thyroid hormones.

Dietary selenium intake is very low in some populations. In certain regions
of China, selenium deficiency is a major contributor to Keshan Disease, a syn-
drome characterized by myocardial necrosis. Selenium deficiency also affects
the immune system. Beck et al. (80) have postulated that deficiency results in a
condition of prooxidative stress that transforms a benign strain of cox-
sackievirus to a virulent strain. This suggests that an individual’s risk of infec-
tion from a number of viruses is influenced by their overall selenium and
antioxidant status. Consistent with this concept, marginal selenium deficiency
was reported to be associated with an increase in the virulence of an influenza
virus (80).

Independent of the above, selenium is essential for both innate and acquired
immunity (9). Selenium deficiency is associated with impaired mitogen-
induced lymphocyte proliferation, and selenium-deficient macrophages show
impaired chemotaxis and altered redox status (81). Serum IgG and IgM con-
centrations were reduced with selenium deficiency (9). Neutrophils obtained
from selenium-deficient individuals showed impaired killing activity that was
attributed to their GSHPx activity (9). Marginal selenium deficiency was
reported to be a risk factor for autoimmiune thyroiditis, and selenium supple-
mentation was associated with reduced thyroid peroxidase antibody concen-
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trations in a prospective study (82). Selenium deficiency was a risk factor for
HIV-related mortality (83). Selenium supplementation improved lymphocyte
response in patients with gut failure on home parenteral nutrition, in chronic
uremic patients on hemodialysis, and in elderly people in institutionalized set-
tings (84,85).

Selenium supplementation reduced the risk for tumorigenesis in experimen-
tal animals (86). In humans, selenium supplements were associated with
improved immune system function (87), and a reduced risk of lung, colorectal,
and prostate cancers (88,89). Selenium metabolism can be influenced by the
acute phase response, with serum concentrations dropping during the early
phase (90); the functional significance of this drop is unknown.

Indicators of Selenium Status

Selenium requirements for adults have recently been established based on
the criterion of maximizing plasma GSHPx activity. Blood and plasma sele-
nium concentrations can reflect marginal or severe selenium deficiency, they
are of limited value in identifying selenium toxicity. Urine selenium concen-
trations are thought to reflect recent dietary intake of the element rather than
body status (91).

Zinc and Immune Function

Zinc is involved in a variety of cellular functions including membrane stabi-
lization, free radical defense, signal transduction, transcription, and cell repli-
cation (2). It is required for the activity of over 300 enzymes and is involved in
the regulation of numerous genes. Zinc is a widely used structural component
with zinc-finger structures being in a vast array of transcription factors, mem-
brane receptors, and nuclear hormone receptors. Zinc is known to influence
endocrine function (92–94). Given the multiple biological roles of zinc, defi-
ciency of this element has immunological consequences. Classical signs of
zinc deficiency include diarrhea and dermatitis, signs that are consistent with
disruptions in the barrier component of the innate immune system, and
decreased host resistance to infectious disease, attributable to defects in cell-
mediated immunity (95–97).

In experimental animals, immunological consequences of zinc deficiency
include low thymic weights and T-cell defects. Several T-cell abnormalities
can occur with zinc deficiency including reductions in T-cell numbers and
responsiveness to mitogenic stimulation, T-cell participation in antibody pro-
duction, delayed-type hypersensitivity reactions, thymic hormone production,
Tc-cell activity, and T-cell maturation. Zinc deprivation increases corticoster-
oid production and enlarges the adrenal glands, which may contribute to corti-
costeroid-induced T-cell apoptosis. In contrast to T-cells, B-cell functions are
only marginally affected by zinc deficiency. Other immune parameters such as
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natural killer cell activity and cytokine production have shown mixed results.
Zinc deficiency can result in an increased susceptibility to numerous patho-
gens. Significantly, most of the above signs can be rapidly reversed following
the correction of the zinc deficiency (6,96,98,99). An important exception is
that some of the immunological defects associated with zinc deficiency, such
as low immunoglobin production, can persist long after the correction of the
deficiency if the initial dietary insult occurs during early development (6,54).

Similar to the findings with experimental animals, zinc deficiency in humans
is associated with numerous immunological abnormalities. Acrodermatitis
enteropathica, a genetic disorder of zinc malabsorption, is characterized by
thymic atrophy, reduced lymphocyte proliferative responses, and a high fre-
quency of infections (95). These signs resolve with zinc supplementation. Sub-
jects fed low zinc diets under experimental conditions show low serum
thymulin activities and impaired T-cell and natural killer cell activities. The
production of IL-2 and interferon is decreased in experimental zinc deficiency,
whereas the production of IL-4, IL-6, and IL-10 is relatively unaffected (100–
102). Hypozincemia is a component of the acute phase response. Although it is
reasonable to suggest that the reduction in plasma zinc concentration repre-
sents a positive response to certain infectious agents in a manner similar to
hypoferremia, this has yet to be clearly demonstrated. A persistent acute phase
response-induced hypozincemia may represent a significant risk to the indi-
vidual if it occurs during pregnancy (6).

Randomized controlled trials of zinc supplementation have yielded conflict-
ing results. In several studies, maternal zinc supplementation has been associ-
ated with improvements in neonatal immune status, early neonatal morbidity,
and infant infections (103). Several authors have reported improved cell-medi-
ated immunity and reductions in childhood infectious disease morbidity and
mortality (104,105).

An excess intake of zinc can adversely affect the immune system. In healthy
adult subjects, high levels of zinc supplementation can result in impaired lym-
phocyte proliferative responses and reduced polymorphonuclear leukocyte
chemotaxis and phagocytosis (102). The above may be caused in part by a
zinc-induced secondary copper deficiency. Zinc supplement use was reported
to increase the risk of HIV progression and mortality (106,107), possibly
because the additional zinc favored HIV replication by increasing the avail-
ability of the metal for zinc-dependent viral proteins.

Indicators of Zinc Status

Despite intensive investigative efforts, reliable biomarkers for zinc status
have yet to be identified (2). Low plasma zinc concentrations may be indica-
tive of suboptimal zinc status, but they may also simply reflect an inflammatory
state with an accompanying acute phase response. Hair zinc concentrations
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may be useful for identifying populations with low zinc status, although they
are of limited value at the individual level. Although numerous zinc-dependent
enzymes have been considered as potential biomarkers for zinc status, none
have been found to be sufficiently reliable. There are preliminary reports that
metallothionein monocyte mRNA concentrations may be good indicators of
zinc status, but this approach has yet to be tested in field conditions (42).

Conclusion
Minerals play important roles in all components of the immune system. A

deficiency in an essential trace element, such as zinc, copper, or iron, or the
macromineral magnesium can have severe immunomodulatory effects. Min-
eral deficiencies can arise through a variety of mechanisms as either primary
deficiencies due to an inadequate intake or as secondary or conditioned defi-
ciencies arising from genetic factors, interactions with other minerals, chemi-
cals or drugs, or through stressor-induced physiological changes. Mineral
deficiency-induced abnormalities in the immune system can be particularly
profound when they occur during fetal and early postnatal development.

Iodine, iron, selenium, and zinc deficiency are prevalent in developing coun-
tries. Low intakes of these trace elements can markedly affect multiple compo-
nents of the immune system, resulting in greater susceptibility to infectious
disease. Although deficiencies in copper, magnesium, and manganese are rare,
certain population groups may be susceptible to marginal deficiencies or sec-
ondary deficiencies, such as in the case of copper deficiency resulting from
zinc supplementation. Marginal deficiencies can also affect an individual’s
overall risk for infection and contribute to chronic immune-associated disor-
ders, such as asthma and chronic obstructive airway disease.

Given the high prevalence of mineral deficiencies in the world today, the
challenge is to find effective and realistic means of reducing these deficiencies
by increasing their intake though pharmaceutical supplementation and/or food
fortification. This task is complex because mineral metabolism can be affected
by many factors. Further research is needed to understand better the complex
associations between minerals and the immune system, particularly for those
groups most susceptible to immune abnormalities.
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KEY POINTS

• Results from human studies with fish and fish oils are conflicting, but
generally the omega-3 fatty acids either inhibit or have no effect on
immune response.

• Body fat composition can vary among subjects and is reflected by the
types of fatty acids consumed.

• Moderate intakes of -linolenic acid do not inhibit indices of immune
response.

• High concentration of eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) can inhibit neutrophil and monocyte functions that may
depend on added levels of vitamin E.

• EPA and DHA may decrease proinflammatory cytokine production. Dif-
ferences reported may be caused by genetic polymorphisms of the indi-
viduals. Cytokine production by lymphocytes appears to be altered more
by fish oil than cytokines of macrophages.

• Supplementation with vitamin E in studies with omega-3 fatty acids alters
results.

• Numerous factors may be responsible for the discrepancies in human stud-
ies including concentration and type of fat or fatty acid supplemented,
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antioxidant status, duration of dietary manipulation, assay methods, gen-
der, and age of subject.

Introduction
Dietary fat has diverse effects on human health based on the amounts and,

more importantly, the types consumed. Dietary fat may also differentially affect
certain cells, tissues, and organs depending upon their stage of development.
The fatty acid composition of human tissues and organs can vary depending
upon the types of fatty acids in the food consumed, and composition has been
used as a biomarker for correlation with immunity and risk of disease. In addi-
tion, some dietary fatty acids can be transformed into potent biological media-
tors that can initiate or alter numerous processes in the body. For example,
linoleic acid, a common component of some vegetable oils, can be converted
by a number of different cell types into arachidonic acid, a major precursor for
the potent immunomodulatory agent prostaglandin E2 (PGE2). Indeed, physi-
ological levels of PGE2 can change depending on the availability of its precur-
sor fatty acid. Because PGE2 has been linked to alterations in the immune
system, and more recently to specific pathological processes, it is likely that
dietary fat intake plays a role in human disease. This chapter focuses on recent
work concerning the effects of dietary fat on the human immune system. Data
from animal studies are excluded because high concentrations of single dietary
fat have often been used and such diets are rarely consumed by humans. The
discussion is limited to dietary omega-3 (n-3) fatty acids that are known to
decrease PGE2. Based on the studies presented herein, a case can be made for
an important effect of n-3 fatty acids in the diet as a means to alter immunity.

Dietary n-3 Fatty Acids, Immune, and Inflammatory Responses
The immune system functions by an intricate network of signals that are

generated intrinsically or extrinsically. Some intrinsic signals can be produced
by metabolized dietary essential fatty acids. This provides a link between
dietary fat intake and the alteration of immune function. This section describes
the role of n-3 fatty acids in modifying human immunity. In the studies cited,
individuals were usually fed experimental diets or supplements, after which
several immune system parameters were evaluated typically using blood
samples or skin responses. Isolated cells of the immune system were evaluated
ex vivo using several different assays for function such as chemotaxis or
phagocytosis.

The sources of n-3 polyunsaturated fatty acids used in human feeding trials
have been flaxseed or linseed oil as sources of -linolenic acid (ALA); fish and
fish oils as sources of eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA); purified esters of EPA and DHA; or DHA triglycerides from geneti-
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Table 1
Fatty Acids Used in Studies and Their Sources

Omega-3 fatty acids (n-3)
• From Fish oil

• Eicosapentaenoic acid (EPA, 20:5n-3)
• Docosapentaenoic acid (DHA, 22:6n-3)

• From flaxseed or linseed oil
• -linolenic acid (18:3n-3)

Omega-6 fatty acids (n-6)
• From vegetable oils

• Linoleic acid (18:2n-6)
• From animal fats

• Arachidonic acid (20:4n-6)

cally engineered algae (see Table 1). Only a few human studies used both flax-
seed and fish oils, while several dozen studies used fish oils only.

-Linolenic Acid

In one study, flaxseed oil was added to the diet of healthy men to increase
ALA intake to 18 g/d (1). Feeding the ALA diet for 8 wk significantly
decreased peripheral blood mononuclear cells (PBMC) proliferation and the
delayed type hypersensitivity (DTH) skin response (1). The number of circu-
lating white blood cells, granulocytes, monocytes, lymphocytes, as well as spe-
cific types were not altered with increased ALA intake. Serum concentrations
of immunoglobin (Ig)G, IgA, C3 or C4, B-cell proliferation, ex vivo secretion
of interleukin (IL)-2 and IL-2R also did not change. In another study, two diets
based either on sunflower oil—a source of n-6 fatty acids—or flaxseed oil a
source of n-3 fatty acids with 30% energy from fat, were fed to young healthy
men. (2). Ex vivo production of both IL-1 and tumor necrosis factor (TNF)-
was significantly reduced in the flaxseed oil group within 4 wk of feeding this
diet, whereas it remained unchanged in the sunflower oil group. In a third study,
a modest level of 4 g/d ALA was provided for 12 wk to healthy men (3). No
changes were found in neutrophil chemotaxis and superoxide production. Thus,
large concentrations of ALA intake that are 10–15 times the amount normally
consumed appear to inhibit both the in vivo and ex vivo indices of immune
response, although lower intakes do not have the same inhibitory effects.

Fish and Fish Oil Consumption

In one study, 500 g/d of salmon containing 2.3 g EPA and 3.6 g/d DHA was
fed to healthy young men (4). About 25% of the energy came from fat. Feeding
the salmon diet for 6 wk had no effect on a number of indices of immune
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response including DTH, PBMC proliferation, and the serum levels of immu-
noglobulins. In another study, feeding 120–188 g/d fish containing 1.23 g
EPA+DHA without supplemental vitamin E to a group of elderly men and
women for 24 wk significantly reduced DTH, lymphocyte proliferation, and
the ex vivo production of IL-1 , IL-6, and TNF- (5). None of these param-
eters were inhibited in a group that received one-quarter the amount of fish.
Thus, it appears that two to three servings of fish/wk should be safe even with-
out vitamin E supplementation, but that amount may not substantially alter
immune response.

A number of studies have examined the effects of fish oil supplementation
on ex vivo neutrophil and monocyte chemotaxis, superoxide production,
phagocytosis, lymphocyte and monocyte cytokine production, lymphocyte pro-
liferation, and in vivo indices of immune response. The amount of fish oil
supplemented ranged from 2–30 g/d containing 0.55–8.0 EPA+DHA for 4–52
wk. Many of these studies were longitudinal, in which the fish oils were added
to the usual diets, but did not include parallel control groups. This study design
increased not only the intake of EPA and DHA, but also total fat. Only a few
studies included placebo controls and held total fat intake constant. Some stud-
ies supplemented the diet with variable amount of vitamin E, which itself af-
fects many indices of immune response, while others did not. In most studies,
fish oil supplementation inhibited or had no effect on the immune response
variables measured.

Effects of EPA and DHA
Indices of Immune Status

Three studies with EPA and/or DHA have examined their effects on the
number of circulating white cells (6–8). One study supplemented 2.4 g
EPA+DHA/d to women for 12 wk; -tocopherol was supplemented at 6 mg/d
(6). The total number or the percent of circulating white blood cells remained
unchanged. In another study a supplemental mixture of 3.2 g/d EPA and DHA
with 200 mg/d -tocopherol was provided to adult men and women (7). No
change in the numbers of circulating white blood cells was observed. In the
third study, an additional 6 g/d DHA and 10 mg/d -tocopherol were provided
to healthy men (8). Supplementation reduced the number of circulating white
blood cells, and circulating granulocytes by 25%. In contrast to DHA, arachi-
donic acid caused a 25% increase in the number of circulating granulocytes.
DHA supplementation did not alter serum IgG, C3, antibody titer against influ-
enza vaccination, IL-2R, or DTH.
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Table 2
EPA and DHA Alteration of Neutrophil and Monocyte Functions in Adults

Amount of Duration
Function EPA & DHA (g/d) (wk) Effect Reference

Neutrophil chemotaxis 14.4 3 25–60% 12*
decrease

PMN Chemotaxis 8.6 3 30–50% 13*
decrease

Monocyte superoxide 6 6 50–60% 10*
production decrease

PMN chemotaxis 5.4 6 70% 14*
decrease

PMN chemotaxis 4 8 60–70% 15*
Monocyte chemotaxis decrease
Monocyte hydrogen 4, EPA, DHA 7 No change 16**

peroxide production or corn oil
PMN chemotaxis 2.2 12 No change 3

and superoxide
production

PMN superoxide 2.2 4 50% 9
production decrease

Monocyte hydrogen 0.6 12 No change 17
peroxide production

*No placebo group.
**Cells stored frozen.

Respiratory Burst, Phagocytosis, and Chemotaxis

Two studies reported about a 50% reduction in ex vivo neutrophil and mono-
cyte superoxide production when healthy human volunteers supplemented their
diet with 0.65–5.8 g/d EPA and DHA for 4–12 wk (9,10). Another study found
a 64% reduction in neutrophil phagocytosis after 3.6 g/d EPA supplementation
for 6 wk (11). Several studies have been published recently regarding the effects
of EPA and DHA on neutrophil and monocyte chemotaxis (see Table 2). The
EPA and DHA supplement in these studies ranged from 0.65 to 14.4 g/d for 3–
12 wk. Neutrophil or monocyte chemotaxis was decreased in most of the stud-
ies with EPA+DHA intake of 1.3 g/d or greater. One study that reported no
inhibition of chemotaxis by EPA and DHA was based on supplementation with
0.65 g/d for 12 wk (17). In contrast, neutrophil chemotaxis was inhibited after
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3 wk of 8.7 g/d EPA+DHA, even after the subjects consumed extra vitamin E
(13). However, the amount of vitamin E intake in this study may not have been
adequate to protect against the potential oxidative effects of high intakes of
EPA and DHA. In the short term studies, EPA+DHA intakes below 1 g/d did
not inhibit neutrophil and monocyte chemotaxis, but long-term studies are
needed before firm conclusions can be made. Certainly, high concentrations of
these fatty acids can inhibit neutrophil chemotaxis by 3 wk.

Inhibition of Cytokine Production by Monocytes

Numerous studies have investigated the effects of dietary EPA and DHA
and ex vivo cytokine production by cells from human volunteers (see Table 3).
The amount of EPA+DHA intake varied from 0.6 to 6.0 g/d over 4–52 wk;
vitamin E supplementation ranged from 0 to 200 mg/d. Seven of these studies
(2,5,6,18–21) reported a significant reduction in the concentration of the three
proinflammatory cytokines IL-1, IL-6, or TNF-  secreted by monocytes after
stimulation with lipopolysaccharide. The remaining seven studies found no
reduction in monokine secretion. Four weeks was the shortest period in which
EPA and DHA supplementation reduced TNF- and IL-1 secretion. Alterna-
tively, supplementation with about the same amount of n-3 fatty acids for 6 mo
or more did not inhibit the production of those cytokines (22). This was prob-
ably because the investigators did not examine cytokine secretion at any time
before 6 mo; they also supplemented with 54 mg/d vitamin E. In another study,
similar levels of EPA and DHA plus 200 mg/d vitamin E were given as a
supplement for 12 wk; no reductions in IL-1 and TNF- secretion were
observed (8). Two additional studies supplemented with DHA alone (18,23).
After supplementation with 700 mg/d DHA for 12 wk, no alterations in IL-1,
IL-6, and TNF- secretion were reported (23). However, with 6 g/d DHA, the
secretion of IL-1 and TNF- were reduced by up to 45% (18). These results
suggest that high, but not low, concentrations of EPA and DHA can inhibit the
secretion of select cytokines. A possible reason for the discrepancies regarding
the effect of EPA and DHA on monocyte cytokine secretion may be the genetic
polymorphisms of the subjects. A recent study reported that inhibition of
TNF- secretion by EPA and DHA was dependent on the polymorphism in the
TNF-  gene (21).

Lymphocyte and Macrophage Functions

Natural killer (NK) cell activity was examined in three studies after feeding
of EPA and or DHA (8,18,23) or infusion with EPA-triglyceride (see Table 4)
(24). One study used 6 g/d DHA and found a significant reduction in NK cell
activity after 12 wk of supplementation (18). Two conflicting reports come
from the same laboratory. With 3.2 g/d EPA+DHA and 200 mg/d vitamin E
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Table 3
Inhibition of Monocyte Cytokine Production by EPA and DHA in Adults

Amount of
EPA & DHA Duration

Cytokine g/d (wk) Effect Comments Reference

IL-1, TNF- 6 (DHA) 13 30–45% 10 mg/d 18
decrease  vitamin E

IL-1, TNF- 5.2 24 Decrease MS patients 19
with healthy

subjects
IL-1, TNF- 4.6 6 20–60% No placebo 20

decrease group
IL-1, TNF- 3.2 12 No change 205 mg/d 7

vitamin E
IL-1, TNF- 2.7 4 70–80% No placebo 2

group
IL-1, TNF- 2.4 12 No change 6 mg/d 6

vitamin E
TNF- 1.8 12 No change or TNF-  gene 21

depending on polymorphism
phenotype affected

response
IL-1, IL-6, TNF- 1.2 24 No change High fish 5

and low
fish diets

IL-1, IL-6, TNF- 2.4 7 70–80% Cellular IL-1, 6
decrease  not secreted

IL-1 or
TNF-

IL, IL-1Ra, TNF- 1.1–3.1 52 No change 5.4 IU/d 18
vitamen E

TNF- , IL-1, IL-6 0.6 12 No change  Placebo 17
controlled

MS, multiple sclerosis.

supplementation for 12 wk NK cell activity was not inhibited (8). However,
NK cell activity was significantly decreased with 1 g/d EPA+DHA supple-
mentation for 12 wk, whereas 0.7 g/d DHA supplementation for the same period
did not inhibit NK cell activity (23). Infusing 30 mL of EPA-triglyceride, 24 h
prior to the isolation of peripheral blood mononuclear cells, reduced the NK
cell activity by more than 50% (24). These studies suggest that EPA and
DHA may inhibit NK cell activity. However, because of variance in experi-
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Table 4
DHA and EPA Alteration of Lymphocyte Functions in Adults

Amount of Duration
Function EPA & DHA g/d (wk) Effect Comments Reference

Proliferation 7 10 80% 200 mg/d 25
decrease vitamin E

Proliferation 6 (DHA) 13 No change 10 mg/d 8
vitamin E

NK cell 6 (DHA) 13 20% 10 mg/d 18
activity decrease vitamin E

no change
8 wk

IL-2, and IFN- 5.2 24 25–30% 400 mg/d 19
secretion decrease vitamin E

IL-2 and IFN- 3.2 12 No change 205 mg/d 7
secretion vitamin E

Proliferation 3.2 12 No change 205 mg/d 7
vitamin E

NK Cell activity 3.2 12 No change 205 mg/d 7
vitamin E

IL-2 secretion 2.4 12 30% 6
decrease

Proliferation 2.4 12 36%  6 mg/d 6
decrease vitamin E

Proliferation 1.2 24 24% 5
NK cell activity 1 (DHA) 12 48% Reduction 23

decrease within 4 wk
reversed

Proliferation 2.4 7 20–35% Placebo 6
decrease wk  controlled

2 and 4

mental design, even with studies from the same laboratory, firm conclusions
cannot be drawn.

Lymphocyte proliferation, the production of IL-2 and IFN- , or all were
decreased in five of the nine studies in which the diets were supplemented with
a mixture of EPA and DHA or DHA alone. The intake of EPA+DHA varied
from 1.2 to 5.2 g/d for 6–24 wk. Two studies (23) that reported no alteration of
lymphocyte proliferation or cytokine production used 0.7 or 6 g/d DHA supple-
mentation for 12 wk. This indicates that the inhibition of lymphocyte prolifera-
tion and cytokine production may be caused by EPA and not DHA. The third
study that reported no effect supplemented 3.2 g/d EPA+DHA for 12 wk (8).
The lack of inhibition observed in this study was probably as a result of the
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additional 200 mg/d of vitamin E. Another study showed supplementation with
200 mg/d vitamin E for 8 wk reversed the inhibition of lymphocyte prolifera-
tion caused by 15 g/d fish oil supplementation (25). The fourth study found no
inhibition of lymphocyte proliferation by fish oils providing 4.6 g/d EPA+DHA
for 6 wk. It is possible that more than 6 wk of fatty acid supplementation are
required to inhibit lymphocyte functions, because all other studies reporting
inhibition supplemented the fatty acids for 7–24 wk. The lowest concentration
of EPA+DHA that was associated with inhibition of lymphocyte functions was
1.2 g/d fed for 24 wk (5); the highest concentration that did not inhibit was 3.2
g/d for 12 wk (8). The differences could be caused by the fatty acid and anti-
oxidant composition of the basal diet, duration of feeding, the EPA to DHA
ratio, or the assay methods used.

Without additional vitamin E, supplementation with 1.3–8.0 g/d EPA+DHA
for 4 wk or more reduced several neutrophil functions including chemotaxis,
chemiluminescence, superoxide production, and phagocytosis (9–11,12,14,
15,26). Monocyte chemotaxis and superoxide production were also decreased
in two studies (10,26). However, monocyte chemotaxis and superoxide
production were not reduced in one study that used a low concentration of fish
oil (EPA+DHA 0.55 g/d) for 12 wk (17). In another study, supplementation
with 4 g/d EPA or DHA for 7 wk did not inhibit monocyte phagocytosis (16).
The effect of fish oil supplementation on the production of IL-1 and TNF-
has been examined in a number of studies. Many found a 25–75% decrease in
the in vitro secretion of cytokines when 2.4 g/d or more EPA+DHA were
supplemented in the diets for 4 wk or more (2,7,18,20). Thus, cytokine produc-
tion by lymphocytes appears to be altered by fish oils.

Possible Reasons for Reported Differences

The many differences in both study protocols and the methods used prob-
ably contributed to the inconsistencies in results from different studies. Poten-
tially important factors related to the study protocol include: antioxidant
nutrient content of the diets; total fat and fatty acid composition; the n-6 and
n-3 PUFA ratio; the amount and duration of supplementation; the amount of
EPA and DHA; age, sex, and health status of the subjects; and inclusion of a
control or placebo group. The methods and cells used for assessments have
varied greatly and add to the variance. For example, isolated PBMC or whole
blood cultured in autologous sera or fetal calf serum have been used with a
wide variety of agents to stimulate the cells and to monitor their responses.
Some of the assays used may have little association with human immunity.
Most critical among these factors seem to be the ratio between the amounts of
n-3 PUFA and vitamin E because the latter blocks the inhibition by n-3 PUFA,
and the duration of supplementation.
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Conclusion
Dietary fat may play an important role in modulation of the immune response

in humans. Body fat composition can reflect dietary consumption, thus the
potential for alteration of the immune system is great. This may be important
because fatty acids may be metabolized or utilized as potent biological
mediators that, in turn, can play a role in modulating the immune system. Spe-
cific fatty acids, notably those of the n-3 family, appear to selectively decrease
some, but not all, lymphocyte, neutrophil, and macrophage functions. Gener-
ally, fish oils that contain n-3 fatty acids inhibit numerous responses such as
proinflammatory cytokine production. The fatty acids most commonly found
in fish oils—EPA and DHA—can inhibit neutrophils and monocyte function,
but that may depend on the levels of supplemental vitamin E added. Even when
the same lymphocyte function or cytokine profiles were assessed after dietary
fat manipulation, different and sometimes divergent results have been
reported by different investigators. Although a great number of animal stud-
ies have shown pronounced effects of dietary fat on immunity, these studies
may not be directly comparable to human ones because high levels of a single
fat source were often used; a situation quite different from human diets. More-
over, numerous factors may be responsible for the extensive differences
reported in human studies, such as the amount and type of fat, fatty acid com-
position, antioxidant status, duration of dietary manipulation, assay methods
used, and participating subjects. Nevertheless, decreasing fat consumption and
an increase of n-3 fatty acids may be prudent dietary advice because no detri-
mental effects have been reported with respect to immunity and, in some cases,
potential beneficial effects may accrue.

References
1. Kelley, D.S., Branch, L.B., Love, J.E., Taylor, P.C., Rivera, Y.M., and Iacono,

J.M. (1991) Dietary alpha-linolenic acid and immunocompetence in humans. Am.
J. Clin. Nutr. 53, 40–46.

2. Caughey, G.E., Mantzioris, E., Gibson, R.A., Cleland, L.G., and James, M.J.
(1996) The effect on human tumor necrosis factor alpha and interleukin 1 beta
production of diets enriched in n-3 fatty acids from vegetable oil or fish oil. Am. J.
Clin. Nutr. 63, 116–122.

3. Healy, D.A., Wallace, F.A., Miles, E.A., Calder, P.C., Newsholm, P. (2000) Effect
of low-to-moderate amounts of dietary fish oil on neutrophil lipid composition
and function. Lipids 35, 763–768.

4. Kelley, D.S., Nelson, G.J., Branch, L.B., Taylor, P.C., Rivera, Y.M., and Schmidt,
PC. (1992) Salmon diet and human immune status. Eur. J. Clin. Nutr. 46,
397–404.



Dietary Fat and Immunity 151

5. Meydani, S.N., Lichtenstein, A.H., Cornwall, S., et al. (1993) Immunologic effects
of national cholesterol education panel step-2 diets with and without fish-derived
N-3 fatty acid enrichment. J. Clin. Invest. 92, 105–113.

6. Meydani, S.N., Endres, S., Woods, M.M., et al. (1991) Oral (n-3) fatty acid supple-
mentation suppresses cytokine production and lymphocyte proliferation: compari-
son between young and older women. J. Nutr. 121, 547–555.

7. Yaqoob, P., Pala, H.S., Cortina-Borja, M., Newsholme, E.A., and Calder, P.C.
(2000) Encapsulated fish oil enriched in alpha-tocopherol alters plasma phospho-
lipid and mononuclear cell fatty acid compositions but not mononuclear cell func-
tions. Eur. J. Clin. Invest. 30, 260–274.

8. Kelley, D.S., Taylor, P.C., Nelson, G.J., and Mackey, B.E. (1998) Dietary
docosahexaenoic acid and immunocompetence in young healthy men. Lipids 33,
559–566.

9. Thompson, P.J., Misso, N.L., Passarelli, M., and Phillips, M.J. (1991) The effect
of eicosapentaenoic acid consumption on human neutrophil chemiluminescence.
Lipids 26, 1223–1236.

10. Fisher, M., Levine, P.H., Weiner, B.H., et al. (1990) Dietary n-3 fatty acid supple-
mentation reduces superoxide production and chemiluminescence in a monocyte-
enriched preparation of leukocytes. Am. J. Clin. Nutr. 51, 804–808.

11. Fisher, M., Upchurch, K.S., Levine, P.H., et al. (1986) Effects of dietary fish oil
supplementation on polymorphonuclear leukocyte inflammatory potential. Inflam-
mation 10, 387–392.

12. Sperling, R.I., Benincaso, A.I., Knoell, C.T., Larkin, J.K., Austen, K.F., and
Robinson, D.R. (1993) Dietary omega-3 polyunsaturated fatty acids inhibit
phosphoinositide formation and chemotaxis in neutrophils. J. Clin. Invest. 91,
651–660.

13. Luostarinen, R., Siegbahn, A., and Saldeen, T. (1991) Effects of dietary supple-
mentation with vitamin E on human neutrophil chemotaxis and generation of
LTB4. Ups. J. Med. Sci. 96, 103–111.

14. Lee, T.H., Hoover, R.L., Williams, J.D., et al. (1985) Effect of dietary enrichment
with eicosapentaenoic and docosahexaenoic acids on in vitro neutrophil and
monocyte leukotriene generation and neutrophil function. N. Engl. J. Med. 312,
1217–1224.

15. Payan, D.G., Wong, M.Y., Chernov-Rogan, T., et al. (1986) Alterations in human
leukocyte function induced by ingestion of eicosapentaenoic acid. J. Clin.
Immunol. 6, 402–410.

16. Halvorsen, D.S., Hansen, J.B., Grimsgaard, S., Bonaa, K.H., Kierulf, P., and
Nordoy, A. (1997) The effect of highly purified eicosapentaenoic and doco-
sahexaenoic acids on monocyte phagocytosis in man. Lipids 32, 935–942.

17. Schmidt, E.B., Varming, K., Moller, J.M., Bulow Pedersen, I., Madsen, P.,
Dyerberg, J. (1996) No effect of a very low dose of n-3 fatty acids on monocyte
function in healthy humans. Scand. J. Clin. Lab. Invest. 56, 87–92.



152 Erickson et al.

18. Kelley, D.S., Taylor, P.C., Nelson, G.J., et al. (1999) Docosahexaenoic acid
ingestion inhibits natural killer cell activity and production of inflammatory
mediators in young healthy men. Lipids 34, 317–324.

19. Gallai, V., Sarchielli, P., Trequattrini, A., et al. (1995) Cytokine secretion and
eicosanoid production in the peripheral blood mononuclear cells of MS patients
undergoing dietary supplementation with n-3 polyunsaturated fatty acids.
J. Neuroimmunol. 56, 143–153.

20. Endres, S., Ghorbani, R., Kelley, V.E., et al. (1989) The effect of dietary supple-
mentation with n-3 polyunsaturated fatty acids on the synthesis of interleukin-1
and tumor necrosis factor by mononuclear cells. N. Engl. J. Med. 320, 265–271.

21. Grimble, R.F., Howell, W.M., O’Reilly, G., et al. (2002) The ability of fish oil to
suppress tumor necrosis factor alpha production by peripheral blood mononuclear
cells in healthy men is associated with polymorphisms in genes that influence
tumor necrosis factor alpha production. Am. J. Clin. Nutr. 76, 454–459.

22. Blok, W.L., Deslypere, J.P., Demacker, P.N., et al. (1997) Pro- and anti-inflam-
matory cytokines in healthy volunteers fed various doses of fish oil for 1 year.
Eur. J. Clin. Invest. 27, 1003–1008.

23. Thies, F., Nebe-von-Caron, G., Powell, J.R., Yaqoob, P., Newsholme, E.A., and
Calder, P.C. (2001) Dietary supplementation with eicosapentaenoic acid, but not
with other long-chain n-3 or n-6 polyunsaturated fatty acids, decreases natural
killer cell activity in healthy subjects aged >55 y. Am. J. Clin. Nutr. 73, 539–548.

24. Yamashita, N., Maruyama, M., Yamazaki, K., Hamazaki, T., and Yano, S. (1991)
Effect of eicosapentaenoic and docosahexaenoic acid on natural killer cell activ-
ity in human peripheral blood lymphocytes. Clin. Immunol. Immunopathol. 59,
335–345.

25. Kramer, T.R., Schoene, N., Douglass, L.W., et al. (1991) Increased vitamin E
intake restores fish-oil-induced suppressed blastogenesis of mitogen-stimulated T
lymphocytes. Am. J. Clin. Nutr. 54, 896–902.

26. Schmidt, E.B., Pedersen, J.O., Varming, K., et al. (1991) n-3 fatty acids and leu-
kocyte chemotaxis. Effects in hyperlipidemia and dose-response studies in healthy
men. Arterioscler. Thromb. 11, 429–435.



Allergies and Nutrition 153

From: Handbook of Nutrition and Immunity
Edited by: M. E. Gershwin, P. Nestel, and C. L. Keen © Humana Press, Totowa, NJ

153

8 Allergies and Nutrition

CHRISTOPHER CHANG

CONTENTS

Key Points
Introduction
Foods That Cause Allergies
The Diagnosis and Treatment of Food Allergies
The Effects of Foods on Allergies and Asthma
Conclusions
References

KEY POINTS

• Allergies affect more than 20% of the world’s population. Food hypersen-
sitivities affect approx 6% of children and 2–3% of adults.

• The development of allergies is the result of both genetic and environ-
mental factors.

• The majority of adverse food reactions are not allergic in nature.
• Symptoms of food allergies include eczema, asthma, allergic rhinitis, and

gastrointestinal disturbances.
• Early exposure to food allergens can lead to the development of allergies

in atopic individuals.
• Crossreactivity exists within food groups, and between food allergens and

environmental allergens.
• Treatment of food allergies is primarily through avoidance and awareness.
• Elimination diets are difficult to adhere to, and can have adverse effects

on nutritional intake.
• Most food allergies are mediated through Type I-immunoglobulin (Ig)E-

mediated hypersensitivity reactions.
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• Food labels are frequently difficult to read or confusing, and require that
the patient understand food components.

• Common foods that cause allergies include peanut, milk, eggs, fish, wheat,
and soy.

• Vitamins and minerals may have antioxidant (protective) effects, but they
have not been proven to be particularly useful in the treatment of asthma
or allergies.

• Future developments for the treatment of food allergies include immuno-
therapy, as well as genetic modification of foods to render them non-
allergenic.

Introduction
Over the last 20 yr, the prevalence of allergies in most developed countries

has increased and there has been a corresponding increase in the incidence of
asthma. Allergies now affect 20% of the US population at some point during
their lifetime. The prevalence of allergies varies greatly between countries with
that in developing countries tending to be much lower than that of developed
countries. For example, the prevalence in Urumqi, an underdeveloped region
in China, is 2.9% whereas that in Hong Kong, where the standard of living
surpasses that in many Western countries, is approx 10% (1). Whether an indi-
vidual develops symptoms of allergies depends on the combined influence of a
number of factors that can be genetic, environmental, infectious, physical, and/
or hormonal. The associations and interactions between these factors are not
completely understood and recent information has led to the development of
new theories, such as the hygiene hypothesis (2).

The state of being genetically predisposed to developing allergies is called
atopy. Atopic people are prone to developing allergic symptoms when chal-
lenged by a variety of external stimuli. If one parent has allergies, then the risk
of an offspring having allergies is estimated to be 48%. If both parents have
allergies, then the risk rises to 70%. However, data from studies of environ-
mental factors and sociological patterns suggest that while the genetics of an
individual are unalterable, factors early on in life may shift the balance of helper
T-cell subsets to favor either a T-helper type-1 (Th1) or T-helper type-2 (Th2)
response (2). A simplistic way of interpreting this is that an immune system
skewed toward Th1 cell involvement is programmed to combat infections,
whereas a predominantly Th2 cell-mediated immune system leads to the
development of allergies and asthma.

Clinical signs of allergies usually manifest in areas of the body that are
directly exposed to the environment including the skin, gastrointestinal tract,
and the upper and lower respiratory tracts. External triggers for allergies can be
environmental agents or food substances. In infants, the largest and initial
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Table 1
Signs and Symptoms of Allergy

Head and neck
• Rhinitis
• Congestion
• Watery or itchy eyes
• Frontal headaches
• Itchy palate
• Laryngeal swelling

Chest
• Cough

• Wheezing

Gastrointestinal
• Hematemesis
• Stomach cramps (abdominal pain)
• Diarrhea
• Vomiting

Skin
• Eczema
• Urticaria
• Angioedema
• Allergic contact dermatitis
• Pruritis

Systemic
• Anaphylactic shock
• Hypotension

allergenic load is from food that will generally produce skin and gastrointesti-
nal tract symptoms. Later on, the symptoms predominantly involve the upper
and lower respiratory tract, and the eyes. Common allergy symptoms are listed
in Table 1. The triggers during older childhood and adulthood are probably
more often seasonal or perennial allergens that are airborne and inhaled through
the nasal passages down towards the lower respiratory tract. Because of the
physiological effect of allergies, allergies can also be associated with a number
of comorbid conditions including asthma, sinus disease, otitis media, skin
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infections (secondary to eczema), anosmia, hearing loss, lack of sleep, snoring,
and headache.

This chapter discusses food allergies, the treatment of food allergies, and
the effect that food allergies and their treatment can have on an individual’s
ability to maintain a well-balanced diet. Some of the foods and food supple-
ments that are or have been used to modify or control the development or
severity of allergies or asthma are also discussed. Strategies to delay the onset
of allergies are presented.

Foods That Cause Allergies
Types of Allergic Reactions

Allergic or hypersensitivity reactions are classified into four groups, Type
I–IV (3). Many allergic phenomena can have components of more than one
type of reaction, but common ones such as allergic rhinitis, asthma, and eczema
are predominantly Type I hypersensitivity reactions that are mediated by IgE
and mast cells. Other examples of Type I reactions include conjunctivitis, urti-
caria, angioedema, gastrointestinal anaphylactic reaction, and allergic eosino-
philic gastroenteritis. A Type I hypersensitivity reaction usually occurs within
minutes after exposure to stimuli, and initial allergen exposure leads to sensiti-
zation of an individual to that allergen. Sensitization occurs when allergen first
presents to B-lymphocytes, leading to formation of allergen specific IgE. These
IgE antibodies bind to the surface of mast cells. In subsequent exposure to the
same protein, crosslinking of specific IgE on the surface of mast cells occurs
and leads to the release of mast cell mediators, including histamine, into the
circulation. Other molecules that are involved include vasoactive amines, lipid
mediators, and cytokines. These mediators cause a number of physiologic
changes, including increased membrane permeability, inflammatory cell infil-
tration, edema, and the disruption of mucosal surface architecture that, in turn,
lead to the symptoms of an allergic reaction. A schematic of the Type I allergic
reaction is shown in Fig. 1.

Type II reactions are antibody-dependent cytotoxicity reactions, in which
the antibody binds to cell surface antigens leading to complement mediated
lysis, phagocytosis, or killer cell activity. An example of a Type II hypersensitivity
reaction to food is antibody-dependent thrombocytopenia from ingesting cow’s
milk. Serum-sickness-type reactions are an example of Type III immune com-
plex-mediated hypersensitivity reactions, whereas Type IV reactions are cell-
mediated hypersensitivity diseases. Type IV hypersensitivity reactions are
elicited by Th1, which stimulate macrophages and other cells to produce
inflammation. Type IV reactions generally take longer to manifest than Type I
reactions, with an onset 2–8 h after exposure, reaching maximal effect after
24 h. Pathologic manifestations of Type IV hypersensitivity reactions include



Allergies and Nutrition 157

Fig. 1. Mechanism of IgE-mediated reactions.

perivascular cellular infiltration and edema. Examples of Type IV hypersensi-
tivity reactions include allergic contact dermatitis, celiac disease, and graft
rejection.

Food Allergies and Other Adverse Reactions to Foods

The prevalence of adverse food reactions and food allergies is difficult to
assess owing to the frequently subjective nature of the complaints. Food intol-
erance was detected in 20% of 7500 households in the United Kingdom, but
most were nonallergic (4). In fact, many food reactions can be secondary to
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chemical, pharmacological, or toxic effects, or they can be a physiological re-
sponse to an otherwise normally consumed food substance (see Fig. 2). Some
foods are not tolerated from a purely psychological standpoint, in which case
they are food aversions that are not reproducible if the subject is blinded. True
food allergies are estimated to affect about 6% of infants (5). The characteris-
tics of these allergies can change during a person’s lifetime, and by adulthood
only 1–2% of people have food allergies (4).

Food allergies are either IgE-mediated (atopic) or non-IgE-mediated
(nonatopic). IgE-mediated ones are responsible for a variety of different symp-
toms that generally appear soon after eating the food. Skin reactions can be
urticarial or a nonspecific maculopapular rash. Eczema is another dermato-
logic manifestation of food allergy, especially in young infants. Pruritis (itch-
ing) usually accompanies any rashes related to food allergy. In the oral allergy
syndrome (described later), the rash can be more consistent with an allergic
contact dermatitis. Gastrointestinal symptoms include vomiting and diarrhea,
with accompanying abdominal pain and nausea. Food allergies can also result
in the typical upper and lower allergy constellation of symptoms including
asthma symptoms such as cough, dyspnea, or wheezing. Nasal pruritis, con-
gestion, sneezing, rhinorrhea, and ocular symptoms can also result from food
allergy. The most extreme result of a food allergy is anaphylaxis that some-
times ends in death.

Fig. 2. Types of adverse food reactions.
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Non-IgE-mediated food allergies include celiac disease, food-induced
enterocolitis syndrome, food-induced pulmonary hemosiderosis (Heiner’s syn-
drome), dermatitis herpetiformis, and cow’s milk-induced intestinal blood loss.
Celiac disease involves a T-cell dependent inflammatory response that leads to
villous atrophy and an inflammatory cell infiltrate. Food triggers in celiac dis-
ease include gliadin, an alcohol-soluble portion of gluten that is found in grains
such as oat, rye, barley, and wheat.

Nonallergic food hypersensitivities and adverse food effects account for
most food intolerances. These reactions can be owing to a pharmacological
effect of a food component or a failure to digest food substances, such as  lac-
tose in milk intolerance. Adverse food reactions can also be a result of food
poisoning, in which case the cause may be a bacterial endotoxin. A more com-
plete list of non-IgE-mediated food hypersensitivities and nonallergic food
reactions is shown in Table 2.

Whether a food reaction is allergic or not is sometimes impossible to discern
based on clinical presentation. For example, intolerance to cow’s milk may be
caused by a number of etiologies including IgE-mediated allergies, non-IgE-
mediated allergy, or lactose intolerance. In a patient with a food hypersensitiv-
ity presenting with gastrointestinal symptoms, (e.g., vomiting, nausea, diarrhea,
or abdominal pain), the likelihood of the hypersensitivity being IgE mediated
is only about 5%. The percentage is probably higher for food hypersensitivity
patients presenting with skin symptoms or asthma.

Food Allergens

Almost any food substance can cause allergies, but 90% are caused by eight
foods (see Table 3). Geographical variation exists, depending on what people
are exposed to. For example, Asians tend to have a higher incidence of allergy
to rice. Most food allergens are proteins or glycoproteins, and many foods con-
tain multiple proteins that can cause allergies. The allergens can be classified
into major and minor allergens. A protein that causes allergies in 50% or more
of allergic patients is a major allergen. A list of common food allergens is
shown in Table 4.

Common Foods That Cause Allergies

Cow’s Milk

The two main groups of cow’s milk proteins that cause allergenic sensitiza-
tion are the casein and whey proteins. Caseins comprise the largest group of
proteins. Cow’s milk allergy is very common in young infants, but a large
percentage outgrow their allergy by early childhood. Because cow’s milk is a
common ingredient in many other foods, care must be taken to read labels
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Table 2
Examples of Non-IgE-Mediated Adverse Food Reactions

Non-IgE mediated food allergies
• Allergic eosinophilic gastroenteritis
• Enterocolitis syndrome
• Food-induced enterocolitis syndrome
• Food-induced eosinophilic proctocolitis
• Food protein-induced enteropathy
• Celiac disease
• Allergic eosinophilic gastroenteritis
• Food-induced pulmonary hemosiderosis
• Dermatitis herpetiformis

Non-allergic food intolerances
• Enzyme deficiency

• Milk intolerance—disaccharide deficiency
• Pancreatic insufficiency
• Phenylketonuria
• Alcohol—aldehyde dehydrogenase
• Galactosemia—galactose-1-phosphate uridyl transferase

• Food poisonings
• Bacterial endotoxins
• Parasitic infestations

• Pharmacologic effect of food component
• Tyramine in cheese
• Caffeine in coffee
• Capsaicin in peppers
• Alcohol
• Histamine release triggered by certain foods, for 

example, wine, cheese
• Host dependent factors

• Food aversions—psychologic
• Anorexia nervosa
• Bulemia

carefully. Terms that are used to describe the components of cow’s milk on
food labels include casein, whey, dairy, or simply the symbol “D.” Significant
crossreactivity to goat’s milk also exists, meaning a person allergic to cow’s
milk is usually also allergic to goat’s milk.
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Egg

Egg allergy is the most common allergy in food allergic individuals (73%)
(6). The allergenic proteins are listed in Table 4. Egg yolk is generally not as
allergenic as egg white. There is strong crossreactivity between chicken egg
and duck egg. Although there is homology between egg allergens and
chicken allergens, clinical crossreactivity does not appear to occur.

Table 3
Common Foods that Cause Allergies

The eight major groups of common food allergies
and % allergic individuals affected

• Egg 73%
• Fish 55%
• Milk 50%
• Peanut 49%
• Soy 28%
• Wheat 22%
• Tree nuts
• Crustacea (shellfish)

Other foods/food groups that can cause allergies
• Rice
• Fruits

• Rosaceae fruits
• Kiwi
• Mango
• Banana
• Apple

• Spices
• Food additives

• Coloring
• Artificial flavoring
• Sulfites
• Preservatives
• Fillers
• Contaminants

• Vegetables
• Celery
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Table 4
Common Food Allergensa

Group 1 Group 2 Group 3 Group 4 Group 5

Milk, yogurt Meat, poultry, fish, Bread, cereal,
and cheese dry beans, egg, nut Vegetable Fruits rice, pasta

Milk Egg Mustard Kiwi Rice
Casein s , , Ovalbumin (Gal d 1) Sin a 1 Act c 1 (Actinidin) -amylase

and  (Bos d 8) Ovomucoid (Gal d 2) Bra j 1 TLP trypsin inhibitor
Whey: Ovotransferrin (Gal d 3) Ric c 1

-lactalbumin, Lysozyme (Gal d 4) Ric c 3
-lactoglobulin -livetin

(Bos d 4) Antigen 22
-lactoglobulin

(Bos d 5)
Immunoglobulins

(Bos d 7)
Bovine serum

albumin
Other smaller

peptide fractions

Peanut Potato Pear Wheat
Ara h 1 Sol t 1 Pyr c 1 -amylase
Ara h 2 Pyr c 4 inhibitor
Ara h 3
Ara h 5
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Soybean Celery Apple Barley
Gly m 1 Api g 1 Mal d 1 Hor v 1
Trypsin inhibitor Api g 4

Brazil nut Carrot Cherry Buckwheat
Ber m 1 Dau c 1 Pru a 1 Fag e 1

Pru a 2

Fish
Gad c 1 (Allergen M)
Sal s 1 (Salmon)

Shrimp
Pen a 1
Antigen 1
Antigen 2
Met e 1

Chicken
-livetin

aAllergens are named according to the first three letters of the genus of their origin, followed by a space and the first letter (in lower case) of
the species of origin, then a space, and then a number (in Arabic format) representing the order of discovery of that allergen for that genus
and species.
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Peanut

Until recently, it was generally thought that peanut allergy was one of the
few food allergies that persists throughout life. However, a recent study showed
that over 20% of peanut allergic patients lose their allergy after several years
(7). Peanut allergies can be very severe, and symptoms include angioedema
and urticaria, difficult swallowing, severe itching, hoarseness, and anaphylaxis.
Several peanut proteins have been characterized (see Table 4). Peanut oil is not
a significant hazard to peanut allergic patients, although contamination with
peanut protein is possible. Thresholds for subjective reactions to peanut range
from 100 µg to 1 g of protein (8), whereas those for objective symptoms range
from 10 to 30 mg. Peanut allergies are increasing in the Western world, nearly
doubling in prevalence from 0.5% in 1989 to 1% in 2002, which has been
attributed to the increase in the number of health-conscious people shifting to a
vegetarian diet and increasing their consumption of peanuts (9).

Wheat

Allergy to grains is quite common and wheat is the most common allergen
in this food group. The major allergenic component of wheat appears to be a
14-kDa -amylase inhibitor. This protein may be responsible for the develop-
ment of an occupational asthma disease called Baker’s asthma. There is known
homology and crossreactivity between wheat -amylase inhibitor and a 14-
kDa glycoprotein component of rice. In addition, there is extensive cross-
reactivity among wheat, barley, and rye.

Fish

Individuals with fish allergy are usually allergic to multiple species of fish.
The most common allergen is Gad c 1, which was first isolated from codfish.
Fish allergen appears to be susceptible to different methods of processing: some
individuals allergic to cooked fish are able to tolerate canned fish of the same
species. Some people are allergic only to one species of fish and, for these indi-
viduals, the current recommendations for avoidance does not require that all
varieties of fish be completely eliminated from the diet.

Soy

Soy is a common food alternative for infants and children with cow’s milk
allergy. However, soy allergy is also quite common; more than 15 protein com-
ponents of the bean are allergenic. Three major allergenic proteins associated
with atopic dermatitis have been characterized: Gly m Bd 60K, a component of
a storage protein; Gly mBd 30K, an oil-body associated protein with homology
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to the major dust mite allergenic determinant Der p 1; and Gly m Bd 28K, a
vicilin-like glycoprotein. Two other low-molecular weight soybean hull
allergens, Gly m1 and Gly m 2, have been associated with asthma outbreaks.

Other

Other commonly seen food allergies relate to fruits, vegetables, shrimp and
other crustaceans, and food additives. The major allergenic determinants for
lobster, shrimp, mollusks, oysters, crab, abalone, and squid have been identi-
fied and characterized (10). The characteristics and patterns of crossreactivity
of some major food allergens are shown in Table 5. The allergenic proteins can
be structural proteins, storage proteins, transfer proteins, or enzymes. Exposure
to large amounts of a specific food type, such as rice in Asian countries, leads
to increased sensitization rates. There is a great deal of homology across spe-
cies, and patients who have been previously exposed to pollen allergens that
carry similar structure to certain foods may then become allergic to these foods.

Crossreactivity of Food and Environmental Allergies

Crossreactivity within classes of foods is quite common. For example,
crossreactivity between cow’s and goat’s milk is more than 50%. Homology
between proteins occurring in nature causes patients to show crossreactivity
between various food and pollen allergens. For example, individuals allergic
to birch may also be allergic to raw potatoes, carrots, apples, hazelnuts, kiwi,
or celery. Those allergic to ragweed pollen may also exhibit signs of allergy to
melons and bananas. These patterns of crossreactivity have given rise to sev-
eral syndromes, including the oral allergy syndrome, the latex fruit syndrome,
and the tree nut syndrome.

The Oral Allergy Syndrome

The oral allergy syndrome is a contact allergy involving the lips, tongue,
palate, and structures of the mouth, throat, and perioral area that leads to
pruritis, rash, and angioedema. It is more common in individuals with pollen
allergies, specifically against birch or ragweed, in which the primary sensitizer
is probably the pollen. In the oral allergy syndrome, individuals who are aller-
gic to birch react to Roasaceae fruits (peach, apple, almond, plum, apricot,
pear, and strawberry) as well as potatoes, carrots, hazelnuts, celery, and kiwi-
fruit, whereas those with ragweed allergy react to melons, including water-
melon, cantaloupe, and honeydew. Mugwort allergic patients can react to
celery.
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Table 5
Classification and Characteristics of Proteins That Cause Food Allergies

Size Homology/cross
Protein Name derivation Source Classification (kd) reactivity Comments

Act c 1 Actinidin Kiwi Thiol-protease 30 Birch, latex, Glycoprotein
avocado,
banana

Api g 1 Apium graveiolens Celery 16.2 Mugwort Also sensitization by
birch

Api g 4 Apium graveolens Profilin 14.3
Ara h 1 Arachis hypogaea Peanut 63.5 Tree nuts, legumes
Ara h 2 Arachis hypogaea Peanut 17 Tree nuts, legumes
Ara h 3 Arachis hypogaea Peanut 14.3 Hazelnut, other IgE epitopes same as

legumes soybean
Ber e 1 Bertholletia excelsa Brazil nut Seed storage protein Methionine rich 2S

albumin
Bra j 1 Brassica juncea Mustard 2S albumin 16 Sin a 1
Cha f 1 Charybdis feriatus Crab Tropomyosin 34 Met e 1
Cor a 9 Croylus avellana Hazelnut 11S globulin storage protein 40 Ara h 3
Cra g 1.03 Crassostrea gigas Oyster Tropomyosin 59 Shellfish
Dau c 1 Daucas carota Carrot 18 Birch, celery
Fag e 1 Fagopyrum

esculentum Buckwheat Globulin protein 24 Rice
G2 glycinin Glycine max Soybean Storage protein 22
Gad c 1 Gadus callarias Codfish Muscular parvalbumin 12.3 Other fish Heat and digestion

resistant
Gal d 1 Gallus domesticus Egg Ovomucoid 28 Duck eggs
Gal d 2 Gallus domesticus Egg Ovalbumin 45 Duck eggs
Gal d 3 Gallus domesticus Egg Ovotransferrin 77.7 Duck eggs
Gal d 4 Gallus domesticus Egg Lysozyme 14.3 Duck eggs
Gly m 1 Glycine max Soybean Trypsin inhibitor 30
Hal m 1 Halliotis midae Abalone Tropomyosin 49 Crustaceae
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Hom a 1 Homarus Lobster Tropomyosin 34 Shrimp
americanus

Hor v 1 Hordeum vulgare Barley -amylase inhibitor 14.5
Jug r 1 Juglans regia Walnut Seed storage protein Ber e 1 Methionine rich 2S

albumin
Mal d 1 Malus domestica Apple 17.7 Bet v 1 (birch)
Met e 1 Metapenaeus ensis Shrimp Tropomyosin 34 Other shellfish, Major heat labile shrimp

dust mite allergen
Pan s 1 Panulirus stimpsoni Lobster Tropomyosin 34 Shrimp, other cDNA cloned

shellfish
Pen a 1 Penaeus aztecus Shrimp Tropomyosin 36 Dust mites cDNA cloned
Pru a 1 Prunus avium 1 Cherry Lipid transfer protein 18 Birch
Pru a 2 Prunus avium 2 Cherry Lipid transfer protein 23
Pyr c 1 Pyrus communis Pear Bet v 1, Mal d 1
Pyr c 4 Pyrus communis Pear Profilin Pru a 4, Bet v 2, Profilin is pan-allergen

Api g 4 in many fruits
Ric c 1 Ricinus communis Castor bean 2S albumin Albumin storage protein
Ric c 3 Ricinus communis Castor bean 2S albumin Albumin storage protein
Sal s 1 Salmo salar Salmon Parvalbumin 14
Sin a 1 Sinapis alba Mustard Seed storage protein Bra j 1 2S albumin, resistant to

trypsin digestion
Sol t 1 Solanum tuberosum Potato Soybean trypsin inhibitor, 43 Latex Also called patatin,

storage protein cross reacts with
latex Hev b 7

TLP Thaumatin-like Kiwi 24 Concavalin A-binding,
protein antifungal effects

Tod p 1 Todarodes pacificus Squid Tropomyosin 38 Other shellfish,
dust mite

Trypsin Maize Trypsin inhibitor 9 Peach, grass,
inhibitor wheat, barley,

rice
-amylase Wheat -amylase inhibitor 15 Role in Baker’s asthma

inhibitor disease?
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The Latex Fruit Syndrome

Cross-sensitization between fruits and latex fruits has been clearly dem-
onstrated and include papaya, avocado, banana, chestnut, passion fruit, fig,
melon, mango, kiwi, pineapple, peach, and tomato. The crossreacting protein
responsible has been proposed to be chitinase 1, which has been identified as
being a “pan-allergen” for the above fruits.

The Tree Nut Syndrome

Patients allergic to peanuts may exhibit crossreactivity to other legumes or
tree nuts. In this condition, peanuts may contain the sensitizing allergen. Pea-
nut allergic subjects can be allergic to hazelnut, brazilnut, or both. Other nuts
demonstrating crossreactivity include cashews and walnuts.

The Effects of Food Preparation on Allergenicity

Most foods allergens tend to be fairly stable during food preparation and
processing. Some are resistant to heat, while others are denatured in cooking.
For example, both heat-stable and heat-labile allergenic proteins are found in
shrimp. To be allergenic, foods must also be able to survive the digestive pro-
cess and cross the intestinal mucosa in an immunologically intact form. The
absorption of foods can be affected by other components “consumed” at the
same time, for example, ethanol, cigarette smoking, and antacids. Ethanol can
increase gastric permeability to sucrose, whereas cigarette smoking has the
opposite effect (11). Exercise causes body temperature to increase, which
increases sensitization to an ingested antigen in some people. Other cofactors
that may regulate or affect the severity of symptoms of a food allergy include
resistance to digestive enzymes, differential expression of allergens during
pregnancy, and food preparation and processing.

The Diagnosis and Treatment of Food Allergies
Diagnosis of Food Allergies

History and Physical

Taking a good history is always the first step toward diagnosing a food
allergy. Like all medical histories, the physician needs to know the who, when,
how, where, and what of the clinical reaction to a food. “Who” refers to the
characteristics of the patient, including their family history of allergy. “When”
refers to the time between eating the food and the onset of the reaction as well
as the number of recurrences that have occurred. “What” refers to the amount
of food consumed, as well as other foods consumed along with the suspected
agent. “How” refers to how the patient manifests symptoms of the food intoler-
ance, and may help to distinguish whether or not the reaction is a true allergy
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or a different type of adverse food reaction. “Where” helps to identify concur-
rent exposures that may be confusing the picture. Once obtained, this informa-
tion can be assimilated to help with a diagnosis. Figure 3 shows some of the
specific questions to be asked in taking a food allergy history. Other informa-
tion to be collected includes accompanying events or activities, such as exer-
cise-induced food anaphylaxis. The degree of severity of the reaction will help
direct the type of treatment to use. Patients may find it difficult to identify an
offending food from a diverse diet, and factors that affect sensitization can
frequently cause confusion. A patient’s medical history is dependent on their
memory, which may not be accurate when trying to isolate a specific food.

Fig. 3. Diagnosing food allergies. HEENT, head, eyes, ears, nose, blind pla-
cebo controlled food challenge.
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Food Diaries

The limitations of memory recall can be overcome by using a food diary,
which has the advantage of being proactive. The information recorded needs to
be as detailed as possible, and include when and how much food was eaten,
how it was prepared, as well as other events occurring around the time of eat-
ing and the onset of the reaction.

Elimination Diets

Elimination diets can be used to diagnose allergies, and their use depends on
the type or number of foods suspected. They tend to take a long time to com-
plete and are notoriously difficult to adhere to. A common method of institut-
ing an elimination diet is to divide foods into food groups (e.g., as in Fig. 4).
All the foods in one group are eliminated for 6 d and on the seventh day one
food is reintroduced. If the individual is asymptomatic during the initial 6 d,
and symptoms reappear on the seventh day after reintroduction of the food, the
likelihood that the patient is allergic to that specific food is high. Because only
one food group can be studied at a time, the whole process can take a long time
to complete.

Fig. 4. An example of the food groups to avoid in an elimination diet. This is
an example of the food groups that can be used to construct an elimination diet.
Patients must remember to strictly adhere to the diet and it will be necessary for
them to understand how to read labels, as many of the constituents of foods may
not be obvious at first.
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The Double-Blind Placebo-Controlled Food Challenge (DBPCFC)

The double-blind placebo-controlled food challenge is the gold standard for
testing for food allergies. However, there are limitations to using the DBPCFC.
First, performing a DBPCFC requires that the endpoint occurs immediately
(within a few minutes) after ingestion. Second, the endpoint must be measured
objectively and accurately. To perform a DBPCFC, some knowledge of what
to test for must exist. Identifying the foods to be tested can be based on history,
diet diaries, radioallergosorbent testing (RAST), or skin testing. Because of
the preparation needed, DBPCFC are not always feasible for detecting food
allergies in most outpatient settings. To do a DBPCFC properly, the subject
must have avoided exposure to the food under investigation for at least 2 wk,
been off antihistamines for at least a few days, and fasted prior to the chal-
lenge. The test must be conducted as scientifically as possible, with food and
placebo doses being administered in equal amounts in an equal number of
doses. The test and placebo foods must taste, look, and smell the same and also
have the same texture. Foods must be as pure as possible, without contami-
nants or confounding foods that may cause symptoms themselves. The total
dose administered should be 10 g over 1 h. Starting doses can be variable, but
a safe DBPCFC is conducted using the minimal threshold dose for anaphylac-
tic reactions previously recorded (12). Scoring of symptoms must be standard-
ized. At the end of the test all subjects undergo open challenge under
observation, meaning the patient ingests a full serving of the food in question
under close observation by medical staff.

Immunoassays and Radioallergosorbent Testing (RAST)

Serum immunoassays for specific IgE exist (12). Moreover, improved auto-
mation and the development of a high-capacity ImmunoCAP has allowed for
the standardization of RAST testing for allergen specific IgE. The current
“UniCAP” system by Pharmacia can detect allergen specific IgE with a sensi-
tivity and specificity of 89 and 91%, respectively, compared with clinical diag-
nosis or DBPCFC (6). RAST testing results can be reported in several ways,
including units/mL, percentage of a control value, or by class ranges (generally
zero to six) with six representing the higher amounts of allergen specific IgE
detected.

 Skin Testing

Skin-prick testing, in which a small amount of allergen is epicutaneously
applied to the skin and the patient is observed for development of a wheal and
flare reaction, is used for food allergy testing. Both in vivo and in vitro food
testing have good positive and negative predictive values (14). Skin testing in
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particular has been shown to diminish the need for DBPCFC (15). The advan-
tages of skin-prick testing are that results can be obtained immediately, and a
wheal and flare reaction gives more information about the patient’s in vivo
response to allergen. The disadvantages of skin-prick testing, compared to
RAST, are that more pricks are done and the procedure is potentially more
traumatic-especially for children. Skin testing is contraindicated in a number
of conditions, including the use of -blockers, skin conditions such as eczema
or hives, a history of anaphylaxis, and the use of antihistamines (that can in-
validate the results of the skin testing). Intradermal testing is not generally
used in testing for food allergies because of the high frequency of false posi-
tives and lack of specificity.

Open-Label Challenge

An open label challenge is carried out in a clinic setting where there is emer-
gency equipment available for potential systemic side effects. In this case, both
the patient and the physician are aware of the food substance being tested.
Although not as objective as the DBPCFC, an open-label challenge can pro-
vide valuable information under specific circumstances. The allergy signs and
symptoms must be visible and be as objective as possible, such as hives,
angioedema, or asthma symptoms. The time between administration of the food
and onset of symptoms must be short and the test must be reproducible. Open-
label testing will not work for vague symptoms, and testing foods containing
complex ingredients confuses the picture further.

Other Assays

Several other assays are also available, but these are not routinely used in
diagnosing food allergies. Basophil histamine release assay uses whole blood
to determine the histamine response to antigen challenge. Results are compa-
rable to RAST. The intestinal mast cell histamine release assay is an in vitro
test that measures the response to food antigens using biopsy specimens.

Treatment of Food Allergies

Prevention of Allergies

As mentioned earlier, the onset and severity of allergies depends both on
genetic and environmental factors. Because the genetic factors that predispose
an individual to allergies cannot be altered, prevention must be done at the
environmental level. Identifying infants who may be at high risk for allergies is
important, because this helps to determine how much intervention is needed in
early infancy. The risk factors for the development of allergies are shown in
Table 6. The extent to which the onset of allergies can be delayed or the sever-
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ity of asthma, eczema, and allergic rhinitis can be decreased remains contro-
versial. For those at-risk of atopic diseases, avoidance of highly allergic foods
by both the mother and young infant can help to delay the onset of allergic
diseases (see Table 6) (16). Avoidance of foods by pregnant mothers is gener-
ally not recommended except for peanuts.

Table 6
Possible Risk Factors for Atopy in Children and Factors

That Counteract Increased Risk of Developing Food Allergies

Risk factors
• Family history
• Elevated cord blood IgE
• Elevated serum IgE in early childhood
• Early exposure to foods
• Concurrent exposure to environmental allergies
• Exposure to cigarette smoke
• Blood or nasal eosinophilia
• Decreased cord blood platelets
• Decreased CD8 T-cells
• The lambdaMS.51 marker on chromosome 11q
• Increased monocyte phosphodiesterase activity
• Increased arachidonia acid pathway metabolites

Factors to counteract increased risk of developing food allergies
• Delayed introduction of solid foods

• Eggs
• Fish
• Nuts
• Soybean

• Avoidance of inhalant allergens
• Dust mite
• Cat
• Dog
• Cockroach

• Maternal avoidance during lactation
• Milk
• Peanut
• Egg
• Fish

• Prolonged exclusive breast feeding
• Use of hydrolyzed milk formula
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Breast Milk and Milk Formula

Prolonged breastfeeding is recommended for infants at risk of allergies
because breast milk contains protective antibodies. Soy-based milk formulas
contain several allergenic proteins. Hypoallergenic formulas are now avail-
able, in which the cow’s milk protein components have been hydrolyzed to
produce smaller peptide units. The tertiary structure is thus changed so that
these peptide units are, theoretically, no longer allergenic, leading to less expo-
sure to allergenic determinants. Casein hydrolysates contain peptide fragments
that are less than 1.5 kDa and have low immunogenicity. Whey hydrolysates
contain peptides that are larger, and potentially retain their immunogenicity.
Both casein and whey hydrolysates have been effective in preventing eczema,
but not allergic rhinitis or asthma symptoms (17). Amino acid-based formulas
are also available. They have been shown to be nutritionally adequate and to
decrease allergic reactions in 31 allergic infants, including 14 with allergic
eosinophilic gastroenteritis (18). Studies that compared the effect of using
of soy milk vs cow’s milk-based formula to decrease symptoms of asthma or
eczema found the outcomes to be similar (19).

Breast milk contains high concentrations of nucleotides that may play a role
in immunization-induced antibody production, although whether or not the
nucleotide content of breast milk and formulas has any role in the development
of atopy is not known. New and better infant formulas are constantly being
developed to mimic breast milk, and newer molecular biology and cloning tech-
niques are being used to create formula that will be truly nonallergenic while
maintaining good nutrition content.

Avoidance

The cornerstone of treatment of food allergies involves eliminating the
offending allergen. However, foods are complex mixtures of numerous com-
ponents and people with multiple food allergies often have a difficult time
managing their diet in the face of multiple food allergies. In the case of a single
offending food, elimination of that food from the diet should not lead to any
nutritional deficiency. In addition, some foods are easier to avoid than others.
Peanut allergic patients can usually avoid peanuts with some degree of confi-
dence, but it is more difficult to avoid foods such as milk, wheat, or corn
because they are ingredients in many processed foods. Sometimes it is neces-
sary to eliminate an entire food group at a time. Alternative foods that can be
used to replace the nutrients found in common foods allergens are shown in
Table 7. Occasionally, a vitamin or mineral supplement may be advised. It is
possible to become overzealous in the management of a food allergy. Fear of
developing an asthma attack or making a child’s eczema worse can lead some
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Table 7
Alternative Foods Sources of Nutrients for People With Food Allergies

Nutrient Usual source Alternative sources

Calcium Milk Cheese, yogurt, soy or rice
beverage, infant formula

Iron Meat Bread, legume, fruit, vegetables
Protein Meat Tofu, beans
Selenium Cereal products Meat, seafood
Thiamine Nuts, seeds Meats
Vitamin A Plant carotenoids Liver, fish, potato
Vitamin B12 Milk and eggs Fish and seafood, meats
Vitamin B6 Eggs Meat and cereals
Vitamin C Fruit and fruit juices Vegetables, peppers
Vitamin D Milk Milk substitute products, egg yolk,

fish oil
Vitamin E Seeds, whole grain products Vegetable oils, leafy green

vegetables
Zinc Nuts, legumes Whole grain products, meats, fish,

shellfish

people to take avoidance to an unreasonable extreme. A common sense
approach to diet is of utmost importance in managing food allergies.

Elimination Diets for the Treatment of Allergies

Elimination diets are a structured way of practicing avoidance. Their use in
the treatment of allergies is fairly simple if there are only a few foods or a
single food that must be eliminated from the diet. In this case, the risk of com-
promising nutritional status is low, and alternative sources of nutrients can be
used. If the offending allergen has not been clearly defined, or if RAST or skin
testing yields a high number of positive sensitivities, then using an elimination
diet becomes more complicated and, indeed, more controversial. The ultimate
elimination diet is an elemental diet, but the more drastic the diet the greater
the likelihood of compromising nutritional status. Elemental formulas such as
“Nutramigen” or “Pregestamil” are available for infants. Elemental diets are
also available for children and adolescents, and can be effective in treating
eosinophilic eosophagitis.

Current Labeling Laws

Many countries do not have food labeling laws or guidelines. Good avoid-
ance measures involve careful reading of labels. Labeling laws have evolved in
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the United States under the direction of the Food and Drug Administration,
while the Food Standards Agency handles labeling guidelines in the United
Kingdom. Food labels are not always easy to read, nor are they always accu-
rate or complete. Even with labeling guidelines, labels can be confusing and
the food content is sometimes disguised by the use of ambiguous terminology
or chemical terms that the general public does not understand. In a study con-
ducted in the United States, the correct identification of food ingredients and
components from food labels by parents of children on a restrictive diet was
poor. Most of the problems were associated with foods containing milk, soy,
and peanut; recognition of the components of egg and wheat was fairly good
(20). Clearly labeling practices have to be revised to facilitate easy, quick, and
accurate identification of all potential offending allergens by the public at large.

Pharmacologic

ANTIHISTAMINES

Antihistamines block the H1-histamine receptors, thus preventing the physi-
ological effects of histamine. Antihistamines have been used since the 1950s
and, until about 20 yr ago, all of them were sedating. Since then, the
nonsedating second generation histamines have been developed. Antihista-
mines are useful in the treatment of allergen-induced urticaria, asthma, allergic
rhinitis, and conjunctivitis. Antihistamines can also help decrease the pruritis
associated with atopic dermatitis.

LEUKOTRIENE ANTAGONISTS

Leukotrienes are powerful mediators of inflammation. Pharmacologic agents
that counteract these effects are either leukotriene receptor antagonists or
inhibitors of the leukotriene synthesis. Currently, the leukotriene receptor
antagonists are more widely used. Leukotriene antagonists are very safe, and
can be taken once or twice daily. They are used in the treatment of allergic
rhinitis, asthma, urticaria, and atopic dermatitis.

STEROID CREAMS AND INHALED STEROIDS

The profound antiinflammatory effects of corticosteroids have led to the
development of topical preparations that do not carry the serious side effects of
long-term systemic corticosteroid use. Topical steroid creams and ointments
are the mainstay for treating atopic dermatitis. Side effects include thinning of
the skin and, where overused, absorption of corticosteroids into the systemic
circulation. Inhaled steroids are the first-line treatment for asthma, and nasal
steroids are the most effective method for treating allergic rhinitis. Although
the issue is still controversial, inhaled steroids have not been generally found



Allergies and Nutrition 177

to cause permanent growth retardation or suppression of hypothalamic–pitu-
itary axis in children (21).

TOPICAL IMMUNOMODULATORY AGENTS

The newer topical immunomodulatory agents include tacrolimus and
pimecrolimus. These agents inhibit the upregulation of cytokine production
following T-cell activation and decreased Fc epsilon RI expression on den-
dritic antigen-presenting cells in skin. Other effects of tacrolimus include inhi-
bition of cytokines that participate in the early immune response and the
pathogenesis of atopic dermatitis, including interleukins (IL)-2 IL-3, IL-4,
IL-5, interferon (IFN)- , tumor necrosis factor (TNF)- , and granulocyte-mac-
rophage colony-stimulating factor. A double-blind vehicle controlled study in
351 children (age 2–15 years) with severe atopic dermatitis, affecting a mean
of 47.7% body surface area, found that significantly more patients in the
tacrolimus treated group had a 90% improvement (itching, body surface area
involvement, appearance) after 12 wk compared with the placebo group (22).
In addition, adverse effects were no greater in the tacrolimus-treated group.
This class of immunomodulatory agents has been found to be safe and effica-
cious in the treatment of atopic dermatitis.

ORAL CORTICOSTEROIDS

Oral corticosteroids have been important medication for treating asthma
exacerbation, and are also sometimes used in the treatment of hives, eczema,
and angioedema secondary to food allergies. Oral corticosteroids are usually
prescribed for short-term treatment of these conditions, because long-term use
of corticosteroid have potentially severe side effects including osteonecrosis
of the hip, osteoporosis, hypertension, diabetes, hirsutism, growth retardation
in children, and suppression of the hypothalamic–pituitary axis. Fortunately,
with the recent advances in the treatment of asthma and atopic dermatitis, the
use of oral steroids on a chronic basis has been much curtailed.

ANTI-IGE

The anti-IgE drug TNX-901 has been studied in peanut allergy and found to
increase the threshold for developing an allergic reaction from an average of
0.5 peanuts to 6 peanuts. A concomitant decrease in total IgE levels was also
observed. Anti-IgE is administered monthly by injection. It is not considered a
curative measure, but it will protect against the accidental exposure of one or
two peanuts worth of peanut allergen. An anti-IgE antibody has been found to
inhibit both the early and late phase reactions to allergic stimuli (23). It
decreases asthma exacerbation rates and severity, and also nasal and ocular
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symptom scores, and reduces the need for antihistamines in patients with sea-
sonal allergic rhinitis.

EMERGENCY TREATMENT OF A FOOD ALLERGY

In patients who have anaphylaxis to foods, epinephrine, administered sub-
cutaneously can be a life-saving measure. These patients are instructed to carry
their epinephrine with them at all times, and this is usually in the form of an
Epi-pen or Epi-pen Jr. autoinjector device. Schoolchildren may need to obtain
written permission from their parents or physicians to carry their epinephrine
on their person. School policies vary, but a recent survey conducted by the US
Food Allergy and Anaphylaxis Network revealed that 9 out of 10 schools per-
mit their school nurse to administer epinephrine, and about 50% allow students
to carry their Epi-pen with them. Other school personnel are allowed to admin-
ister Epi-pen in 80% of schools, provided they have been properly trained by
the school nurse. Patients with a history of anaphylaxis should also be allowed
to carry their Epi-pen on board a commercial airliner, with a permission slip
from their physician.

The Effects of Foods on Allergies and Asthma
Minerals, Vitamins, and Antioxidants

An association between minerals or vitamins intake and the development of
atopy is not known to exist. However, the association between the develop-
ment of allergies and asthma, and the presence of oxygen free radicals, is a
topic of discussion. It is postulated that an allergic response to antigen chal-
lenge, including inflammatory cell infiltration, results in the generation and
release of reactive oxygen species. These species (superoxide and hydrogen
peroxide) are further metabolized to hypochlorous acid and the hydroxyl radi-
cal by neutrophil myeloperoxidase and ferrous ion reduction, respectively.
These oxygen free radicals lead to bronchoconstriction, increased mucus
secretion, and microvascular leakage (24).

Minerals and trace elements are components of naturally occurring com-
pounds superoxide dismutase (zinc and copper or manganese) and glutathione
peroxidase (selenium). Other naturally occurring compounds are catalase,

-carotene, coenzyme Q10. These substances protect the airway against oxy-
gen free-radical-mediated airway hyperresponsiveness. In asthmatic airways,
the activity levels of these enzymes is decreased, and treatment with inhaled
corticosteroids appears to reverse this and, thus, treat the inflammation (25).
Much research has been conducted on the effects of minerals and vitamins on
the allergic response. Zinc is a component of many creams and ointments used
to treat irritating rashes and eczema. Because low levels of serum zinc levels
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have been detected in children with eczema (26), treating these children with
oral zinc supplementation has not proffered any benefit (27). Magnesium
picolinate has been studied in the treatment of allergic rhinitis and, in a small
cohort of 38 patients, was beneficial in diminishing symptoms of rhinorrhea,
watery eyes, number of Kleenex used, and number of sneezes (28). One week
of magnesium supplementation led to an improvement in asthma symptom
scores in 17 asthmatic patients subjected to low dietary magnesium for two
3-wk periods (29). A larger study of 2633 patients in the United Kingdom
found that magnesium supplements increased forced expiratory volume (FEV)1

by an average of 27.7 L/min (30). Selenium, a component of glutathione per-
oxidase, and copper have also been studied. Selenium-rich yeast supplements
in 60 subjects had no significant clinical effect on atopic dermatitis (31). Man-
ganese is thought to play a role in IL-5 regulated eosinophilic recruitment, but
clinical studies of the effects of manganese on allergic rhinitis are lacking.
Low dietary intake of manganese has been associated with higher increased
risk of bronchial hyperreactivity (32).

Vitamins C and E are antioxidants that may play a role in preventing or
protecting against asthma or allergic inflammation. Vitamin C supplementa-
tion in 12 patients with exercise-induced asthma, improved forced vital capac-
ity (FVC) and FEV1 compared with placebo (33). However, the study
population was too small to draw any definite conclusions regarding the role of
vitamin C in asthma. In a large retrospective study on 77,866 women aged
34–68 yr, vitamin E had a protective effect on the development of asthma (rela-
tive risk 0.53) (34). Vitamin C has not been shown to have any inhibitory effect
on skin or nasal hypersensitivity to histamine or allergen challenge (35).

Fish Oil

The role of the arachidonic acid pathway intermediates in asthma and atopic
dermatitis is a subject of particular interest. Arachidonic acid is metabolized to
a class of compounds known as leukotrienes by the enzymatic action of
5-lipoxygenase. Leukotrienes are mediators of inflammation that lead to
increased vascular permeability, neutrophil chemotaxis, and activation of
inflammatory cells. Physiologic consequences of these histocellular events
include bronchial constriction, edema, and mucus plugging. Arachadonic acid
is also metabolized by cyclooxygenase to produce prostaglandins PGD2, PGE2,
PGI2, PGF2a and thromboxane A2. These compounds also have inflammatory
effects, as illustrated in Table 8.

With increasing awareness about the adverse health effects of consuming
large amounts of saturated fats, diets in developed countries has shifted toward
foods high in vegetable oils. Linoleic acid is a component of these vegetable
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Table 8
Antiinflammatory Effects of Lipid Mediators

Lipid mediator
or metabolite Pathway Inflammatory effects

Leukotriene B4 Lipooxygenase Neutrophil chemotaxis
Leukotriene C4 Lipooxygenase Bronchoconstriction, increased airway

secretions, microvascular leakage,
bronchial hyperresponsiveness

PGD2 Cyclooxygenase Bronchoconstriction, increased airway
secretions, vasodilation, bronchial
hyperresponsiveness

PGE2 Cyclooxygenase Increased airway secretions, chemo-
taxis, vasodilation, increased vascular
permeability

PGF2a Cyclooxygenase Bronchoconstriction, vascular constric-
tion

PGI2 Cyclooxygenase Vasodilation, increased vascular perme-
ability

Platelet activating Acyl-CoA Bronchoconstriction, increased airway
factor acyltransferase secretions, microvascular leakage,

pathway eosinophil chemotaxis, bronchial
hyperresponsiveness, vascular
smooth muscle relaxation, inflamma-
tory leukocyte activation, endothelial
retraction

Thromboxane A2 Cyclooxygenase Bronchoconstriction, increased airway
hyperresponsiveness, vasoconstric-
tion, platelet aggregation

Eicosapentaenoic Substrate competitor Decreases active cystinyl-leukotriene pro-
acid of arachidonic acid ducts of lipooxygenase pathway

Source: Adapted from ref. 45.

oils, and increased ingestion of this precursor of arachidonic acid synthesis
may lead to a higher production of leukotrienes, theoretically increasing the
severity of asthma and allergies. A treatment for both allergies and asthma is
the use of leukotriene pathway inhibitors, as described earlier. Fish oil con-
tains a competitor of arachidonic acid in the form of eicosapentanoic acid.
Eicosapentanoic acid is metabolized by the catalytic action of 5-lipoxygenase
to a number of inactive or partially active metabolites that do not possess the
same inflammatory activity as the leukotrienes. Multiple studies have been
conducted to see if the theoretical benefit of fish oil consumption translates to
a clinical improvement of asthma. One epidemiological study on 574 children,
which was based on the responses to food diaries and symptom questionnaires,
demonstrated that fish oil consumption led to a significantly decreased risk of
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asthma symptoms (36). This was supported by a study in 2526 adults that
showed a positive effect of dietary fish intake on FEV1 (37). In addition, a fish
oil lipid extract inhibited an allergen-induced late phase asthmatic response in
12 of the 17 subjects, although other parameters of allergic inflammation such
as total serum IgE and airway conductance were unchanged (38). Because sig-
nificant effects of fish oil on nasal symptomatology have not been observed, a
diet that included a daily intake of eicosapentanoic acid of 3.5 g/d for 8 wk led
to a decrease in the number of eosinophils in nasal secretions and a reduction
in nasal blood flow as measured by laser Doppler probe technique (39). In
contrast, in a study of 145 patients with moderate to severe atopic dermatitis, a
diet rich in n-3 unsaturated fatty acids showed no clinical benefits over a corn
oil diet for the treatment of atopic dermatitis (40).

Onion

Whereas allergy to onion exists, onions also possess antiasthmatic activity.
Onions contain alk(en)ylsulfinothioic acid alk(en)yl-esters, which inhibit his-
tamine release from polymorphonuclear leukocytes, 5-lipooxygenase of por-
cine leukocytes, leukotriene B4 and C4 synthesis by human neutrophils, and
thromboxane-B2 biosynthesis by human platelets in vitro. Onion esters also
counteract platelet activity factor and allergen-induced bronchial obstruction
in guinea pigs in vivo (41).

The Hygiene Hypothesis As It Relates to Food Allergy

The hygiene hypothesis states that exposure to infections and microbial
agents early in life can protect against the development of allergic diseases or
asthma. As society advances, the benefits of “clean” or “sterile” habitats
become more apparent, with an accompanying reduction in exposure to viral
and bacterial agents or products. The hygiene hypothesis has conventionally
been discussed in terms of viral agents or bacterial endotoxins being protective
against the development of hay fever symptoms and atopic asthma. However,
exposure to gastrointestinal pathogens such as Toxoplasma, Helicobacter, and
Shistosoma may protect against the development of food sensitivities; thus
leading to a decrease in the incidence of atopic dermatitis in the young child.
Indeed, the type and distribution of bacteria present in the gastrointestinal tract
may effect the development of atopy. In one study, infants with atopic derma-
titis and allergen sensitization by 2 yr of age were found to have more clostridia
species and Staphylococcus species in their stool and less enterococci and
bifidobacteria (42). The association between overall hygiene, food intake,
bacterial colonization of the gastrointestinal tract, exposure to environmental
allergens, and the balance between Th1 and Th2 subsets is still not com-
pletely clear.
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Conclusions
Allergies affect a large portion of the population in developed countries.

Food allergies are common in children and are a cause of atopic dermatitis and
asthma. Many food intolerances are not allergic in nature, and can be because
of a variety of other mechanisms. A mainstay of treatment of food allergies,
and also food intolerances, is avoidance or elimination of the offending food.
However, if the food to be eliminated is one containing crucial nutrients, or if
there are multiple food allergies, then the treatment of food allergies can com-
promise good nutritional intake and status. Patients need to understand what
and how to avoid the allergen. Avoidance requires being able to read food
labels. However, food label guidelines do not necessarily ensure that labels are
easily understandable, and food allergy patients have to understand the con-
stituents of common foods and alternate names that are frequently used to
describe food constituents.

Establishing the diagnosis of food allergies by skin prick, RAST testing, or
DBPCFC is important, so that patients do not avoid a food type unnecessarily.
Once an elimination diet is put into play, great care must be taken to ensure
that nutrient requirements are met. Alternative sources for nutrients must be
recognized, and sometimes vitamin and mineral supplements can be benefi-
cial. With the widespread dissemination of information made possible by the
internet, patients and their caregivers have a tremendous amount of resources
at their disposal.

Other methods for treating food allergies include delaying the onset of symp-
toms by restricting exposure of high-risk foods to high-risk infants. The natu-
ral history of food allergies is such that, except for peanut and some tree nut
allergy, most food allergies are not persistent throughout life (43). For example,
a milk allergy can cause of severe eczema in a child, but as the child grows
older he or she may find that tolerance improves. Immunotherapy for the treat-
ment of food allergies is not currently widely used, but recent studies suggest a
role for immunotherapy in the treatment of peanut allergy (44). Other treat-
ment methodologies under investigation include immunization with DNA or
with immunostimulatory sequences. In addition, the genetic modification of
foods to render food protein components nonallergenic may provide a solution
to maintaining good nutrition in the face of food allergens.
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KEY POINTS

• Nutritional antioxidants have enhancing nonspecific effects on both innate
and adaptive immune responses, and appear to be essential for immune
functions.

• Nutritional antioxidants have effects on the immune system, that appear
independent of their classical antioxidant functions.

• There are synergistic effects of dietary antioxidants on immune function.
• Simply measuring plasma antioxidant status may not parallel or be suffi-

cient to predict immunological changes.
• Low antioxidant status is linked to infection, certain cancers, and athero-

sclerosis.
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• Supplementation can increase resistance to certain viral, bacterial and
parasitic infections (animal studies), cancers, and free radical-mediated
pathologies.

• Controlled trials are required to test whether the observed protective
effects of nutritional antioxidant supplementation on infection in animals
also apply to humans.

• Outcome measures of a supplementation program may be influenced by
the initial antioxidant status of a population, which could affect interstudy
comparisons.

• Under certain circumstances, nutritional antioxidants may be useful as less
toxic alternatives to other nutrients/therapies for their immunopotentiating
capacity.

• Interactions with other nutrients such as polyunsaturated fats and sele-
nium are important when studying antioxidants, immune functions, and
disease.

Introduction
Many fundamental principles in nutritional immunology have emerged over

the years and provide the basis for analysis of antioxidant nutrition and immu-
nity. These include the following:

1. Nutrition can affect innate immunity such as barriers to infection, mucosal
surfaces, complement, natural killer (NK), and polymorphonuclear cell
functions.

2. Nutrients can also effect a decrease or increase and therefore imbalance in
the ratio of T- to B-cells, their subsets, e.g., CD4+ to CD8+ ratio, lympho-
proliferation, cytokine balance, and antibody production and function.

3. Lymphoid tissues and cells are particularly vulnerable to environmental
(e.g., nutritional) insult during fetal and neonatal growth and differentia-
tion (vulnerable period), which can have short- as well as longterm conse-
quences.

4. Pathological nutritional deficits can impact the immune response in both
developed and developing countries. For example, infection can induce
similar immunological changes to that observed under different nutritional
states, and can induce metabolic effects on nutritional status, e.g., the
effect of measles on vitamin A, Epstein-Barr virus infection (and HIV) on
essential fatty acid status (1–3).

5. The nutrition-immunity-infection model has been classically considered a
more-or-less “one way” model, but there is also evidence for reverse flow,
that is, nutrients can affect genotype and virulence (4,5) and possibly ver-
tical transmission of pathogens (6). The nutrition-immunity-infection
model is, therefore, more complex than originally thought (see Fig 1).
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Fig 1. Bi-cyclic models of nutrition, infection, and immunity interactions.

Nutritional Biochemistry and Physiology of Dietary Antioxidants
Free radicals are chemical species that contain one or more unpaired elec-

trons, making them reactive. They are produced constantly in vivo under physi-
ological conditions and can be further enhanced under pathological conditions.
Free radicals can attack DNA (which has a repair system for such oxidative
damage), proteins (which are degraded once damaged), and lipids (which
results in lipid peroxidation products). Antioxidant defenses have, therefore,
evolved to protect organisms against the damaging effects of free radicals.
These defenses include endogenous gene-regulated antioxidant enzymes such
as superoxide dismutase (SOD) enzymes that remove superoxide radicals O2

•–,
converting it to hydrogen peroxide (H2O2), which is mostly removed by other
endogenous antioxidant enzymes, e.g., catalase and glutathione peroxidase
(GSH). Glutathione is a tripeptide of -glutamyl-cysteinyl-glycine present in
all cells at millimolar concentrations, it exists in the thiol-reduced form (GSH)
and disulphide oxidized form (GSSG).

There are also molecules that remove free radicals by reacting directly with
them in a noncatalytic way such as -tocopherol (vitamin E), -carotene, ascor-
bate, and reduced glutathione (GSH). The diet being a major source of many of
these “free radical scavengers.” The trace metals, manganese, copper, and zinc,
are important components of SOD as is selenium for GSH. Thus, it is not unex-
pected that these associated nutrients are also linked in some of their biological
effects to the nutritional antioxidants. Indeed, some authors characterize them
as nutritional antioxidants.

There is also a demonstrable critical interaction between polyunsaturated
fatty acids and antioxidants, e.g., vitamin E, particularly in relation to omega-
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3 polyunsaturated fatty acids, where vitamin E often reverses their immuno-
logic effects (7); and selenium and vitamin E, which may spare one another’s
effects (4,8). The latter differences in “sparing” probably reflects the action of
vitamin E in lipid membranes of the cell, which is inaccessible to the selenium
containing cytoplasmic glutathione and visa versa. It is important to be mind-
ful of these additional interacting nutritional factors when investigating
antioxidants, immune functions, and infection whether in the field or the labo-
ratory. In recent years measurements of total antioxidant status have become
popular e.g., total radical-trapping antioxidant parameter (TRAP) or oxygen-
radical absorbing capacity (ORAC). This approach could be applicable to the
field situation as an initial screen to assess the “general antioxidant status” of
populations and individuals using small volumes of body fluids, e.g., microli-
ter amounts of plasma or saliva. The methods of analysis are relatively simple,
sensitive, and reliable, e.g., chemiluminescent assays, and can also be auto-
mated. This initial screen could then, if necessary or possible, be followed by
more refined biochemical investigations to identify any individual antioxidant
problem.

Fruits and vegetables are the major dietary sources of the antioxidants ascor-
bate, tocopherols (saturated side chains), tocotrienols (unsaturated side chains),
and carotenoids, e.g., lycopene, lutein, cryptoxanthin, and canthaxanthin (see
Fig. 2) and other important antioxidant compounds such as polyphenolic anti-
oxidants, e.g., flavonoids (more than 4000 have been identified in plants). The
full biological significance of most of these compounds is, at present, poorly
understood or unknown. Moreover, in relation to the previously mentioned
measurement of total antioxidant status, flavonoids may mask the effects of
the classical antioxidants and some appear to have opposing functions, e.g.,
quercetin has antiproliferative effects; thus, despite being antioxidants, they
may have different effects on immune functions. Not unexpectedly, there are
large differences between and within populations in blood levels of these
dietary antioxidants. Doyle et al. (9) reported that school children in East Lon-
don had a high percentage of marginal to deficient blood levels of vitamin E
and -carotene. Furthermore, seasonal (e.g., rainy vs dry), changes in dietary
antioxidants have been observed in the Gambia and Cuba (10,11). These find-
ings demonstrate that populations can vary in their antioxidant nutrient status
that may influence the clinical, immunological, and biochemical outcome mea-
sures of a nutritional intervention program.

Antioxidants and Immune Functions
Experimental studies have demonstrated that high vitamin E intakes (10–50

times the normal intake) in laboratory rodents enhance antibody responses (par-
ticularly, immunoglobins [Ig]G2), NK cell activity, B- and T-cell mitogenic
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Fig 2. Some commonly occurring dietary antioxidants and their food sources.

responses, T-helper (Th) activity, and phagocytic functions (12,13). However,
very high intakes of vitamin E have been reported to suppress some of these
functions and to be toxic (12). Increased activation of macrophages induced by
vitamin E feeding is a result of the production of macrophage activating factor
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(MAF) (13); the principle MAF produced by T-helper cells (Th1 cells) is inter-
feron (IFN)- . Consistent with the above studies, aged mice (aging is associ-
ated with a decrease in immune functions) show enhanced T- and B-cell
mitogenic responses, interleukin (IL)-2 production, and improved delayed-type
hypersensitivity (DTH) response with increased vitamin E intake (20 times the
normal intake) (14). Human studies are also consistent with the foregoing
experimental animal findings. Consumption of a carotenoid-rich diet in man
(40 mg lycopene/d, 1.5 mg -carotene/d) resulted in increased secretion of
IL-2 (Th1-like) and IL-4 (Th2-like) by Con A stimulated peripheral blood
mononuclear cells (PBMCs) compared with a low carotenoid diet (15). Fur-
thermore, the low carotenoid diet had lower T-cell proliferative responses (15).
Importantly, the plasma carotenoid concentrations were not correlated with the
above changes in T-cell functions (15) and indicate that simply measuring
plasma antioxidant status cannot be used as a proxy for prediction of certain
immune function changes. Some of these immunological effects of nutritional
antioxidants may be linked to increased peripheral blood CD4+ T cells, to be
described later in this chapter.

Increasing the intake of -carotene has been reported by Watson et al. (16)
to be associated with an increase in lymphocyte surface receptor expression
IL-2R and CD71 (transferrin receptor). Furthermore, supplementing the diet of
healthy volunteers with a dietary achievable level of -carotene demonstrated
significant increases in the percentage of monocytes expressing HLA-DR
(MHC class II molecule), and adhesion molecules ICAM-1 and LFA-3 (17). In
both animal and human studies, vitamin E deficiency is associated with
impaired NK cell activity, and oral administration of tocopherol increases the
activity of NK cells as measured in tumorolytic assays; this has also been rep-
licated in vitro (18). Interestingly, tocotrienol increases NK cell activity, but at
much lower doses than tocopherol (18).

Healthy adult volunteers supplemented with vitamin C (1 g/d) and E (400
mg/d) for 28 d had synergistic effects, increasing the in vitro PBMC produc-
tion of IL-1 and TNF- (19) compared with vitamin E or vitamins C alone.
Synergistic effects have also been reported with vitamin C (400 mg/d) and
vitamin E (100 mg/d) on IgG and complement C3 levels in healthy elderly
women (20). Utilizing a high dose of vitamin E, Meydani et al. (21) observed
increased plasma vitamin E levels, mitogenic responses (Con A), IL-2 produc-
tion, and DTH in healthy elderly men and women supplemented with 800 mg
dL- -tocopherol for 30 d.

One explanation for some of the above immune-enhancing effects of anti-
oxidants is that neutrophils and macrophages inhibit lymphocyte functions
through production of reactive oxygen intermediates, prostaglandin E2, and
nitric oxide production (7), but this inhibitory effect is lost when antioxidant
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levels are increased. There are, however, other possibilities including a spe-
cific effect on lymphopoiesis. Studies with vitamin E and -carotene, as well
as antioxidant mixtures in humans, have shown increases in the CD4+ T-cell
count (22–24). Consistent with this observation intracellular glutathione,
another antioxidant, correlates with both CD4+ and CD8+ T-cell numbers and
oral ingestion of cysteine (as N-acetyl-cysteine), a substrate for glutathione
biosynthesis, can increase the CD4+ T-cell number in humans (25). There is a
high rate of renewal of CD4+ T-cells (about 5% of the CD4+ cell population per
day). Thus, there are several possibilities for the specific effect of these anti-
oxidants on CD4+ T-cells. For example, there may be stimulation of the
production of CD4+ T-cells from primary lymphoid sites, e.g., thymus, a delay
in the rate at which aged CD4+ T-cells are cleared and/or a high level of sensi-
tivity of CD4+ T-cells to apoptotic activity induced by oxidative stress. In rela-
tion to the previously mentioned association of glutathione with CD4+ T-cells,
lymphocyte GSH and GSSG levels are important for immune cell function and
a moderate depletion of GSH has important consequences particularly for
lymphocyte function (26). For example, the proliferative response of lympho-
cytes and the induction of several immune responses appear to be dependent
on a relatively high intracellular GSH level (27). The concentration of GSH
and ascorbic acid in lymphocytes of healthy adults are correlated (r = 0.62, p <
0.001; n = 240) suggesting a reciprocal sparing effect of these two antioxidants
(28). Furthermore, ascorbic acid supplementation (500 mg/d) of healthy
individuals with low plasma ascorbate status significantly increases lympho-
cyte GSH (29).

Taken together, the above findings demonstrate that nutritional antioxi-
dants, particularly when consumed in combination, as would be the case in the
natural food chain where a range of antioxidants would be found, enhance both
adaptive and innate immunity. They can increase the CD4+ T-cell count,
enhance lymphoproliferative, Th1 and Th2 cytokine and antibody responses,
NK cell, and phagocytic functions. It could be argued, therefore, that dietary
antioxidants are an essential requirement for the normal functioning of the
immune system. Figure 3 illustrates schematically the potential effects of nu-
tritional antioxidants on immune functions.

Antioxidants and Infection
Robert Tengerdy, Rollin Heinzerling, Cheryl Nockels, and their co-work-

ers, were the first to show protective effects of vitamin E against infection.
They found that Vitamin E  protected chicks against experimental Escherichia
coli (E. coli) infection using three and six times the normal dietary intake.
Futuremore, these observations were associated with increased antibody titer
to E. coli antigen (30,31). Increased resistance to infection by supplemental
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Fig. 3. The effects of nutritional antioxidants on immune functions.
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vitamin E was later found experimentally for Eimeria tenella and Histamonas
meleacridis in chicks and turkeys, Chlamydia in sheep and lambs, E. coli and
Treponema hyodysenteriae in pigs, and Diplococcus pneumoniae and Myco-
plasma pulmonis in rodents (32,33). Many of these studies showed that
increased vitamin E intake enhanced the antibody response (IgG and IgA) and
the phagocytic function of polymorphonuclear cells (33). Vitamin E has also
been shown to markedly enhance antigen-specific antibody responses in field
trials with Brucella ovis and Clostridium perfringens vaccines in sheep (33).
Protection of livestock against certain infections, for example, RNA viruses, is
not only important for the supply of dietary protein, but also because livestock
are a reservoir of potential infection for man (zoonosis) and the emergence of
new viral strains (subtypes) that can have important consequences for human
populations. The latter can be a serious global problem, as seen with the recent
severe acute respiratory syndrome (SARS) virus. However, the factors that
influence the emergence of these new viral subtypes are not well understood.
Antioxidant status is thought to be one important factor in this phenomenon.

Beck et al. (4) have shown that selenium-deficient mice inoculated with
avirulent Coxsackievirus B3 develop myocardial lesions (4). Moreover,
Coxsackievirus B3 recovered from the hearts of selenium-deficient mice when
transferred to adequately fed mice causes significant heart pathology owing to
virus nucleotide changes and, therefore, mutation to a virulent strain (4). Sele-
nium acts as an antioxidant and deficiency produces a prooxidant state in the
host, and it is by this means that the nutritionally induced genetic changes are
thought to occur (5). These findings may be important in relation to a cardi-
omyopathy in humans known as Keshan disease, which is associated with sele-
nium deficiency and Coxsackievirus infection. Similar findings have also been
reported for an enterovirus-like virus in humans (5).

There can be increased pathological damage during infection with concomi-
tant vitamin E deficiency. Mice fed a vitamin E-deficient diet develop myo-
carditis when infected with the normally avirulent Coxsackievirus B3 strain,
which is consistent with the previously described findings for selenium defi-
ciency (5). In contrast, vitamin E is known to reduce the protective effects of
fish oil in malaria although the mechanisms are not well understood (7). Oral
treatment with N-acetyl-cysteine (NAC), a substrate for glutathione biosynthe-
sis, improved histopathological lesions in a murine model of Leishmaniasis
(34). This protective effect of NAC in Leishmaniasis was associated with an
increased frequency of TNF- - and IFN- -producing cells (Th1-like response),
which are factors known to be important in the resistance to the parasite. The
authors concluded that NAC can induce changes in the cytokine microenviron-
ment that can allow for a more efficient control of parasite replication at the
site of infection. In murine AIDS, vitamin E has been shown to restore IL-2
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and IFN- production, lymphoproliferation, and NK cell activity, which is nor-
mally suppressed by the retrovirus infection (35).

Many human studies have reported the effects of infections such as malaria
and influenza virus on plasma antioxidant status, e.g., vitamins E and C dem-
onstrating a reduction (36). This effect appears indirect and linked to changes
in lipoproteins and the acute phase response (36). There are few reports on the
effects of supplemental antioxidants such as vitamin E and -carotene on
infection in humans. Nevertheless, these studies do indicate that beneficial
effects are likely. Clausen (37) demonstrated that children given -carotene-
rich foods had increased resistance to bacterial infections; although the author
concluded that the effect was caused by vitamin A rather than the provitamin

-carotene. In a large trial conducted in Nepal, maternal deaths resulting from
infection were found to be fewer with -carotene supplementation compared
with vitamin A or placebo treatment (38). Futhermore, in a retrospective study
in an elderly population, Chavance et al. (39) found that vitamin E was nega-
tively associated to the number of infections. However, it could be argued that
the infections may have influenced the vitamin E status rather than the other
way around. A better understanding of antioxidants in relation to immunity
and infection has come from the increased research impetus brought about by
the global HIV/AIDS problem.

Antioxidants and HIV Infection

Epidemiological research on the association between dietary nutrient intake
and the progression of HIV to AIDS suggests that increased levels of intake
(both from food and supplements) of riboflain (B2), thiamin (B1), iron, and
vitamins C and E are associated with a significantly decreased progression rate
to AIDS (40,41). In addition, studies by Tang et al. (42) have shown that the
serum levels of vitamin E may be associated with a slower HIV disease pro-
gression. These findings may well indicate that some nutrients decrease pro-
gression of HIV disease and others enhance it but, conversely, disease
progression may influence the nutrient status. Decreased plasma levels of vita-
mins C and B12, carotenes, pyridoxine, copper, and selenium occur in early and
early asymptomatic HIV+ patients (43–45). Futhermore, despite higher intake
of pyridoxine, vitamins B12, A, and E, and zinc in early HIV+ compared with
HIV– homosexual men, the former had similar if not lower plasma levels of
these nutrients (46). HIV+ individuals who had had opportunistic infections,
neoplasms, chronic diarrhea, and wasting syndrome also had decreased blood
nutrient levels, particularly vitamins A, pyridoxine, C, D, carotene, and glu-
tathione (47,48). Both in early HIV-infection and in patients without diarrhea,
the low serum carotene levels may therefore indicate fat malabsorption (49).
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Many of the latter studies indicate that early on in HIV-infection disturbance
of nutrient status exists, but whether this predates HIV-infection and/or can
adversely affect disease course is not clear. There was a weak correlation
between percentage CD4+ cells, CD4+ count, and CD4+/CD8+ ratio with serum
carotene concentration in a clinically heterogenous group of HIV+ subjects
(49). Trials to test the efficacy of -carotene to increase CD4+ counts and other
leukocyte markers in HIV+ subjects have been undertaken (50,51). In the first
trial, no changes in total lymphocyte count or in the proportion of cells
expressing CD11+, CD8+, or CD4+ markers were recorded (50). However, in
the second trial treatment with -carotene resulted in significant increases in
total white blood cell counts, the CD4+/CD8+ ratio, and increased percentage
CD4+ cells, B cells (although not significant), and CD4+ count (51). Important
differences in the dosage (60 mg/d vs 180 mg/d) and scheduling (4 mo vs 4 wk)
of treatment are apparent between the two trials, and the magnitude of change
in serum -carotene was lower in asymptomatic HIV+ patients (51) compared
with healthy subjects with the same dose and timing of treatment (22), which
suggests a higher (>180 mg/d) -carotene dosage maybe required in HIV. More
recent studies by Silverman et al. (52) and Nimmagadda et al. (53), using
60–120 mg/d of -carotene and 180 mg/d of -carotene, respectively, in HIV
infected individuals have reported no benefit on CD4+, CD8+, plasma HIV
RNA titers, and chronic candidiasis. Total antioxidant capacity is reduced in
HIV infection (54) and a positive correlation between CD4+ T-cell counts and
the SOD activities of plasma and mononuclear cells have been recorded (45).
Furthermore, a reduced viral load and oxidative stress has been reported in a
study where HIV-infected subjects were supplemented with vitamins E and C
(55). There are a number of oxidative stress and disease situations that are
associated with reduced levels of total GSH+GSSG, or GSH, or a decreased
ratio of GSH:GSSG. HIV infection, in particular, is associated with reduced
blood GSH, including reduced concentrations in peripheral blood mononuclear
cells; T-, B-, and NK-cells; and monocytes, the reduction increasing with
severity of the disease (26,27,56,57). Furthermore, the extent of reduction is
predictive of survival (58–61). Consistent with the latter, Aukrust et al. (62)
found a marked and specific increase in oxidized glutathione and decreased
ratio of reduced to total glutathione in the CD4+CD45RA+ and CD8+CD45RA+

subsets in patients with HIV infection. Furthermore, it was the CD4+CD45RA+

subset that was preferentially depleted. CD4+ T-cells, which play such a cen-
tral and critical role in immunoregulation, have a high proportion of membrane
arachidonic acid (7). In contrast, HIV-patient CD4+ T-cells have depleted mem-
brane arachidonic acid levels (63), which may be linked to low antioxidant
status and loss of immunoregulation.
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HIV infection is associated with catabolism of cysteine to sulphate and the
high ratio of loss of sulphur to nitrogen in the urine indicates a loss of cysteine
from GSH (mainly from muscle cells) rather than from muscle protein (64). In
addition to loss of cysteine and GSH in HIV+ individuals, there is also a
decrease in synthesis of GSH (65). Dietary supply of cystine, methionine, or
N-acetyl-cysteine (NAC) can restore cellular GSH concentrations and increase
synthesis (65). Dietary NAC increased blood GSH in HIV-positive subjects
and prolonged survival during the period of supplementation (59). In two other
trials, supplementation with NAC reversed the impairment of immune func-
tions caused by HIV infection, significantly improving T-cell response and
NK cell activity (66). De Rosa et al. (67) reported, in an 8-wk double-blind
study, that NAC increased blood and CD4+ and CD8+ T-cell GSH of HIV+

subjects. However, no effect was found on CD4+ T-cell count or viral load. In
an open extension of the latter trial to 24 wk, NAC increased survival. Muller
et al. (68) examined a very high dose of NAC over 6 d (3 d continuous intrave-
nous infusion at 300 mg/kg W/24 h followed by 5 g perorally every 6 h) in
conjunction with a high dose of vitamin C in eight HIV+ subjects and found an
increased CD4+ T-cell count and reduced viral load in the five patients with the
most advanced disease (CD4 counts less than 200 × 106/L). However, NAC
may have dose-limiting toxic profiles, significant side effects, and only short-
term effects in raising GSH levels, thus any approach that can increase cystine
supply might be useful. One particularly good source of cysteine and methion-
ine, i.e., 2.7 g/100 g protein and 2.5 g/100 g protein, respectively (the total
sulphur amino acids being 5.2% of protein), is whey protein isolate. Whey
protein is also an excellent source of all essential amino acids. A daily supply
of 45 g could meet all the essential amino acid requirements of the adult with
smaller amounts meeting the requirements of infants and children, which in
relation to HIV infection in women, infants, and during pregnancy and poor
nutrition in many African countries is important. Supplementing the diet of
normal healthy adults with 20 g/d of whey protein isolate for 3 mo resulted in
a 35% increase in lymphocyte GSH and giving whey protein isolate to HIV+

patients has been shown to increase GSH levels (69–71). Furthermore, Bounos
et al. (69), also reported improved body weight in some of the study HIV+

subjects, but Micke et al. (71) reported no change in body weight or
T-cell count.

Despite the present lack of controlled human studies on nutritional antioxi-
dants in relation to infection, except for HIV infection, the evidence for a ben-
eficial effect on infection in experimental animals and the enhancing effects on
immune functions in humans suggests strongly that there is a potentially ben-
eficial impact of antioxidant supplementation on reducing infection in man.
Well controlled studies using different dietary antioxidant regimes and cock-
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Table 1
Range of Infectious Organisms in Animals Where Antioxidants are Beneficial

Bacterial Viral Parasitic

Escherichia coli Influenza Eimeria tenella
Clostridium perfringens Rhinotracheitis virus Leishmania sp
Streptococci sp Coxsackievirus Histamonas meleacridis
Staphylococci sp Retrovirus
Treponema hyodysenteriae
Pseudomonas aeruginosa
Diplococcus pneumoniae
Chlamydia sp
Mycoplasma pulmonis

Sources: Bendich 1990 (32), Han and Meydani 1999 (106).

tails are needed to test the effects of nutritional antioxidants on infection in
humans. The range of different infectious organisms known to be affected by
dietary antioxidants is summarized in Table 1.

Antioxidant Nutrition and Developmental Immunology
Lymphoid organs and tissues have a relatively fast and high degree of

growth, expansion, and both pre- and postnatal development (72), which in
man continues until around 10 yr of age (see Fig. 4). In gestation, lactation, and
infancy, various cell types proliferate and differentiate during the formation
of lymphoid tissues. In this period, lymphoid tissues and cells are vulnerable
to nutritional effects (perhaps analogous to nutritional effects on brain
development, for which there is a good deal of evidence), which appear to have
longer lasting consequences. Recent studies in mice have shown that the anti-
oxidants -carotene and lycopene can affect the development of the immune
system during these “critical developmental periods” (73). Garcia et al. (73)
found that dietary -carotene and lycopene increased the T- and B-cell num-
bers and that -carotene had a specific enhancing effect on serum IgG level in
neonate mice (73). These findings are important because they demonstrate an
effect of antioxidant nutrition on early immune development (boosting or
accelerating lymphocyte numbers and immunoglobulin levels), which has
wider implications to human immune system development. There is also evi-
dence that breastfeeding, compared with feeding cow’s or formula milk, in-
creases the absorption and bioavailability of antioxidants such as vitamin E
(74). Detailed studies in low-birth-weight (LBW), and premature babies have
shown multiple micronutrient deficiencies, particularly vitamins A and E and
copper (74). In a large randomized trial designed to examine the effects of
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Fig 4. Growth curves for human lymphoid tissue, reproductive, brain, and
whole body shown as a percentage of total gain from birth to 20 yr. Note the
growth of lymphoid tissue up until 10 yr.

vitamin supplementation on pregnancy outcomes and T-cell counts in HIV-
infected women in Tanzania, multivitamin supplementation (vitamins E and
C, B1, B2, B6, niacin, B12, and folic acid) decreased the risk of LBW and pre-
mature birth and increased the CD4+, CD8+, and CD3+ counts, whereas vitamin
A alone had no effect (75). These Tanzania findings are, or are likely to be,
linked to LBW, prematurity, and intrauterine growth retardation and the caus-
ally associated effects of maternal nutrient deficits and infection. Infants born
small are known to exhibit thymus atrophy and functional defects in innate and
adaptive cellular and humoral immunity (76–80). Thus, they are born with a
very limited structural and functional, i.e., immature, immune system. Improv-
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ing both the immune system and the response through maternal nutritional
interventions (including lactation), which might also result in longer gestation
times, would ensure the integrity of the neonate immune system at birth and
early postnatally. This may be the causal pathway in the recently reported ben-
eficial clinical outcomes reported by Fawzi et al. (81). Clearly, nutrients other
than antioxidants are critical in this interaction and must also be taken into
account.

Accumulated pre- and postnatal nutrient deficits may have longer term con-
sequences on the immune system and immunity. For example, there is evi-
dence from the Gambia to suggest that poor nutrition during fetal development
can permanently affect the immune system causing a higher mortality rate from
infectious disease in later life (82). Similar observations in relation to immune
function and zinc have also been found in experimental animals by Beach,
Gershwin, and Hurley (83). From an immunological and nutritional perspec-
tive the pre- and postnatal period is uniquely vulnerable and complicated by
the interplay of several factors. Transfer of nutrients and immunity from the
mother is taking place, and the demand for nutrients is high owing to rapid
growth and development of fetal tissues, including those of the immune sys-
tem. Thus, the maternal nutritional state and the ability to transfer immunity
are critical. Even without the burden of nutritional and immunological deficits
transferred from the mother (or further deficits following birth), the newborn is
immunologically susceptible because there is a decline in maternal antibodies,
which is not fully compensated for by the infant antibodies for about 3–6 mo.
The effect of maternal nutrition and nutrition intervention on the duration of
this hypogammaglobulinaemia and the transfer of maternal regulatory and
effector cells in infants is not known and requires investigation. It is probable
that, like the central nervous system, there is a window of opportunity where
nutritional intervention is effective in reversing immune system deficits, but
once passed the damage is irreversible leading to adverse long-term conse-
quences. Research is needed to identify precisely the vulnerable period and the
window of opportunity.

Antioxidants and Autoimmune Disease
Autoimmunity and autoimmune disease are closely connected with infec-

tious disease as it is thought that the immune system recognizes self-determi-
nants through “molecular mimicry” with microbial antigens (84). The resultant
immune-effector systems deployed during infection is counterproductive in
autoimmune disease. However, this is only one of several mechanisms put for-
ward to account for autoimmune disease. There are limited data on the effects
of nutritional antioxidants in experimental autoimmune disease. However,
vitamin E plus fish oil has been found to have a synergistic effect in delaying
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the onset of disease in MRL/Ipr mice (85). Plasma levels of vitamin E have
been reported to be low in some but not all patients with rheumatoid arthritis
(RA) (86) and multiple sclerosis (MS) (87). A decreased glutathione peroxi-
dase (GSH-Px) activity has been documented by Jensen et al. (88) and Shukla
et al. (89) in the erythrocytes and leucocytes of Danish MS patients. Interest-
ingly, Jensen and Clausen (90) were able to correct these GSH-Px abnormali-
ties with antioxidant treatment in the form of supplemental vitamins E, C, and
sodium selenite. However, other investigators have not found such changes in
GSH-Px in different MS populations (91,92). The plasma concentration of
selenium in RA has been observed to be low in a number of studies (93), and
epidemiological studies appear to support this finding (94), although the full
significance of these observations are unclear.

Dietary Antioxidants, Cancer, and Atherosclerosis
Many epidemiological studies have noted a strong and consistent link

between lower risk of cancer (particularly gastrointestinal cancers) in people
whose diets include a relatively large amount of vegetables and fruits (95).
Among the many compounds in fruit and vegetables that might possess
anticarcinogenic properties, the carotenoids, a group of highly pigmented, fat-
soluble antioxidants (see Fig. 2), have received much interest. -carotene, in
particular, received attention since Peto et al. (96) highlighted the possibility
that it might be a potent anticancer agent. -carotene was shown to be particu-
larly effective in preventing experimentally induced cancer in animals; this
may be linked, at least in part, to -carotene’s effect on enhancing immune cell
activity. The Carotene and Retinol Efficacy Trial (CARET), however, found
that a combination of -carotene and vitamin A had no benefit and may, in
fact, have had an adverse effect on the incidence of lung cancer and death (97),
indicating that the single-nutrient approach to antioxidant nutrition (rather than
food) must be approached far more cautiously for cancer. Low plasma antioxi-
dant concentrations are associated with cardiovascular disease and a wealth of
evidence exists to show that oxidative modification of apo-lipoprotein B100
plays a key role in the recognition of low-density lipoprotein (LDL) and that
oxidized LDL uptake by scavenger receptors (CD36) on macrophages leads
to foam-cell formation and atherosclerotic plaques (98–100). In addition, there
is an early immunologic (possibly autoimmune) involvement in atherosclerosis
and an association with infection (99–102), both of which can be influenced by
antioxidant nutrition as outlined in this overview. Research linking the above
immunologic and infection factors in atherosclerosis with antioxidants is
clearly warranted.
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Sources of Dietary Antioxidants
How to provide nutritional antioxidants both in developing and developed

countries is clearly an important issue. This can involve advice to eat more
fruit and vegetables, fortification of staple foods and milk formula, genetically
engineered foods (e.g., staple cereals or grains, pharamaceutical), supplemen-
tation, or introduction of new foods. In developing countries, important and
practical sources of specific and mixed antioxidants such as carotenes and
tocopherols include indigenous fruits and vegetables, tomato paste, dried
tomato constitute, palm oil, spirulina and carotino oil, whereas whey and soya
proteins can provide nutritional precursors for GSH. Vitamin A, but not

-carotene, is toxic at pharmacologically high doses (150,000–300,000 IU)
(103), and toxicity can be avoided through low intakes of -carotene. By
including the provitamin -carotene within a nutritional antioxidant supple-
ment (to avoid vitamin A insufficiency), we would suggest consideration be
given to the use of such regimes in developing countries (given that the appro-
priate research be undertaken) and that under certain circumstances, it be used
as an alternative to the WHO/UNICEF (104) recommendation to use vitamin
A (100,000–200,000 IU) alone as an adjunct therapy for measles, vaccination,
and thus avoid any potential toxicity and possible lack of seroconversion (105).
Furthermore, as with vitamin A, nutritional antioxidant intervention could lead
to a reduction in the number of vaccine failures that occur in developing coun-
tries. Research is clearly needed to establish the efficacy of using antioxidant
supplements as adjunct therapy in relation to the common child morbidities.

Conclusions and Perspectives
Nutritional antioxidants generally stimulate innate and adaptive immunity.

Studies in humans and other animals have shown that dietary antioxidants can
increase the CD4+ T-cell count, MHC class II and adhesion molecule
expression, enhance lympho-proliferative, Th1 and Th2 cytokine and antibody
responses, NK cell, and phagocytic functions, and appear to be an essential
requirement for the normal functioning of the immune system. Antioxidants
synergistically effect immune functions, but data are limited at present and
increased research in this area is clearly warranted. Moreover, the synergistic
effects of nutritional antioxidants demonstrate the importance of interactions
and interdependence among nutrients during digestion, absorption, and
metabolism and, therefore, caution must be exercised when adopting the single
nutrient approach. There are demonstrable interactions between vitamin E and
selenium, as well as polyunsaturated fatty acids and vitamin E in relation to
immunity and infection. In addition to the classical view that antioxidant
mechanisms underlie the effects of dietary antioxidants on the immune system,
some nutritional antioxidants appear to have an important role in lymphopoie-
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sis. Many of the observations made on the effects of nutritional antioxidants on
immune functions in health are relevant to the effects of these antioxidant
nutrients on infection. Much evidence exists demonstrating protective effects
against a range of viral, bacterial, and parasitic infections in experimental
animals, which is consistent with the general immunopotentiating effects of
nutritional antioxidants. However, human studies on the effects of nutritional
antioxidants on infection are lacking and further work is clearly needed in this
area before recommendations can be made.

Poor antioxidant status can also lead to the emergence of new virulent viral
subtypes, but the importance in human viral infections such as influenza and
HIV is unclear. In relation to HIV infection, a good deal of evidence exists for
reduced antioxidant capacity within the immune system that impacts on
immune functions. Trials of antioxidant supplementation to correct these defi-
cits in HIV infection have been generally disappointing. However, these stud-
ies have been limited in their approach and further studies are needed using
higher dosages and different antioxidant cocktails. Studies on whey protein
isolate, presumably acting by providing the necessary precursors for GSH syn-
thesis, appear promising and more nutritional and immunological research is
required in this area. Dietary antioxidants in relation to developmental immu-
nology appear to be important and may have important implications for low
birth weight and prematurity and immune development. Nutritional antioxi-
dant effects on immune functions in relation to the pathogenesis of cancer and
atherosclerosis deserves increased research effort, given their effect on mortal-
ity and morbidity. Clearly both developed and developing countries will ben-
efit from increased research in the field of antioxidant nutrition and
immunology.
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KEY POINTS

• Probiotics can be defined as live microorganisms which, when adminis-
tered in adequate amounts, confer a health benefit on the host. Numerous
other definitions have been proposed.

• Prebiotics are defined as nondigestible food ingredients that improve host
health by selectively stimulating the growth and/or activity of one or a
limited number of bacteria in the colon.

• The most commonly used probiotic bacterial strains are lactobacilli and
bifidobacteria; representatives of both genera are part of the indigenous
intestinal microflora.
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• The functions of exogenous bacterial supplements are thought to resemble
those of commensal bacteria, which play a pivotal role not only in enhanc-
ing the barrier function of the intestinal mucosa but also in the develop-
ment and maintenance of a fully functional and balanced immune system,
including tolerance towards food antigens and intestinal microbes.

• Several probiotics have been used successfully in the prevention and treat-
ment of various forms of diarrhea; treatment is most effective when started
early during rehydration therapy.

• The antidiarrheal effects of many probiotics appear to be at least partly
mediated by enhancement of cellular and nonspecific immune responses.

• Probiotics have also been shown to be very effective in modulating the
immune response of neonates and infants, thereby preventing food aller-
gies and atopic disease in a large proportion of high-risk populations

• The minimal effective dose appears to be 109 colony-forming units for
most probiotics, but the existing data on dose response are extremely
limited.

• Some probiotics applied intravaginally or orally can maintain and/or
restore a normal lactobacillus-dominated vaginal microflora.

• A normal vaginal microflora may provide some protection against HIV-1
infection.

• Available probiotics are generally considered safe, but close observation
is recommended in the case of immunocompromised patients supple-
mented with probiotics.

• The need to refrigerate most probiotic preparations and their short shelf
lives may limit their use in developing countries.

• Nonviable bacteria exert the same anti-diarrheal, but not the same
immunomodulating, effects as viable bacteria and may offer a more stable
alternative in some situations.

• Another approach to probiotic supplementation in developing countries
may be their incorporation into the starter cultures of traditional lactic
acid-fermented foods in current use in many African, South American,
and Asian countries.

Definitions
Probiotics

Cultured dairy products, along with other lactic acid-fermented foods, have
been part of the human diet for thousands of years and are still considered thera-
peutic food during sickness in many cultures. The Nobel laureate and director
of the Pasteur Institute in Paris, Elie Metchnikoff, is generally credited with
having formulated a hypothesis explaining the health benefits of yogurt bacte-
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ria in the early part of the 20th century. Studies with yogurt starter culture and
other lactic acid bacteria were conducted throughout the last century. It has
only been in recent decades, however, that reproducible data began to accumulate
indicating that some microbial preparations can beneficially affect human health.

The term “probiotic” was originally used by Lilley and Stillwell in 1965 as
an antonym to “antibiotics.” Its redefinition by Fuller (1) as “live microbial
feed supplement which beneficially affects the host animal by improving its
intestinal microbial balance” has become widely established. The definition
has been broadened since then to include human use for organs and tissues
other than the gastrointestinal (GI) tract and to encompass effects not directly
mediated by the microflora (see Table 1). In view of evidence that nonviable
microbes can exert health benefits, several recent definitions no longer require
that microbes have to be alive in order to qualify as probiotics. Table 2 lists
desirable properties generally thought to be relevant for any potential probiotic
microorganism, although an individual bacterial strain does not necessarily
have to fulfill all of these requirements.

Prebiotics

The concept of “prebiotics” was proposed by Gibson and Roberfroid (2),
who defined a prebiotic as “a nondigestible food ingredient that beneficially
affects the host by selectively stimulating the growth and/or activity of one or
a limited number of bacteria in the colon, and thus improves host health.” Any
food constituent that reaches the colon undigested has the potential to be a
prebiotic. To date, however, beneficial effects arising from colonic bacterial
fermentation of nondigestible lipids as well as peptides and proteins have not
been established. Resistant starch and nonstarch polysaccharides (plant cell
wall polysaccharides, hemicellulose, pectins, gums) stimulate bacterial growth
and metabolism nonspecifically, i.e., of both potentially harmful and benefi-
cial species. Hence, they do not meet the requirement of metabolic selectivity
for one or a limited number of beneficial bacteria. Thus, ultimately, only
nondigestible oligosacharides (NDO), in particular fructooligosaccharides
(FOS), fulfill the criteria of prebiotics. Depending on the degree of polymer-
ization (DP), FOS are referred to as either oligofructose (DP < 9) or as inulin
(DP � 9 and < 60) (2). Additional candidates are lactulose and oligosaccha-
rides containing galactose, xylose, and mannose.

The bacterial species most likely to benefit from prebiotics are bifidobacteria
and lactobacilli, but most research efforts have focused on their bifidogenic
effect. In vitro and animal studies have demonstrated that endogenous
bifidobacteria can inhibit the growth of potentially pathogenic microbes,  partly
by producing acetate and lactate and, hence, lowering the pH of the colon and
partly by producing growth-inhibitory substances (2). They were also reported
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Table 1
Definitions of Probiotics

Definition Source

A live microbial feed supplement that beneficially affects the host animal by Fuller 1989 (1)
improving is intestinal microbial balance

Mono- or mixed-culture of live microorganisms which, applied to animal or Huis in’t Veld and Havenaar 1992 (38)
man, beneficially affects the host by improving the properties of the
indigenous microflora

Living microorganisms, which upon ingestion in certain numbers, exert health LABIP workshop (39)
benefits beyond inherent basic nutrition

Live microorganisms that when administered in adequate amounts confer a FAO/WHO expert consultation (40)
health benefit on the host

Microbial cell preparations or components of microbial cells that have a Salminen et al. (41)
beneficial effect on the health and well-being of the host

Microbial feed supplements that, when ingested, have a positive effect on the Saavedra (42)
prevention or treatment of a specific pathological condition
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Table 2
Criteria of Probiotics for Human Use (1,4,88)

Human origin
Identity at the genus and species level

Identity needs to be established by DNA–DNA hybridization and rRNA
sequence determination

Strain needs to be deposited in international culture collection
Safe for food and clinical use

Nonpathogenic
Not degrading the intestinal mucosa
Not carrying transferable antibiotic resistance genes
Not conjugating bile acids

Able to survive intestinal transit
Acid and bile tolerant*

Able to adhere to mucosal surfaces
Able to colonize the human intestine or vagina (at least temporarily)
Producing antimicrobial substances
Able to antagonize pathogenic bacteria
Resistant to spermicides (for those probiotics destined for vaginal use)
Possessing clinically documentd and validated health effects

At least one phase 2 study, preferably independent confirmation of results
by another center

Stable during processing and storage

*In the case of a vaginal probiotic, this characteristic is important only if the preparation
is to be taken orally.

to be able to counteract the disturbances of the intestinal flora produced by
antibiotic therapy. In addition, they produce certain B vitamins.

Synbiotics

Synbiotics are defined as a mixture of probiotics and prebiotics that benefi-
cially affect the host by improving the survival and implantation of live micro-
bial dietary supplements in the gastrointestinal tract, selectively stimulating
the growth, and/or activating the metabolism of one or a limited number of
health-promoting bacteria, and thus improving host welfare (2).

The Human Intestinal Microflora, the Mucosa, and the Gut-Associated
Lymphoid Tissue (GALT)

Most human mucosal surfaces—GI, urogenital tract, and upper respiratory
tracts—are colonized by bacteria that form a symbiotic interaction with the
host. To date, pro- and prebiotic research has focused mostly on the modula-
tion of the composition and function of the microflora associated with the GI
tract with the aim of improving the intestinal microbial balance. Few attempts,
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however, have been made to define what constitutes a balanced, normal micro-
flora. One of the few existing definitions, a microbiota in which the so-called
beneficial strains predominate over the potentially harmful species (2), reveals
the underlying assumption that the types and proportions of microbial species
of the intestinal microflora are not only known, but also characterized. Even
though the human microflora represents one of the most intensively studied
microbial ecosystems, knowledge of its composition is still extremely limited.

Composition of the Human Intestinal Microflora

The adult human intestinal microflora is estimated to comprise approx 1014

microbes representing 300–500 cultivable species from numerous genera of
mostly anaerobic bacteria along with smaller numbers of aerobic bacteria. The
density of colonization increases from the stomach to the distal colon, the
latter containing 1010–1012 CFU/g. Classical culture methods indentified
Bacteroides, Eubacterium, Bifidobacterium, Clostridium, Fusobacterium,
Ruminococcus, Peptococcus, and Peptostreptococcus as the predominant
genera. Some of these findings have recently been confirmed with molecular
methods, but the contribution of bifidobacteria appears to have been signifi-
cantly overestimated using classic culture enumeration methods and current
estimates are that bifidobacteria represent at most 3–4% of total bacteria. The
genus Lactobacillus accounts for an even smaller portion (<1%) and is gener-
ally detectable in � 80% of subjects. Molecular methods and microscopic
counts further indicate that a vast majority of intestinal microorganisms cannot
be cultured in vitro.

Development of the Microflora After Birth

At birth, the gut is sterile, but it is rapidly colonized by bacteria from the
mother’s birth canal and the environment. In caesarian births, environmental
microorganisms from equipment, air, and other infants that are transferred by
nurses constitute the major early colonizers. Although not an entirely consis-
tent finding, a majority of studies indicate that the microflora of breastfed in-
fants differs from that of formula-fed infants, the major difference being a
higher number of bifidobacteria, lower Bacteroides count, and almost com-
plete absence of clostridia in breastfed infants. Overall, the microflora of
breastfed infants appears to be somewhat less complex than that of formula-
fed infants. A recent study that used a molecular method essentially confirmed
these findings, although the proportion of bacteroides and bifidobacteria in
breastfed infants differed less dramatically than had been reported in studies
using culture-based method. It has repeatedly been claimed that the differences
in intestinal microflora between breastfed and formula-fed infants account for
the lower incidence of infections in breastfed compared with formula-fed
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infants. However, breast milk is known to contain a variety of factors, most
importantly antibodies, that provide protection from various infections.

With the introduction of solid foods, the microflora of infants becomes more
complex and resembles that of adults by the second year of life. Subsequently,
the species composition of the intestinal microflora generally appears to be
quite stable within a given individual in the absence of factors that disturb this
balance. One of the most important factors influencing the stability of the
intestinal microflora is the intake of antimicrobial agents, but changes in dietary
habits, stress, age, and particularly infections and diseases can all affect the
absolute and relative numbers of microorganisms in the GI tract. Ingestion of
certain pro- and prebiotics has also been shown to alter the numbers and/or
proportions of certain groups of intestinal and vaginal bacteria. These changes
are almost invariably transient, persisting only for days or weeks after supple-
mentation ends. However, intestinal colonization is commonly assessed from
the fecal recovery of bacteria, but colonic biopsies have demonstrated the per-
sistence of supplemented bacteria at times when they could no longer be recov-
ered from the feces of the same subject.

Probiotic Genera and Strains

The two most commonly used probiotic genera are bifidobacteria and lacto-
bacilli, but other lactic acid bacteria and even yeast strains also qualify (see
Table 3). It has only been after the development of molecular biology methods
that many of the individual bacterial strains were identified unambiguously.
The taxonomic changes that have resulted from the introduction of such meth-
ods are illustrated by two examples of frequently studied bacteria. Lactobacil-
lus acidophilus (L. acidophilus) was divided into six species: L. acidophilus,
L. amylovorus, L. crispatus, L. gallinarum, L. gasseri, L. johnsonii; and what
is commonly referred to as Lactobacillus GG (LGG, ATCC 53103) was origi-
nally identified as L. acidophilus and later named L. casei GG, but was recently
identified as L. rhamnosus GG.

Lactobacilli are gram-positive, non-spore-forming, microaerophilic rods that
produce abundant lactate as an end product and can be H2O2-producing or not.
Several recent studies using molecular biology techniques on fecal samples
indicate that the intestinal lactobacillus population of each individual is unique,
with L. plantarum, L. rhamnosus, and L. paracasei ssp. paracasei representing
the most frequently detected taxa. In some subjects, the lactobacillus popula-
tion is quite simple with one or two strains predominating over several months.
In others, it is markedly more complex, consisting of up to 11 different strains
of which none is truly dominant. Considerable fluctuation in the strain compo-
sition and size of the lactobacillus population have been observed in some
individuals. Interestingly, exogenously supplied lactobacillus may become
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Table 3
Species Used as Probiotics (88,90)

Genus Species Strain

Lactobacillus lactis
plantarum*
rhamnosus* GG, HN110
johnsonii LJ-1 (LA-1),

NCFB 1748
reuteri* ATCC 55730
casei* Shirota
gasseri*

Bidifobacterium bifidum* Bb-12
longum
breve
infantis
lactis* HN019
adolescentis

Streptococcus thermophilus
Enterococcus faecalis

faecium
Escherischia coli
Bacillus cereus
Saccharomyces boulardii

*With evidence from clinical trials.

transiently established as the predominant lactobacillus species but only in sub-
jects with fluctuations in their endogenous lactobacillus population. Among
the latter, a 6-mo supplementation period resulted in permanent changes in the
lactobacillus strain composition during the posttest period, i.e., at a time when
the supplemented lactobacillus could no longer be detected in the feces.

Bifidobacteria are strictly anaerobic gram-positive rods, often shaped in the
“Y” or bifid form. They possess a special metabolic pathway that allows them
to produce acetic as well as lactic acid. Both classical culture method and recent
molecular biology studies have shown that the pattern of bifidobacteria is
unique for each human host. Data are somewhat conflicting on the stability of
the total numbers and numbers of different strains of bifidobacteria present in
individual subjects. Both parameters seem to fluctuate in some humans, but
not in others; whereas only one or two species of bifidobacteria are detected in
some individuals, others harbor up to seven different strains.
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In a recent study of fecal samples from 48 healthy Japanese adults, B.
catenulatum represented the most common taxon (92% of samples) followed
by B. longum (65%) and B. adolescentis (60%). Similar findings were reported
from a small group of British volunteers, except that B. angulatum was the
most frequently detected species. Fecal samples of 22–46-d-old breast fed
infants contained up to seven different species, with B. breve (70%), B. infantis
(41%), and B. longum (37%) constituting the dominant species.

Commensal Bacteria and the Immune System (3)

The GI tract constitutes the interface between the environment and the host,
and as such has the important dual role of excluding potential pathogens while
facilitating the passage of nutrients. Intestinal epithelial cells, which are joined
by tight junctions that prevent passage between cells, and the mucus they
produce form a physical barrier against pathogens. Increasing evidence from
studies with gnotobiotic animals suggest that initial colonization with com-
mensal bacteria constitutes a vital stimulus for the synthesis of substances that
fortify the mucosal barrier and decreases intestinal permeability. In addition,
commensal bacteria play a vital role in colonization resistance. This term was
originally introduced only in reference to the ability of the indigenous microf-
lora to inhibit colonization by exogenous potentially pathogenic microorgan-
isms. It has since been broadened to include the prevention of overgrowth of
indigenous microorganisms that have the potential to become pathogenic. Ana-
tomical and physiological factors such as an intact mucosa, salivation, swal-
lowing, normal gastrointestinal motility, production of gastric acids, and
secretion of IgA contribute to colonization resistance, but are ineffective in the
absence of a normal undisturbed flora. Mechanisms of colonization resistance
include production of antimicrobial substances and toxic metabolic end prod-
ucts, competition for nutrients required for growth of pathogens, competitive
inhibition of adhesion of pathogens, modification of toxins or toxin receptors,
and stimulation of the immune system.

In addition to the nonimmunological barrier of the intestinal mucosa, the
GALT plays a vital role in immune exclusion. GALT is the largest lymphoid
tissue of the human body and its hallmark is the production of secretory IgA
which, in contrast to serum IgA, is dimeric or polymeric and resistant to pro-
teolysis in the intestinal lumen and does not activate inflammatory responses.
Colonization with commensal bacteria is essential for the development of a
fully functional and balanced immune system, including not only the develop-
ment and maturation of IgA plasmocytes and IgA production, but also the
development of tolerance towards food antigens and intestinal microbes. Inter-
actions between the intestinal microflora and GALT are also thought to be
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vital for maintaining the intestinal immune system in a state of permanent low-
level activation, or physiological inflammation, that is considered to be impor-
tant in host defense against pathogens. It appears to be generally assumed that
supplementation with exogenous bacteria will exert similar effects, and by
similar mechanisms, as those observed during initial colonization. This is sup-
ported to some extent by observations in experimental animals, and human
data are beginning to accumulate.

Probiotics in Diarrhea Treatment and Prevention
Diarrheal diseases still constitute a major cause of morbidity and mortality

in infants and young children in developing and developed countries causing
millions of deaths each year (4). Rotavirus is the predominant causative agent
of severe dehydrating diarrhea in children up to age 2 worldwide. In addition,
acute diarrhea is often caused by bacteria, such as enterotoxigenic E. coli,
Shigella, Salmonella, cytotoxigenic Clostridium difficile, and Campylobacter
species.

In recent years, several groups of investigators have demonstrated that
supplementation with some bacterial strains can shorten the duration of acute
diarrhea in infants and children (see Table 4). A number of well designed
randomized controlled trials have established the efficacy of particularly LGG
(ATCC 53103) to control rotavirus-induced diarrhea, whereas an effect of this
strain on diarrhea of bacterial etiology has only rarely been documented. Sev-
eral studies have also demonstrated a beneficial effect of Saccharomyces
boulardii administration on acute and chronic diarrhea both in pediatric patients
and in adult HIV patients (5). Evidence for a role of other strains or combina-
tion of strains in shortening acute diarrhea is more limited, and much of it is
awaiting independent confirmation. In earlier trials, probiotic supplementation
was started after the completion of oral rehydration, but recent studies indicate
that earlier administration of probiotics via incorporation into the rehydration
solution may be even more effective. Throughout the world, but particularly in
developing countries, children with diarrhea are frequently and inappropriately
treated with antibiotics. The WHO has warned that antibiotic resistance has
become a major public health problem worldwide and has urged that the use of
probiotics instead of antimicrobial agents be considered.

The ability of a variety of microbial preparations to prevent diarrhea,
including nosocomial and antibiotic-induced diarrhea, has also been documented
in a number of RCTs (6,7). Saccharomyces boulardii has been shown to reduce
the recurrence of Clostridium difficile disease, and the frequency of recurrence
was inversely correlated with the stool concentration of S. boulardii (8).
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Gastrointestinal infections can cause disturbances of the intestinal micro-
flora and increase intestinal permeability, thereby weakening the barrier effect
that is provided by the mucosa in association with its flora. Balancing the
microflora in order to reestablish mucosal integrity has been one of the prime
objectives of bacterial therapy in acute diarrhea. Exogenous bacteria can, at
least temporarily, colonize the intestine even during acute diarrhea (9,10),
although C. difficile patients supplemented with S. boulardii were found to
exhibit lower counts of this probiotic during periods of acute diarrhea (8). The
rapidity with which probiotic supplementation becomes effective in acute diar-
rhea suggests  they exert a pharmacological rather than, or in addition to, a
biological effect. This is also supported by the finding that both nonviable and
viable bacteria can shorten diarrhea to a comparable extent (11).

Although both live and heat-inactivated LGG were clinically effective, only
ingestion of viable LGG was associated with a significantly enhanced non-
specific and specific humoral immune response compared with the placebo
group in children with rotavirus-induced diarrhea (11). Thus, rotavirus-spe-
cific IgA-secreting cells were detected at convalescence in 10 of the 12 infants
treated with live LGG, but only 2 of the 13 infants treated with inactivated
LGG. The same group had previously reported that 90% of children treated
with LGG during acute rotavirus-induced diarrhea, but only 46% of the pla-
cebo-treated children, had IgA antibody-secreting cells (ASC) specific for
rotavirus 3 wk after recovery, although the number of IgA sASC during the
acute phase had been similar. This effect appears to be somewhat specific to
LGG since higher numbers of specific IgA ASC were detected in children with
rotavirus-induced diarrhea treated with LGG than in those receiving either L.
casei subsp. rhamnosus or a combination of S. thermophilus and L. delbrueckii
subsp. Bulgaricus (12). Serum rotavirus IgA antibody levels were also higher
in the LGG group compared with the other groups. A higher rate of rotavirus
IgA seroconversion was also observed in infants given an oral rotavirus vac-
cine together with L. casei GG than in those receiving the vaccine plus placebo
(13). However, that a clear role for IgA in the recovery from rotavirus infection
and/or protection from future recurrence has not been established.

In contrast, 30 volunteers who consumed either 4 × 1010 CFU LGG (ATCC
53103), 3.4 × 1010 CFU Lactococcus lactis, or placebo for 7 d starting on the
day of the first dose of an attenuated S. typhi Ty21a vaccine, showed only a
trend toward a greater increase in specific IgA in the LGG group, and the num-
bers of IgA-, IgG-, and IgM-secreting cells did not differ significantly among
the three groups (14). Meanwhile, volunteers who consumed fermented milk
containing L. acidophilus La1 (now: L. johnsonii La1) and bifidobacteria (3.75
× 109 to 3.75 × 1010 CFU/d) before, during, and after the administration of an
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Table 4
Probiotics in the Treatment of Acute Diarrhea in Infants and Children (Ref. 6 and Other Studies)

Etiology

Bacteria HRV Bacterial Undetermined Locations Outcome

LGG 82 18 Finland Significant shortening of the dur-
ation of diarrhea

100 Finland
35 24 40 Poland, Egypt, Croatia,

Italy, Slovenia,
Holland, Greece,
Israel, UK, Portugal

28 21 51 Russia
100 Finland Significant shortening of diarrhea

duration
100 Finland Shortened duration of diarrhea

compared with L. casei subsp.
rhamnosus or a combination
of S. thermo philus
and L. delbrueckii
subsp. bulgaricus

92 Finland One early dose of LGG given
together with hypotonic ORS
significantly shortened the
duration of diarrhea compared
with placebo and to a greater
extent than LGG administered
during later phases

61 Italy Significant shortening of the
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duration of mild diarrhea in
both rotavirus-positive and
-negative children

ND Pakistan In children with nonbloody
diarrhea, a significantly smaller
percentage had watery diarrhea
at 48 h; no difference in those
with bloody diarrhea

L. reuteri 75 Finland Significant shortening of diarrhea
duration

100 Finland
L. acidophilus ND France Significant shortening of diarrhea
LB duration
Heat-killed 48 ND Thailand Significant shortening of diarrhea
L. acido- duration

philus LB
L. rhammosus 66 10 29 Denmark Shortening of diarrhea duration,

+ L. reuteri 58 % 6% difference to placebo signifi-
HRV bacterial cant only in those with
only* only* diarrhea of <60 h duration at

initiation of therapy

HRV = human rotavirus
ORS = oral rehydration solution
*8.7% were coinfected with HRV and a bacterial pathogen



226 Borchers et al.

attenuated S. typhi Ty21a vaccine exhibited enhanced responses in specific
serum IgA compared with the group that did not consume fermented milk prod-
ucts (15).

Some of the discrepancies in the results of these studies may be owing to
different levels of crossreactivity between antibodies to probiotic bacteria and
pathogens. Humoral immune responses to commensal bacteria have been
described repeatedly, including a genus rather than species-specific response
to both lactobacilli and bifidobacteria (16). Some of the antibodies against com-
mensal and/or probiotic strains exhibit crossreactivity with enteropathogens.
Based on these findings, it has been suggested that some of the increased IgA
responses reported after supplementation with various lactobacilli may at least
partially reflect such cross-reactivity. Conversely, the absence of cross-reac-
tivity may account for the failure of some probiotic strains to induce enhanced
humoral responses to certain antigens. In addition, the type of delivery vehicle
(fermented milk product versus capsules containing freeze-dried bacteria), dose
schedule, and duration of probiotic intake may have contributed to the observed
differences.

Probiotics and Nonspecific Immune Responses
It has variously been suggested that modulation of nonspecific immunity

may also play a role in the beneficial effect of various probiotics on diarrheal
disease. This issue has not been assessed directly; there are, however, studies
demonstrating the ability of various probiotics to enhance nonspecific immune
functions. The design of most of these studies is to administer a milk product to
subjects for a 2–3-wk adaptation period, then provide milk containing the test
probiotic to all of the subjects, and finally switch back to unsupplemented milk
for a follow-up period. The immune functions are measured at the end of each
period and the group mean responses are compared. As summarized in Table 5,
all studies using this design and one double-blind placebo controlled trial
showed enhanced phagocytosis and increased natural killer (NK) activity after
supplementation with a variety of probiotic strains. Generally, these activities
started to decline soon after the end of probiotic supplementation, but fre-
quently remained elevated compared with baseline for up to 4 wk.

The results of the trial investigating the effects of L. casei on a variety of
immune parameters differ markedly from those reported from other similar
investigations (17). This randomized placebo-controlled trial was unique in
that the subjects were kept on a controlled diet before, during, and after admin-
istration of a commercially available lactic acid-fermented product. It also
assessed a much wider range of immune functions than any of the other studies,
including lymphocyte subsets, NK activity, phagocyte function, delayed type
hypersensitivity responses, cytokine production by LPS- and Con A-stimu-



Probiotics and Prebiotics 227

lated peripheral blood mononuclear cells, and immunoglobulin levels. Supple-
mentation with 3 × 1011 CFU of L. casei strain Shirota in three daily doses for
4 wk did not significantly affect any of the immune parameters measured, even
though fecal L. casei strain Shirota, total lactobacillus, and bifidobacterium
counts significantly increased.

The well-designed and carefully controlled nature of this trial lends addi-
tional weight to the finding that L. casei Shirota does not exert any immuno-
modulatory effects in healthy adults and makes it likely that the disparity in the
results between this and other studies is attributable to an inherent difference
between L. casei Shirota and other lactobacilli. However, immunomodulating
effects of probiotic ingestion may not be easily detectable in healthy subjects
whose immune system is functioning at or near optimal levels. This is sup-
ported to some extent by the finding in a group of elderly (>60 yr old) volun-
teers that B. lactis HN019 supplementation induced significantly greater
enhancement of polymorphonuclear leukocyte (PMN) and mononuclear cell
phagocytosis in subjects who exhibited poor preintervention immunity than in
those with adequate immunity at baseline, while the difference in NK activity
improvement did not reach statistical significance (18).

A study involving both healthy and milk-hypersensitive subjects suggests
that probiotics may have differential immunomodulatory effects depending on
the activation state of the immune cells under investigation (19). Compared
with consumption of milk only, ingestion of milk containing 2.6 × 108 CFU
LGG for 1 wk resulted in a significant upregulation of phagocytosis receptor
(CR1, CR3, Fc , and Fc R) expression on neutrophils in healthy subjects.
Only statistically nonsignificant increases of these receptors were detected on
monocytes. In contrast, in milk-hypersensitive subjects, there was consider-
ably higher expression of all of these receptors on monocytes and neutrophils
during milk consumption. Addition of LGG to the milk, however, counter-
acted this increase and receptor expression did not differ significantly from
that seen before milk challenge.

Probiotics in Allergy and Atopic Disease
Some of the most convincing evidence for an immunomodulatory effect of

probiotic ingestion comes from studies in infants with food allergies and atopic
eczema. Allergic diseases are characterized by a polarization of the immune
response towards a helper-T-cell (Th)2-type response. During pregnancy, the
maternal-fetal interface is markedly skewed towards a Th2-type pattern to
avoid rejection of the fetus. This pattern is maintained in the neonate, as
evidenced by the polarization towards a Th2-type cytokine profile of the
immune responses of virtually all neonates, whether they subsequently become
atopic or not.
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Table 5
Effects of Probiotics on Nonspecific Immunity in Healthy Human Volunteers

Dose
Probiotic Study Design (CFU/d) n Age range Outcomes

B. lactis HN019 Randomized, double-blind, 3 × 1011 25 60–83 Enhanced mitogen-stimulated IFN-
placebo-controlled; production by PBMC and increased
also comparison of pre- PMN phagocytosis compared to
and postintervention placebo and to own pre-intervention
values values

Increase in bactericidal activity in both
B. lactis and control groups

B. lactis HN019 Comparison of pre- and 5 × 109 or 30 63–84 Increase in proportion of CD3+, CD4+,
postintervention; 5 × 1010 CD56+  cells

Increase in PMN and mononuclear cell
phagocytosis

Increase in NK activity (measured as
above)

B. lactis HN019 Comparison of pre- and 5 × 1010 50 41–81 Increased PMN phagocytosis
postintervention Increased NK activity

B. lactis either in low-fat Increases greater in group receiving
milk (LFM) or in lactose B. lactis in lactose-hydrolyzed milk
hydrolyzed low-fat milk (significant difference in NK activity)

B. lactis HN019 Comparison of pre- and 5 × 109 27 60–84 Small, but significant, increase in pro-
or L. rham- postintervention portion  of CD56+ (NK) cells
nosus Enhanced NK activity (target cell lysis
HN001 of PBMC against labeled K562 cells)

L. rhamnosus Comparison of pre- and 5 × 1010 54 44–80 Increased PMN phagocytosis
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HN001 postintervention in LFM Increased NK activity
or lactose-hydrolyzed No significant differences between LFM
LFM and lactose-hydrolyzed LFM groups

S. thermophilus + Comparison of pre- and 1.5 × 109 or 42 21–57 S. thermophilus alone weakly enhanced
L. johnsonii postintervention 1.5 × 108 of respiratoryburst, but not phagocytosis

La1 L. johnsonii Higher dose of L. johnsonii La1 signifi-
La1* cantly enhanced both; lower dose

showed the same trend, but the
difference was not statistically
significant

L. acidophilus Comparison of pre- and La 1: 7 × 1010 28 23–62 Significantly enhanced phagocytosis by
La1) now: L. postintervention  Bb 12: 1010 monocytes and PMN with both L.
johnsonii La1 johnsonii La1 and B. bifidum Bb12
or B. bifidum No significant changes in lymphocyte
Bb12 subsets or cells expressing T cell

activation markers
L. casei strain Placebo-controlled with 3 × 1011 20 mean age No significant differences in:

Shirota subjects on a controlled 55.8 ± 7.5 55.8 ± 7.5 lymphocyte subsets, NK activity,
diet phagocytosis  or oxidative burst,

mitogen-stimulated production of
IL-1 , IL-2, or IFN-

*Lower dose was obtained by storing the product for 21–28 d, which may have resulted in changes other than reduction of viable
bacterial count.
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In developed countries, allergic diseases have increased dramatically over
the last decades. The hygiene hypothesis attributes this a to lack of microbial
stimuli owing to increased hygiene resulting in an imbalance between Th1-
and Th2-type immune responses that favors the development of IgE-mediated
allergies. The earliest and largest exposure to microbial antigens occurs during
intestinal colonization starting at birth. Thus, the intestinal microflora may pro-
vide a major stimulus in shifting the immune responses of neonates and infants
from the initial Th2-type to the Th1-type response that predominates in non-
atopic adults.

The above is supported by the findings that the balance of supposedly
beneficial and potentially harmful bacteria in the large intestine of allergic
infants is altered (20). Compared with infants who remained healthy, fewer of
those who later developed allergy were colonized with enterococci during the
first month of life and with bifidobacteria during the first year of life, whereas
colonization with Staphylococcus aureus was higher at 6 mo. In addition,
allergic infants had greater numbers of clostridia at 3 mo of age, but lower
Bacteroides counts at 12 mo. Somewhat conflicting results have been obtained
regarding lactobacilli. A cross-sectional analysis showed a lower prevalence
of lactobacilli in allergic compared with nonallergic children, whereas a pro-
spective study detected lactobacilli in a higher proportion of allergic infants
throughout the first year of life, although the difference was significant only at
1 wk of age.

A group of Finnish researchers have conducted a series of randomized pla-
cebo-controlled trials to examine whether probiotic supplementation during
the perinatal period can affect the development of atopic disease. In the first
study, 31 infants with atopic eczema and a history of atopic disease or food
allergy were put on a cow’s milk elimination diet and received extensively
hydrolyzed whey formula with or without LGG (5 × 108 CFU/g formula) for
1 mo and were evaluated after a further month during which all infants re-
ceived unsupplemented formula (21). Supplementation with LGG resulted in
significant improvements in atopic dermatitis. Tumor necrosis factor (TNF)
and 1-antitrypsin were elevated compared with healthy controls at baseline,
but both markers of inflammation decreased significantly in the group supple-
mented with LGG, whereas no significant change was observed in the control
group. These results suggest that LGG ingestion can alleviate intestinal
inflammation.

In a subsequent study, 27 infants who experienced onset of atopic disease
while still being exclusively breastfed were weaned to extensively hydrolyzed
whey formulae with or without LGG or B. lactis Bb-12 (22). After two months,
atopic eczema in both probiotic-supplemented groups had improved signifi-
cantly, whereas no improvement was observed in the unsupplemented group.
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Serum soluble CD4 and urinary eosinophilic protein X, both markers of
inflammation, were significantly reduced in both supplemented groups.
Supplementation did not affect the serum concentrations of TNF- , a variety
of chemokines (GM-CSF, RANTES and MCP-1a), or of soluble ICAM and
IL-1ra. In contrast, serum transforming growth factor (TGF)- concentrations
significantly decreased from baseline to 2 mo in the B. lactis group, but tended
to increase in the LGG group, while remaining unchanged in the non-supple-
mented controls. The latter findings underscore that the immunomodulatory
effects of probiotics can be highly strain-specific.

Two further studies addressed the question of whether there was a correla-
tion between TGF-  concentrations in breast milk and the incidence of atopic
eczema in the infants, and investigated the effect of LGG ingestion in this con-
text. TGF- is a pleiotropic immunoregulatory cytokine that can be produced
by and act on every type of leukocyte and a variety of other cell types. The
actions of its three isoforms, TGF- 1, 2, and 3, can be both immunostimulatory
or immunosuppressive, with the nature of the ultimate effect depending on the
context provided by the state of differentiation and activation of their target
cells and the total milieu of cytokines present. TGF-  is a key regulator in the
establishment of immunologic tolerance both at the level of deletion of self-
reactive cells and at the level of anergy induction for peripheral tolerance. In
addition, it induces isotype switching to IgA production in B-cells.

Human breast milk contains TGF- in latent form, which is thought to be
activated in the intestine of the neonate or infant. By antagonizing IFN- and
TNF- , it may prevent induction of MHC class II by these two cytokines on
intestinal epithelial cells thereby preventing premature stimulation of the
immature immune system of the neonate and subsequent sensitization. In
addition, by inducing isotype switching to IgA, it may reduce intestinal
inflammation.

The concentration of TGF- 1 and TGF- 2 was found to be higher in colos-
trum of mothers whose infants developed atopic disease only after weaning
compared with the colostrum of mothers with infants in whom atopic disease
manifested itself in the preweaning period (23). Three-mo-old infants with IgA-
secreating cells specific to at least one of the four dietary antigens tested had
received colostrum with significantly higher TGF- 2 concentration and mar-
ginally higher TGF- 1 levels. It was thought that TGF- in early milk may
have stimulated the neonate’s own intestinal production of this cytokine,
thereby enhancing mucosal IgA secretion.

A subgroup of 62 of the 159 infants enrolled in the LGG supplementation
trial (24) was exclusively breastfed for 3 mo, and the mothers ingested either
LGG or placebo during that period. Fifty-seven of these infants were followed
for 24 mo, and the effect of LGG supplementation on the concentration of
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TGF- in colostrum and breast milk at 3 mo was assessed. Both parameters
were correlated with the incidence of atopic eczema in these infants (25). The
incidence of chronic relapsing atopic eczema was significantly lower in chil-
dren whose mothers had received LGG (15% vs 47%). A significantly higher
concentration of TGF- 2 was detected in the breast milk of mothers receiving
LGG than in that of mothers taking placebo, while the concentration of TGF-

1 was similar in both groups.
The results from some of the previously discussed clinical trials and studies

in experimental animals conducted by the same laboratories suggest that the
anti-inflammatory effects of LGG ingestion are not attributable to modulation
of the intestinal microflora towards a more beneficial bacterial composition.
Instead, normalization of intestinal permeability and modification of the deg-
radation, permeation, and targeting of food antigens to Peyer’s patches, as well
as direct anti-inflammatory activities, all appear to be mechanisms contribut-
ing to the beneficial effects of LGG in allergies.

Dose-Response
It appears to be widely accepted that most bacterial strains have to be used at

a minimum dose of 109 CFU to produce some sort of health benefit, but the
existing data are limited and in some cases methodologically flawed. There are
indications that the tested doses have to differ by at least a factor of 10 in order
to allow the detection of significant differences in the magnitude of the
response. One of the most clear-cut demonstrations of a dose response comes
from a study comparing two concentrations of L. reuteri that differed by
three orders of magnitude (1010 or 107 CFU/d) in children with rotavirus-in-
duced diarrhea. There was a significant correlation between the ingested dose
and the number of bacteria colonizing the GI tract, the shortening of the dura-
tion of diarrhea, and the percentage of children in whom watery diarrhea per-
sisted on the second day of treatment. In another instance, a lower dose of B.
lactis HN019 (5 × 109 organisms/d) was associated with greater increases in
PMN and mononuclear cell phagocytosis and NK cell activity than the 10-fold
higher dose. Although none of the differences between the two doses reached
statistical significance, this nonetheless suggests that there may be a maximum
dose beyond which no further increases in response are observed.

Probiotics for Normalizing the Vaginal Microflora
Lactobacillus is the predominant bacterial genus in the normal vaginal

microbial flora of women in their reproductive years, but in peri- and post-
menopausal women lactobacilli are frequently absent. Whereas earlier studies
had suggested that L. acidophilus and L. fermentum were the dominant species,
recent investigations using molecular approaches have identified L. crispatus,



Probiotics and Prebiotics 233

L. gasseri and/or L. jensenii as the most prevalent strains in women from
numerous different areas of the world. In contrast, the dominant species of
microorganisms in a group of women from Ontario, Canada (in 42%) was the
newly identified L. iners.

The vaginal microflora is a dynamic ecosystem undergoing frequent changes
in at least some women, with 66 to 75% of women either acquiring or losing
vaginal lactobacilli during extended observation periods. A variety of factors
have been reported to influence the vaginal lactobacillus composition, but apart
from estrogen-dependent variables—such as menstrual cycle, peri- and post-
menopausal status, and hormone replacement therapy—and the use of antibi-
otics and spermicides, there is little consensus concerning the nature of these
factors.

A lactobacillus-dominated vaginal flora is considered normal; progressively
greater disturbances of this ecosystem manifest themselves as decreasing lac-
tobacillus and increasing gram-negative and gram-variable organisms, with
bacterial vaginosis (BV) constituting the most severe form of abnormality. BV
is a condition characterized by decreased lactobacilli, particularly H2O2-pro-
ducing lactobacilli, and increased concentrations of anaerobic bacteria, such as
Gardnerella species and Mobiluncus. It is diagnosed by the presence of three
of the four following criteria: a vaginal pH > 4.5, presence of clue cells in the
vaginal fluid, a milky homogeneous vaginal discharge, and the release of an
amine (fishy) odor upon addition of potassium hydroxide. The 10-point Nugent
scoring method based on gram staining of vaginal fluid is frequently used not
only for the confirmation of BV, but also for scoring the status of the vaginal
flora as normal, intermediate, or BV.

It should be noted that BV is not an inevitable consequence of the absence
of lactobacilli. Conversely, lactobacilli can still be detected in some women
with BV. Nonetheless, both cross-sectional and longitudinal studies have
shown that the acquisition of BV is associated with the lack or loss of H2O2-
producing lactobacilli. There are indications that some species of H2O2-gener-
ating lactobacilli are among the most persistent lactobacilli in the vagina of
nonpregnant women, and that women colonized with these strains are signifi-
cantly more likely to remain colonized.

A variety of probiotics administered as vaginal suppositories exhibit some
effectiveness in normalizing the vaginal microflora and treating urogenital
infections (26). Recently, a randomized placebo-controlled trial demonstrated
that oral administration of probiotics could have similar effects (27). A daily
dose of 109 viable L. rhamnosus GR-1 and 109 L. fermentum RC-14 was cho-
sen because a dose-response study by the same group of researchers had shown
that a dose of > 8 × 108 viable organisms was required in order to achieve a
significant effect. For a period of 60 d, 64 healthy women consumed one cap-
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sule containing this combination or placebo daily. Within 4 weeks, a signifi-
cant increase in vaginal lactobacilli and concomitant decrease in yeasts and
coliforms was observed in women receiving lactobacilli compared with those
taking placebo. Some of these changes persisted for up to 30 d after cessation
of supplementation. Among the subgroup of women with asymptomatic BV at
baseline, 59% of the lactobacillus-treated women improved compared with
only 31% of the placebo-treated women. The same group of researchers had
previously reported similar findings from two open trials.

Vaginal Microflora and HIV-1 Infection
A system consisting of peroxidase (present in vaginal fluid) and H2O2-pro-

ducing lactobacilli, particularly in the presence of halide, has been reported to
exert in vitro antimicrobial effects against the BV-associated microorganisms,
Gardnerella vaginalis, Bacteroides bivus, and also against HIV. Of note,
however, an H2O2- and lactobacillus-dependent mechanism has also been
implicated in the activation of the HIV-1 long terminal repeat, and this activa-
tion can result in increased production of intact virions by latently HIV-1-
infected cells in vitro. This suggests that H2O2-producing lactobacilli have the
potential to influence HIV-1 infection in two opposing ways, namely by exhib-
iting a viricidal effect on the one hand and enhancing virus replication on the
other hand.

The evidence to date, however, suggests that the presence of H2O2-generat-
ing lactobacilli provides some protection against HIV infection. A positive
association was observed between abnormal vaginal flora and seropositivity
for HIV-1 in several cross-sectional studies in rural Ugandan women, female
sex workers in Thailand, two different cohorts of pregnant women in urban
Malawi, and also a group of pregnant women in North Carolina. Two
prospective studies, one in 1196 pregnant Malawi women (28) and one in 657
Kenyan sex workers (29), confirmed the significant increase in the risk of
seroconversion with increasing severity of vaginal disturbance. In the Kenyan
study the risk of gonorrhea and Trichomonas infection was also higher in
women with abnormal vaginal flora on Gram stain (29). The authors of this
and other studies urged that treatment of BV and promotion of vaginal coloni-
zation with lactobacilli should be evaluated as potential interventions to reduce
a woman’s risk of acquiring HIV-1 and other sexually transmitted diseases.

Prebiotics and Synbiotics
A review published as part of the European project on non-digestible

oligosaccharides (ENDO) concluded that the evidence from clinical trials that
inulin-type fructans or (2 1) fructans are prebiotics is strong (30). The evi-
dence for transgalactosylated oligosaccharides is equivocal and limited for
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other NDOs such as lactulose, soybean oligosaccharides, xylo-oligosaccha-
rides, and pyrodextrins. In experimental animals, intake of inulin-type fructans
and other NDOs enhances the absorption and bioavailability of minerals, such
as calcium, magnesium, zinc, and iron. In humans, however, only the absorp-
tion of calcium, but not that of other minerals, has been found to be enhanced
during consumption of NDOs in some studies, but not in others. The discrep-
ancies are most likely due to methodological differences. Other beneficial
effects of NDO supplementation include regulation of bowel habit and possi-
bly reduction of cholesterol levels.

The effect of prebiotics on immune parameters has not been investigated in
humans. In experimental animals, supplementation with oligofructose is asso-
ciated with a variety of imunomodulating activities, including changes in lym-
phocyte subset, increased phagocytic activity, and enhanced IgA secretion (31).
It appears that many of these effects are observed in GALT, but not in periph-
eral blood immune cells. Since PBMC are the most easily accessible and most
frequently sampled compartment of the human immune system, it may be
difficult to demonstrate similar immunomodulatory effects of prebiotics in
humans.

Two studies have investigated the influence of combined administration of
a potential prebiotic, lactose-hydrolyzed milk, and a probiotic on immune
parameters in healthy human volunteers (32,33). Lactose-hydrolyzed milk con-
tains galacto-oligosaccharides, a type of nondigestible oligosaccharide that is
considered to have prebiotic potential, although studies to date have yielded
conflicting results concerning its bifidogenic effects (30). Subjects consuming
B. lactis HN019 in lactose-hydrolyzed low-fat milk achieved greater increases
in PMN phagocytic activity and NK cell activity than subjects consuming the
same amount of microbes in low-fat milk (32). Although both of these activi-
ties were also greater in a group of volunteers consuming L. rhamnosus HN001
in lactose-hydrolyzed milk compared with a group consuming the same
probiotic in non-hydrolyzed milk, the difference was not statistically signifi-
cant (33). Given the similarity in study protocol and age range of the volun-
teers, the difference in bacterial strains is the most likely explanation for the
observed difference. Unfortunately, fecal bacterial composition was not moni-
tored in either of these studies.

Safety
Lactic acid bacteria have been used for the production of fermented dairy

products and a variety of other fermented foods and beverages for thousands of
years, and this is generally accepted as a demonstration of their overall safety.
Nonetheless, because of the enormous variability in the activities not only of
bacterial species, but even of strains of the same species, it has repeatedly been
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urged that each strain be assessed separately and on its own merit. In evaluat-
ing the probiotic potential of a bacterial strain, its safety is the most important
consideration. Whereas GRAS (generally recognized as safe) status is com-
monly conferred on lactobacilli, lactococci, and some bifidobacteria, the gen-
era Streptococcus and Enterococcus contain some opportunistic pathogens
(34). A few cases of fungemia during treatment with Saccharomyces boulardii
have been reported, all in patients with a catheter, and all resolved with stan-
dard antifungal therapy. There have also been isolated cases of bacteremia
because of lactic acid bacteria, mostly in immunocompromised hosts, but to
date none of the isolates from blood cultures of these patients corresponded to
a strain used in dairy, other commercial foods, or pharmaceutica. Furthermore,
although many lactic acid bacteria are naturally resistant to some antibiotics,
there still are safe antibiotics to which they are sensitive. To date, there have
been no reports of adverse events from lactobacillus supplementation in AIDS
patients or patients with Crohn’s disease, although digestive lesions and/or
immunodeficiency might be expected to favor bacterial translocation and sys-
temic infections. Nonetheless, special precautions and close monitoring are
probably warranted during probiotic supplementation in these and other high-
risk groups.

Plasmid-linked antibiotic resistances, although rare, are known to occur in
lactic acid bacteria and need to be assessed in potential probiotics. This is of
particular importance in the case of entercococci, many of which contain con-
jugative antibiotic resistance plasmids. In vitro transfer of vancomycin resis-
tance has been shown to be possible not only between enterococcal strains but
also between enterococci and other gram-positive bacteria, such as Listeria
and Staphylococcus aureus. This is cause for serious concern because vanco-
mycin is one of the few remaining antibiotics for the treatment of certain
multidrug-resistant pathogens.

A further safety issue arises from the fact that good manufacturing practices
are not followed by all providers of commercially available probiotic prepara-
tions. Several recent analyses indicate that such products (1) do not always
contain all of the species declared on the label; (2) often have lower bacterial
counts than stated on the label; and (3) sometimes contain species not listed on
the label. In addition, the available evidence does not always support the health
benefit claims printed on the label.

Applicability in Developing Countries
Studies in Peru, Pakistan, and India have shown that supplementation with

probiotics is a feasible approach to reducing the incidence or shortening the
duration of acute diarrhea in developing countries. Difficulties arise, however,
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Table 6
Examples of Lactic Acid-Fermented Cereals (85,97)

Raw material* Product name Country/region Lactic acid bacteria Other microorgansisms

Maize, Ogi Nigeria/West Africa L. plantarum Saccharomyces busae
also sorghum or L. fermentum
millet L. delbrueckii

Maize Banku Ghana lactic acid bacteria unidentified Moulds
Maize, Kenkey Ghana lactobacilli related to L. fermentum Candida, Saccharomyces,

also rice or and L. reuteri Penicillum, Aspergillus,
sorghum Fusarium species

Maize, sorghum, Mawe South Africa L. fermentum, Candida krusei
or millet L. cellobiosis, Saccharomyces cerevisiae

L. brevis
Maize Pozol Southeastern Mexico L. plantarum Aerobic mesophiles

L. confusus Enterobacteriacea
Lactococcus lactis Yeast
Lactococcus raffinolactis Moulds
Leuconostoc mesenteroides

Sorghum Abreh Sudan Lactobacillus spp
L. mesenteroides
L. plantarum

Sorghum, millet, Uji Kenya/East Africa L. plantarum
maize or Leuconostoc mesenteroides
cassava

Millet, wheat Mahewou/Magou South Africa L. delbrueckii
L. bulgaricus
L. acidophilus
Streptococcus lactis

*Note that different sources list different raw materials for most of the products. Because each grain is associated with its own charac-
teristic lactic acid bacteria, the choice of grain also determines which bacterial strains are involved in fermentation.
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from the short shelf life and the need for refrigeration of many of the commer-
cially available products.

Nonviable microorganisms offer a more stable alternative. Heat-inactivated
LGG or L. acidophilus LB were shown to be effective in shortening the dura-
tion of acute rotavirus-induced diarrhea and diarrhea of unknown etiology
(11,35). Apart from one of these studies (11), there are few other examples of
direct comparisons of the in vivo activities of viable and nonviable bacteria. In
several studies, however, fermented products containing heat (or otherwise)
inactivated bacteria have been used as controls. These studies indicate that
nonviable bacteria or products containing them can exert some, but clearly not
all, of the same effects as live bacteria (36). It appears, however, that live bac-
teria have considerably greater immunomodulatory activities than their non-
viable counterparts. This could be attributable to the demonstrated ability of
viable bacteria to gain direct access to immune cells by translocating from the
intestinal tract into mesenteric lymph nodes and other extraintestinal sites. That
hypothesis is consistent with the observation that, upon parenteral administra-
tion, viable and nonviable bacteria activate the immune system to a similar
extent. This suggests that, for the purpose of modulating the immune system,
live bacteria are preferable.

In many African, Asian, and South American countries, there is a long tradi-
tion of using lactic acid-fermented preparations as weaning and therapeutic
foods (see Table 6 for examples of cereal-based fermented foods). There is
some interest in designing starter cultures for some of these products to ensure
that their nutrient content is preserved and their safety (absence of pathogenic
microorganisms) enhanced (37). It may be desirable to make probiotic status
one of the criteria in choosing bacterial strains for such starter cultures.
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KEY POINTS

• A considerable number of children under 5 yr of age in sub-Saharan Africa
are sick or die from infection with Plasmodium falciparum.

• Heavy uninterrupted exposure to P. falciparum leads to the development
of naturally acquired immunity (NAI) that protects first against death or
severe malaria, then against mild malaria (antidisease immunity), and
finally, against parasite infection (antiparasite immunity).

• The onset of NAI may be governed by parasitic factors (poor immunoge-
nicity or antigenic diversity, exposure-dependent), or by intrinsic host fac-
tors (age, exposure-independent).

• Interventions to control malaria that reduce exposure to P. falciparum (for
example, insecticide-impregnated bednets) diminish parasitemia and
related morbidity and mortality, but some exposure may be needed to
sustain NAI.

• NAI is primarily directed against the parasite in its asexual erythrocytic
stage.
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• Passive transfer of immune immunolglobin (Ig)G has demonstrated a
role for antibodies in protection, particularly cytophilic isotypes (IgG1
and IgG3).

• Agglutinating antibodies recognizing antigens on the surface of the
infected erythrocyte may contribute to NAI.

• Further research is required on the role of cell-mediated immunity and
cytokines in NAI in humans.

• Susceptibility to malaria is increased during pregnancy.
• Malaria during pregnancy causes anemia in the mother and low birth

weight in the baby.
• HIV infection increases the risk to malaria during pregnancy.
• Pregnant women in malaria endemic areas need to be protected with

insecticide-treated nets and prophylactic antimalarial drugs.
• Nutritional status is adversely affected by malaria.
• Undernutrition is associated with higher malaria-related morbidity and

mortality.
• Oral iron supplementation in prophylactic doses to infants in malaria

endemic areas is safe and efficacious, but it increases the risk of develop-
ing diarrhea.

Introduction
People living in malaria-affected areas are more likely to be undernourished

than those in nonmalarial areas. Because both conditions generally coexist,
they interact. That is, malaria can adversely affect nutritional status and nutri-
tional status can modulate susceptibility to malaria, creating a vicious circle in
which it is not always clear what is the cause and what is the consequence.
Relatively few studies have examined the nature of this interaction with an
adequate number of patients and some of the findings remain controversial.
Recent studies showed that nutrition strongly influences the disease burden of
malaria (1,2), but earlier ones suggested that undernourished children may be
protected from malaria (3). The groups at highest risk of being adversely
affected by malaria are children and pregnant women, who are also most vul-
nerable to undernutrition. Understanding the association between these two
populations is a priority. To better understand how nutrition and the immune
system can be altered by malarial infection and disease, this chapter first
reviews general aspects of immunity to malaria before discussing the particu-
larities of malaria immunity in children and pregnant women and the associa-
tion between nutritional status and malaria.

Malaria: The Parasite and the Disease
Malaria is an infectious disease caused by protozoan parasites of the genus

Plasmodium that is transmitted by female Anopheline mosquitoes throughout
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the tropical world. The World Health Organization (WHO) estimates that 4
billion people in approx 90 countries are at risk of becoming infected, and
300–500 million cases and 1–3 million deaths occur each year (4). Moreover,
these estimates have increased over the last three decades. Most of the disease
and deaths can be attributed to a single species—P. falciparum, although P.
vivax is important in Asia and Latin America. The highest morbidity and mor-
tality occur in sub-Saharan African children under the age of 5 yr, but a signifi-
cant number of adults including pregnant women are also affected.

Controlling the disease has proven to be very difficult because of the com-
plex life cycle of the parasite. Plasmodium requires a vertebrate and an inver-
tebrate host to complete its development, with a changing morphology and
antigenic composition in each life stage. A blood-feeding mosquito takes up
parasites in the form of male and female gametocytes contained within red
blood cells (RBC) that develop into gametes in the mosquito’s gut. Fertiliza-
tion produces zygotes that develop into motile ookinetes that burrow into the
gut wall to form oocysts. Immature sporozoites divide within the oocyst, and
then migrate to the salivary glands where they mature, ready to be inoculated
into the next host. After the bite, sporozoites spend less than 30 min in the
blood circulation before invading hepatocytes or being cleared by other tissues
of the body. In a hepatocyte, depending on the species of Plasmodia, a single
sporozoite develops into 30,000–40,000 merozoites (exoerythrocytic or
preerythrocytic stage), over 5–8 d or longer. Each merozoite, when released,
can invade a RBC. During the asexual or blood cycle, the parasite develops
inside the RBC over 2 (P. falciparum, P. vivax, and P. ovale) or 3 d (P. malariae).
The parasite changes its morphology from ring to trophozoite and finally sch-
izont. Six to thirty-two merozoites develop inside each schizont and, following
its rupture, each merozoite can continue the asexual cycle by invading a fresh
RBC. The blood phase includes a period of exponential growth in the number
of parasites within the host, but it takes several cycles of multiplication before
parasite numbers increase to levels detectable by microscopy. Finally, some
parasites undergo sexual differentiation into male and female gametocytes
(sexual stage) ready to make the transition from a vertebrate host to the next
blood-feeding mosquito.

In addition to the complexity of the life cycle, the diversity of the malaria
parasite is a significant problem for vaccine development. Within a single spe-
cies of Plasmodium, allelic polymorphisms originate the coexistence of differ-
ent genotypes, clones or so-called “strains.” Allelic polymorphisms give rise
to structurally distinct forms of particular proteins in different parasite clones.
In particular, genetic polymorphisms in certain protein loci are thought to lead
to the expression of antigenically distinct forms of the proteins (5). An alterna-
tive concept is phenotypic antigenic variation (6). Broadly, this refers to
changes in antigenic phenotype by regulated expression of different genes of a
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clonal population of parasites over the natural course of an infection. Life-
cycle-related antigenic changes are an example of this biochemical and
antigenic phenotypic variation. Antigenic variation in several species of Plas-
modium has been shown to be a feature of antigens expressed on the surface of
parasitized RBC (PRBC) (7).

Pathology of Malarial Disease

In malaria endemic areas, probably only a small proportion of people who
become infected with P. falciparum develop clinical disease. The reasons why
many infections remain asymptomatic or why a few symptomatic infections
evolve into severe illness are not understood. Clinical symptoms of malaria
often commence at about the same time or just before parasites are diagnosed
in blood by microscopy; more-sensitive detection by polymerase chain reac-
tion (PCR) can detect parasites up to 1 wk before they can be detected in slides
(8). In Africa, the majority of symptomatic infections occur between 6 mo and
5 yr of age (9). The most common clinical presentation of all malarias is acute
febrile illness. Other frequent symptoms are headache, anorexia and nausea,
myalgia, arthralgia, and general prostration. Typical signs are splenomegaly
and hepatomegaly. These are features of mild or uncomplicated malaria (UM).

The manifestations of severe malaria (SM), as defined by WHO criteria, are
highly variable and associated almost exclusively with P. falciparum infec-
tions (10). The spectrum of severe P. falciparum disease includes severe
malarial anemia (SMA), cerebral malaria (CM), acidosis, respiratory distress,
shock, apparent disseminated intravascular coagulation, renal failure, and pul-
monary edema. Some manifestations are more common in particular age groups
and/or geographical areas. CM is widespread in sub-Saharan Africa and South-
east Asia, and can occur in South America. In Africa, about 2% of malaria
cases between 6 mo and 5 yr of age are classified as severe, mainly involving
CM. A few CM cases also occur in the 5–10 yr old age group, and are only
occasionally reported in adults. In contrast, in Southeast Asia CM typically
occurs in adults as well as children. Anemia is common mainly in African
children and pregnant women. Organ failure mainly affects adults in Asia and
South America. Malaria mortality in African children, where the heaviest bur-
den of disease falls, is attributed mostly to CM and SMA. Other life-threaten-
ing conditions include pulmonary, kidney, and liver complications, and
malaria-induced metabolic acidosis.

Cerebral malaria is defined clinically as both the presence of coma and
malaria parasites (10). The mortality rate for CM is between 15 and 30% in
Africa. In addition, a consistent minority of survivors (5–20%) are discharged
with neurological sequelae (11), although one-half of these recover fully within
4–6 wk. Two phenomena have been considered in CM pathogenesis. First,
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adherence of PRBC to host cells, either endothelial cells in the post capillary
venules of the brain (cytoadherence) or circulating noninfected RBC (roset-
ting). Second, induction of host cytokines and their effects on brain tissues via
induction of secondary mediators, for example, nitric oxide (NO) and free
oxygen radicals. These phenomena are not mutually exclusive as suspected
causes of CM.

Severe malarial anemia is defined as a hemoglobin (Hb) concentration below
50 g/L, or a hematocrit (or packed cell volume) below 16%, in a patient with a
parasitemia above 10,000 trophozoites/mL of blood, although SMA can
develop at lower parasitemias (10). In most cases, blood transfusions improve
the clinical findings. Overall, mortality rates for children admitted with SMA
in hospitals with blood transfusion facilities range from 4.7 to 14–16% (12).
Regarding the pathophysiology of SMA, it is generally thought that the
destruction of RBCs is more than can be accounted for by the number of RBCs
infected and directly destroyed by parasites. In addition to RBCs lost by lysis
when schizonts rupture, various immunopathological mechanisms may
contribute to SMA. Parasite antigens, immune complexes containing them, or
autoantibodies could bind to unparasitized RBCs and accelerate their clear-
ance by cells of the macrophage/monocyte lineage in the spleen and liver, or
by complement-mediated lysis. Non-infected RBCs could also be damaged by
disease-induced free-oxygen radicals leading to rigidification of the RBC mem-
brane and thus their increased clearance by a hyperactive spleen. At the same
time, chronic release of tumor necrosis factor (TNF)- or other cytokines in
response to the infection could inhibit RBC development from bone marrow
stem cells (dyserythropoiesis) and alter the kinetics of RBC turnover. Alterna-
tively, blocking of bone marrow sinusoids with PRBC could also cause
dyserythropoiesis, which has been described both morphologically and func-
tionally in SMA patients. These findings have led to the idea that SMA may be
caused by a chronic process as well as by acute events (13). However, the
question of whether presentations with SMA are essentially acute episodes
related primarily to uncontrolled exponential parasite growth, or whether they
are cases of chronically progressive anemia that finally crosses some critical
threshold, remains unsolved.

Naturally Acquired Immunity (NAI)
People living in malaria endemic areas who are exposed to repeated P.

falciparum infections from infancy develop immunity to the disease later in
life. Children are more susceptible to clinical malaria and also to the more
severe life-threatening forms of the disease, and have the highest mortality
rates. Adults in endemic areas, although often harboring low, but detectable,
numbers of parasites in the blood, rarely develop clinical symptoms or die as a
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result of the infection. This form of NAI to the disease, also referred to as
“premunition,” “clinical tolerance,” or “antitoxic/antidisease immunity,”
develops slowly over years and is never complete. There is, generally, also a
substantial decrease in the parasite load in infected adults, indicating an
“antiparasite immunity” component malaria in protection that develops with
age. Parasite density is linked to disease, and diminished parasite counts almost
certainly contribute to diminished risk of disease. The dominant factor driving
protection from disease may be specific to effectors that diminish parasite num-
bers, but the activity of other effectors, for example, responses that diminish
proinflammatory cytokines, remain possible as well.

In naïve individuals of any age acutely infected with malaria, clinical dis-
ease almost always appears with relatively low densities of parasitemia, even
when subpatent. However, in highly endemic areas, the patterns of disease are
sometimes distinct from parasitemia, and both are age-dependent. Among very
heavily exposed children, high-density parasitemia may occur in the absence
of obvious clinical symptoms. The greatest disease risk for these children is
SMA rather than CM. Adults in such areas rarely have high-density para-
sitemia, but their risk of disease is higher when they do.

In holoendemic Africa, onset of clinical immunity requires 10–15 yr of
roughly five infections per year. The seemingly long period required to achieve
protection is probably dependent on age and exposure, but the prevailing com-
ponent has not been conclusively explained. On one hand, the malaria parasite
may be poorly immunogenic at inducing protective responses. On the other
hand, if immunity is essentially strain-specific, a long period could be required
to be exposed to a large repertoire of diverse strains (14). An alternative
hypothesis, based largely on the observations of malaria-naïve Javanese
transmigrants in Indonesian Papua, attributes the onset of clinical immunity to
recent heavy exposure and development of a strain-transcending immune
response governed predominantly by the stage of physiological development
of the human host independent of lifelong exposure (15). Thus, a mature
immune system could allow an adult to acquire immunity more rapidly than a
child under the same level of exposure. In the context of modeling NAI for
vaccine development, it is crucial to distinguish between these hypotheses in
order to understand the molecular and cellular events that drive the onset of
clinical immunity.

Epidemiological Considerations: The Effect of Exposure

The intensity of exposure to biting infectious mosquitoes, measured by the
entomological inoculation rate (EIR), influences the distribution of malaria
morbidity and mortality within communities. In general, the more intense the
transmission, the earlier and more confined the age range of susceptibility to
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disease. Thus, in high endemic areas, risk of SM is limited to visitors, infants,
small children, and pregnant women, whereas in low endemic areas almost all
exposed people are at risk of debilitating or severe disease.

EIR is associated with parasitemia density: increased exposure to infected
mosquitoes can lead to more sporozoites reaching the liver, and consequently,
more parasites developing to mature liver-stage schizonts, which then rupture
resulting in more PRBCs. A high density of P. falciparum asexual parasitemia
correlates with SM (10), which is linked to risk of death. Therefore, interven-
tions that reduce P. falciparum transmission intensity can reduce high-density
parasitemia and related morbidity and mortality. Indeed, insecticide-impreg-
nated bednets reduce the prevalence or incidence of parasitemia and provide
protection against morbidity and mortality attributable to malaria (16). The
intensity of transmission also influences the risk of SM: the risk of CM or
SMA is lowest among children with the highest transmission intensities, and
highest among those exposed to low to moderate intensities of transmission
(17). To avoid the possibility that interventions to diminish risk of infection
could increase the risk of poor clinical outcomes, these interventions would
have to push the attack rate below the threshold of risk of SM without crossing
the threshold of exposure needed to sustain NAI.

Epidemiological Considerations: The Effect of Age

The prevalence and density, but not incidence, of infection decrease with
age. This is mainly caused by the development of antiparasite immunity that
restricts the density of asexual parasitemia. In children less than 1 yr of age, the
prevalence and density of P. falciparum infection, and the incidence of overall
fevers and of malaria-associated fevers, increase with age for the first 6 mo of
life and then gradually decline. In highly endemic areas, parasitemia peaks in
children under 5 yr old and subsequently declines in an age-dependent manner.

Innate age-related distinctions, about which very little is known in the con-
text of malaria, may have a dominant effect on the clinical course of disease.
Studies of transmigrants in Indonesian Papua have suggested that age-depen-
dent immunity occurs in both acute and chronic exposure to infection, with
apparently critical effects on the course of infection that differ sharply between
children and adults (15). The adult immune system apparently develops clini-
cal immunity more rapidly and completely than in children under chronic heavy
exposure. However, the adult immune response to acute heavy exposure seems
to put them at much greater susceptibility to SM. A relatively exaggerated
production of proinflammatory cytokines by adult humans in response to a
primary infection by P. falciparum that wanes with continued exposure could
explain these differences.
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Epidemiological Considerations: Patterns of Severe Disease

The incidence of CM and SMA differ with age and vary with endemicity. In
African children, the peak of SMA occurs within the first 2 yr of life, whereas
CM occurs later, between 3 and 4 yr of age. Different levels of NAI could
influence the different age patterns of disease severity, for example, children
who develop CM may have “less” immunity than children who develop UM,
but there is no evidence to support this possibility. Alternatively, the gap of
several years before an increased probability that a P. falciparum infection
gives rise to CM is compatible with the idea that a degree of immunological
sensitization by prior malaria infections could predispose an individual to
developing CM. Another possibility is that particular P. falciparum strains may
differentially predispose to CM, SMA, or UM (18) by exhibiting phenotypes
associated with varying degrees of “virulence,” for example, the ability to
invade RBCs, to adhere to endothelial cells, or to stimulate TNF- .

Naturally Acquired Immunity in Children

An estimated 2% of African children succumb to death caused by malaria
before the age of 5 yr (19). The protection afforded by NAI manifests first
against death or SM, followed by a gradually diminishing risk of even mild
attacks that mostly plateaus during or soon after puberty. After birth, the preva-
lence of parasitemia increases sharply with age. For the first few months of
life, children may be resistant to SM. Although almost always challenged and
infected, mortality among infants less than 3 mo of age rarely occurs in
holoendemic areas. This protection is thought to be associated with the pres-
ence of maternal antibodies (Ab). Immunoglobin (Ig) G is acquired by the fetus
in utero, mainly during the third trimester of pregnancy, and IgG levels
decrease from birth until about 4 mo of age. Inhibitory factors against in vitro
growth of P. falciparum such as lactoferrin and secretory IgA have been dem-
onstrated in breastmilk and maternal and infant sera (20). Begining at 3–4 mo
of age, young children become susceptible to SM and death. Between 4 and
6 mo of age, almost all infants are seronegative. Consequently, the risk of clini-
cal disease increases from birth to about 6 mo of age, depending on the trans-
mission rate. At about 2–5 yr of age, the frequency of clinical disease begins to
diminish and risk of mortality sharply decreases. The age of onset of this protec-
tion is somewhat earlier with heavier transmission, but rarely occurs before the
age of 2 yr. In holoendemic areas, the presence and density of parasites at any
given time does not correlate well with clinical disease. Children may have
high parasite loads but no symptoms, or disease with low parasitemias. At the
age of peak parasite prevalence, the number of clinical attacks of malaria per
year and the risk of mortality dramatically declines. From adolescence onwards
SM very rarely occurs.
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Mechanisms of Protective Immunity

Parasites can be killed by effector mechanisms from both the innate and the
adaptive immune system, but the relative contributions of each have not been
established. Effector cells of innate immunity such as tissue macrophages,
monocytes, and granulocytes may have an intrinsic antiparasitic activity, for
example, phagocytosis of sporozoites when they enter the body. Cytokines such
as TNF- induced by parasite products released by rupturing schizonts
(exoantigens) in monocytes and macrophages and interferon (TFN)- secreted
by T-cells or natural killer (NK) cells may act by activating macrophages and
neutrophils to kill parasites via reactive oxygen or nitrogen intermediates, pri-
marily L-arginine-derived NO (21). TNF- and NO can have both harmful and
beneficial effects in the infected host, depending on the amount produced.
Soluble malaria antigens containing phosphatidylinositol moieties, for
example, glycosylphosphatidyl-inositol anchors on plasmodial proteins, can
be responsible for the toxic overproduction of TNF- implicated in disease
severity. Other mechanisms proposed for high concentrations of TNF- are
IgE elevation (22) or low interleukin (IL)-10 concentrations (23). Periodic
fever, produced when large numbers of PRBC rupture, is the most characteris-
tic feature of malaria, and infected individuals have elevated levels of the
endogenous pyrogens, TNF- , IL-1, and IL-6. Febrile temperatures may be
acting as density-dependent regulators of the growth of intraerythrocytic P.
falciparum (24).

Little is known about the protective underlying mechanisms for acquired
immunity. Both humoral and cellular mechanisms have been implicated: Ab
target extracellular parasites and block their capacity to invade new cells, and
cell-mediated responses prevent the development of intracellular forms. The
widespread persistence of patent parasitemia in asymptomatic individuals resi-
dent in malaria-endemic areas suggests that NAI is primarily directed against
the parasite in its asexual erythrocytic stage and does not effectively block
sporozoite invasion or intrahepatic development.

Mechanisms of Asexual Erythrocytic Stage Immunity–Antibody
Responses

Evidence suggests that circulating extracellular merozoites are the primary
targets of the protective immunity conferred by the passive transfer of immune
serum. The reduction in parasitemia occurs following schizogony, and the
serum does not appear to be effective against trophozoites or gametocytes (25).
Considerable evidence has accumulated which supports a role for Ab in the
protective immunity directed against the asexual erythrocytic stage of Plasmo-
dia. Classical passive transfers of immune Ab demonstrated that IgG protect
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against malarial infection. Transfer of pooled -globulin from West African
immune adults into West African (25), East African (26), or Thai (27) children
acutely infected with P. falciparum caused a marked reduction in parasitemia
and clinical symptoms. Some evidence shows that this protective immunity is
mediated by cytophilic Ab of the IgG1 and IgG3 isotypes, in association with
monocytes. These Ab had no direct effect on the invasion or intraerythrocytic
development of P. falciparum, as assessed by the in vitro growth inhibition
assay, but induced a marked specific inhibition of parasite growth in the pres-
ence of monocytes in an Ab-dependent cellular inhibition assay (28). Cyto-
philic Ab cooperated with monocytes in vitro via Fc receptor to produce
TNF- . In West Africa, analysis of the Ab isotype predominating in individu-
als with defined clinical states of resistance or susceptibility to malaria revealed
that cytophilic IgG1 and IgG3 isotypes predominated in immune individuals,
compared with individuals experiencing a primary clinical attack (29). The
data supporting the relevance of IgG1 and IgG3, but not IgG2 or IgG4, sub-
classes in NAI against P. falciparum, have led to hypothesizing that during
childhood nonprotective Ab isotypes may block the activity of protective
isotypes, and thus explain the age-related acquisition of immunity (29).

Ab agglutinating PBRC have also been associated with reduced episodes of
clinical disease (30). Such Ab could agglutinate the merozoite at rupture of
mature schizonts, and block merozoite invasion of new RBC. Apart from the
above, other putative effector mechanisms involving Ab can be envisaged: (i)
direct damage to free parasites, either by themselves or by activating the
complement system; (ii) neutralization of a parasite function, for example,
block its adherence and/or subsequent invasion to a host cell; (iii) neutraliza-
tion of harmful toxins released from PBRC; and (iv) enhancement of phagocy-
tosis by macrophages, which could be increased further by the presence of
complement.

Given the complexity of the parasite and the multitude of immune responses
that can be involved, it is unlikely that a single immune response directed
against a single antigen expressed during one stage of the parasite’s life cycle
is responsible for the NAI against malaria. The publication of the P. falciparum
genome will hopefully lead to the discovery of the targets of protective immu-
nity. Possible targets antigens of erythrocytic stage immunity characterized
thus far include: (i) merozoite surface proteins (MSP1, MSP2, other MSPs);
(ii) soluble proteins associated with the merozoite surface or exported to the
parasitophorous vacuole during the later stages of parasite intracellular devel-
opment (SERA; Exp-1, HRP-2, MSP-3, GLURP, ABRA, S-antigen); (iii) pro-
teins in the apical organelles (AMA-1, RAP-1, RAP-2, EBA-175); and (iv)
proteins in the surface of PRBC (PfEMP-1, rifins) (31).
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Mechanisms of Asexual Erythrocytic Stage Immunity–Cellular Immunity

Most of the research on cell-mediated immunity in malaria has been done in
rodent models, and the understanding of cellular mechanisms in humans is
limited. CD4+ T-cells are thought to regulate the immune response to erythro-
cytic stage antigens (32). In vitro stimulation with parasite extracts or antigens
induce T-cell proliferation and/or cytokine secretion (for example, IFN- , IL-4),
which not always correlate with antigen-specific Ab levels. In addition, CD4+

T-cells may provide T-cell help for Ab production.
T-cells from malaria-naïve individuals may also proliferate and/or release

cytokines in response to in vitro stimulation with parasite extracts (33), pre-
sumably as a consequence of crossreactive stimulation with other pathogens.
Additionally, in endemic areas, asymptomatic falciparum infections have been
associated with spontaneous apoptosis of the host lymphocytes in vitro that
could be modulated by different cytokines (34).

Lymphopenia, which is a lower numbers of T-cells in the peripheral circula-
tion, is a feature of acute falciparum malaria, presumably because of sequestra-
tion in lymphoid organs in response to the infection (35). Another feature of
malaria is a transient inability of peripheral T-cells to respond to antigenic
stimulation in vitro that could be explained by the reallocation hypothesis or,
alternatively, by some immunosuppressive mechanisms (35). Finally, increased
levels of circulating soluble markers of T-cell activation in acute malaria, for
example, IL-2 receptor, CD4, and CD8 have suggested a systemic T-cell acti-
vation that correlates with disease severity (36).

Malaria During Pregnancy
Epidemiology (37)

Pregnant women are at increased risk of falciparum malaria compared with
nonpregnant women, male adults, or the same women before pregnancy. These
observations are consistent across all malaria-endemic areas in Asia, Latin
America, and Africa.

The negative effects of malaria in the woman and her fetus depends on the
level of prepregnancy immunity against malaria, which in general reflects the
level of exposure to the infection. In areas of low and unstable endemicity,
malaria may be a common cause of maternal and perinatal mortality, whereas
it is rarely a direct cause of death in settings of stable transmission, where
pregnant women can be considered semiimmune. In the latter situation, how-
ever, malaria may indirectly contribute to maternal, perinatal, and infant death
through the development of severe anemia in the mother and low birth weight
in the fetus.



254 Menéndez and  Dobaño

Another important epidemiological aspect is the effect of parity on the sus-
ceptibility and severity of malaria infection. Parity influences vulnerability to
the infection with lower risk with increasing parity. This is especially marked
in areas of stable transmission. Younger age, independent of parity, has been
associated with increased risk. The prevalence of infection and parasite density
is highest in the first half of pregnancy and decreases progressively until deliv-
ery. Usually, the prevalence of infection in the postpartum period is similar to
that before pregnancy.

In general, pregnant women with the Hb genotype AS, whose prevalence
may be up to 40% of the adult population in some sub-Saharan countries have
been found to have similar parasite prevalence and risk of infection compared
with those with the Hb genotype AA.

Effects of Malaria During Pregnancy (see Table 1)

On the Mother

The consequences of maternal malaria vary depending on the level of NAI
against the infection and parity. In general, severe complications of P.
falciparum infection, such as CM, affect mainly nonimmune women of all pari-
ties. Semiimmune primigravidae suffer mild clinical episodes, whereas multi-
gravidae are relatively symptom-free (38). However, this classical clinical
pattern is changing in some malaria endemic areas because of the AIDS epi-
demic. HIV+ pregnant women are more likely to suffer severe malaria infec-
tion and disease regardless of their parity (39).

In all areas, malaria infection during pregnancy causes anemia, being more
frequent in lower parity groups. Anemia contributes indirectly to maternal
mortality. Up to one-third of maternal deaths are related to SMA in malaria
endemic areas (Bernard Brabin, personal communciation).

On the Fetus

Abortion and stillbirth rates can be high during malaria epidemics and in
nonimmune women (40). These consequences are more difficult to establish in
stable endemic regions. In all areas, maternal malaria may be associated with
reduced birth weight, being most marked in first-born children. This may result
from intrauterine growth restriction (IUGR), premature delivery, or both (41).
Congenital malaria may occur in all endemic areas, although it is said to be
more common during malaria epidemics (42).

On the Infant

Data are lacking for the effects of malaria during pregnancy on subsequent
mortality and morbidity in the infant. Maternal anemia is a risk factor for peri-
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Table 1
Effects of Malaria During Pregnancy

Malarial endemicity

Effects of malaria Low or unstable High or stable

On the mother
Severe disease, including deatha (++)b (+) (indirectly through anemia ?)
Acute disease/anemia (+++) (everyone) (+++) (mainly primigravidae)c

Placental infection (–) (+++) (mainly primigravidae)c

On the fetus
Abortion/perinatal death (++)
Intra uterine growth retardation (+++) (everyone) (+++) (mainly primigravidae)c

Prematurity (++) (++) (mainly primigravidae)c

Congenital infection (++) (+)?
On the infant

Increased risk of death ? ?
Increased/decreased susceptibility ? ?

to malaria
aprobably more frequent in HIV+ women
b(–), rare; (+), infrequent; (++), not infrequent; (+++), frequent; ?, not known
calso frequent in HIV+ multigravidae
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natal mortality, and may also influence the infant’s morbidity and mortality by
reducing the baby’s birth weight. Malaria infection during pregnancy may also
influence the risk of death and disease during the first year of life by directly
inducing growth retardation and/or prematurity. Infants born with IUGR fre-
quently show impaired cell-mediated immunity, which may adversely affect
their chances of survival by increasing the susceptibility of infections includ-
ing malaria. Finally, as for other infections, the influence of in utero exposure
to malaria antigens on the postnatal response to the infection remains to be
established. It could be either beneficial or harmful depending on the intensity
of the infection and the gestational time at which the first exposure occurs (37).

The Placenta in Malaria Infection

The placenta is a preferential site for parasite invasion during malaria infec-
tion, especially in primigravidae semiimmune women. Parasite densities may
be several times higher in the placenta than in peripheral blood. The infection
is accompanied by an intense inflammatory reaction in the placental intervil-
lous spaces (43).

Mechanisms for the Increased Risk

During pregnancy, there is a physiological immune adaptation that develops
to prevent the rejection of the immunologically different fetus.

Immunological Mechanisms

HUMORAL IMMUNITY

Although mean IgG titers fall progressively as pregnancy advances, this
seems to be a relative rather than absolute decrease, probably explained by the
hemodilution in the second half of pregnancy (37). Humoral responses to vac-
cination are intact in pregnant women and do not differ by parity group, which
suggests that an impaired humoral immunity does not explain the increased
susceptibility to malaria infection observed in pregnant women (37).

CELL-MEDIATED IMMUNITY

Cell-mediated immunity is depressed transiently during pregnancy owing to
the increased production of hormones and proteins that occur as part of the
adaptive process essential to maintaining gestation. Among the hormones,
cortisol and oestrogens have been primarily associated with in vitro suppression
of cell-mediated responses (37). Although cortisol levels are increased in preg-
nant women, especially primigravidae, the general immunodepression they
induce does not adequately explain the consistent preference for placental
infection. Oestrogens are found in higher titers in the placental intervillous
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spaces than in peripheral plasma and are also higher in primigravidae com-
pared with other parities. Thus, they might better explain the epidemiological
observations (37). However, more information is needed to establish their exact
role in parasite invasion.

Parasite Factors

In vitro studies have shown cytoadherence of a particular subpopulation of
P. falciparum parasites to adhesion molecules present on the trophoblastic
tissue (Condroitin sulphate A), which may also explain the mechanism for
placental infection during pregnancy (44).

Mechanical Factors

Another explanation is the accumulation of maternal PRBCs in the intervil-
lous spaces giving rise to mechanical sequestration.

Entomological Factors

Higher exposure to mosquitoes of the pregnant woman related to behavioral
and physical changes are also through to contribute to the increased risk of
malaria during pregnancy (45).

Malaria Control During Pregnancy

The current WHO recommendation for malaria control during pregnancy
(46) rely on the combination of the following strategies.

• Adequate case management of the clinical episode with effective and safe
antimalarial drugs.

• Use of insecticide treated nets and other materials.
• Chemoprophylaxis through intermittent preventive treatment (IPT) in

areas of stable endemicity, which is the administration of an antimalarial
at specified intervals during pregnancy. At present, the only recommended
antimalarial to be used in IPT is sulfadoxine-pyrimethamin; one dose to
be administered at the beginning of the second trimester and the second
during the third trimester.

Malaria and Nutrition
The association between malaria infection and nutrition is complex and the

exact mechanisms have not been fully elucidated. Early observational studies
noted that malaria episodes were associated with loss of weight in children (3).
Another report suggested that undernourished children were protected against
malaria infection and disease including CM (47). Two recent studies, however,
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showed that undernutrition was associated with increased malaria mortality
(48) and more severe malaria-associated anemia (1).

The causal association between malaria infection and nutrition can only be
established through malaria control intervention studies, in which the nutri-
tional status of protected and unprotected individuals is compared. Results from
these studies suggest that protection against malaria infection is followed by
an improvement in anthropometric parameters mainly observed in children (2).
Undernutrition may increase malaria severity and malaria infection may nega-
tively affect nutritional status by reducing appetite (49) and increasing meta-
bolic demands (50) among other factors.

Malaria and Iron

The safety of administering iron to individuals exposed to malaria has long
been questioned. The discussion is based on the findings of a report showing
an increased risk of malaria infections or episodes in individuals receiving iron
therapy (51). However, a meta-analysis of iron intervention studies concluded
that iron supplementation did not significantly increase the incidence of infec-
tions (incidence rate ratio and incidence rate difference), irrespective of the
quality of survey methods, methods of surveillance, route of iron supplementa-
tion, duration of supplementation, geographic location of the study population,
or the baseline Hb concentration of the iron-supplemented group (52).

Several practical conclusions can be drawn from the scientific evidence in
relation to iron supplementation and malaria.

• Parenteral iron should be avoided because it increases the risk of malaria
in pregnant women and infants and Gram-negative sepsis in neonates.

• Oral therapeutic iron should be administered concurrently with or pre-
ceded by effective antimalarial therapy.

• Prophylactic iron can be given to pregnant women exposed to malaria. An
exception is women with Hb genotype AS because administration of iron
in prophylactic doses is associated with no hematological improvement
and with an increased risk of placental malaria infection.

• Prophylatic iron can be safely administered in low doses during the first
year of life.

Malaria and Vitamin A

Vitamin A deficiency is prevalent in many developing countries including
those where malaria is also endemic. Vitamin A supplementation reduces over-
all child mortality and the WHO recommends it as part of routine primary
health care in developing countries. Plasma retinol has been negatively corre-
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lated with falciparum parasitemia (53), but this could reflect an acute phase
response rather than liver depletion (54). Vitamin A supplementation to malaria
exposed children reduced the risk of malaria episodes in an intervention study
in Papua New Guinea (55), but this finding was not confirmed in Ghana (56).
No conclusions can be drawn about the effect of vitamin A on malaria risk.

Malaria and Zinc

A study among Malawian children and pregnant women exposed to malaria
reported inverse associations between zinc status and falciparum parasitemia
(57). An intervention study of zinc supplementation to children in Papua New
Guinea found a reduction in the risk of malaria episodes in children receiving
the supplements (58), but this was not confirmed in a similar study in Burkina
Faso, West Africa (59). As with vitamin A, the interaction between zinc and
malaria infection is not fully understood and more studies are needed before
recommendations of zinc supplementation can be made.

Malaria and Folic Acid

Low infection rates were reported in pregnant women consuming a diet high
in folates, and greater infection rates were reported in those with megaloblastic
anemia (60). However, malaria itself may induce folate deficiency. Some folic
acid supplementation trials found no effect on malaria anemia (61). In contrast,
children experiencing malaria episodes who were treated concurrently with
pyrimethamine-sulfadoxine, an antimalarial with antifolate properties, and
high-dose folate supplements had increased frequencies of malaria parasitemias
(62). Whether this happens when folic acid is administered at the lower WHO-
recommended dosage is unknown.

Malaria and Riboflavin (Vitamin B2)

Riboflavin-deficient children and adults are less likely to be infected with
malaria parasites (63). However, studies in animals found that high-doses of
riboflavin suppress parasite growth, suggesting that high-dose riboflavin
therapy may be beneficial for malaria patients. This potential use of riboflavin
remains to be studied in humans.

Conclusion
Adults living in malaria hyper- and holoendemic areas develop an immunity

that is effective against severe disease and death. Children in sub-Saharan
Africa suffer the greatest malaria morbidity and mortality. Apart from good
empirical evidence that IgG is involved, there is no consensus on what
constitutes the key determinants of protection or the mechanism(s) of
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immunity. Vaccine strategies aimed at inducing an adult-like immune status
and duplicating the protection achieved by NAI in endemic areas would greatly
diminish disease and death caused by P. falciparum in young children.

Pregnant women are vulnerable to both malaria infection and undernutri-
tion. In stable malaria endemic areas, primigravidae and adolescent pregnant
women are particularly susceptible to the infection owing to factors not yet
well understood. In general, pregnant women require special attention by
nutritional and malaria control programs.

The interaction between malaria infection and nutrition is complex. Malaria
control intervention studies have consistently shown improvements in nutri-
tional status in the protected groups, suggesting that the adverse effects of
malaria on nutritional status are probably caused by the combined effects of
decreased appetite and increased metabolic demands. Undernutrition is associ-
ated with poor outcome in infected individuals, but the mechanisms remain
unclear. It is speculated that the immunomodulatory properties of different
micronutrients are likely to be relevant in this interaction, but little is known
about their metabolism in malaria infection. Despite the lack of definitive
knowledge, the implementation of programs both to improve the overall nutri-
tional status of populations exposed to malaria, especially the most at-risk
young children and pregnant women, and to control malaria is essential to
reduce the burden of malaria mortality and morbidity.
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KEY POINTS

• Acute respiratory infections (ARI) cause more than 25% of all deaths in
children under the age of 5 worldwide. Two-thirds of these deaths are as a
result from pneumonia.

• Severe disease is an outcome of frequent exposure to pathogenic organ-
isms, virulence, and host susceptibility.

• High acquisition rates of Streptococcus pneumoniae and Haemophilus
influenzae by the upper respiratory tract predispose to pulmonary invasion.

• S. pneumoniae and H. influenzae capsular polysaccharide determines
invasiveness and immunogenicity of these organisms. Polysaccharide is a
weak immunogen in infants.
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• The lungs are protected by an integrated set of biologic, mechanical,
phagocytic, and immunologic defenses with built-in redundancies.

• The major risk factors for severe ARI are poor nutrition, indoor smoke
pollution, and substandard living conditions.

• Undernourished children, very young infants, and HIV-infected children
are susceptible to invasion by many different opportunistic pathogens.
Nevertheless, S. pneumoniae and H. influenzae are the most important
pathogens.

• Conjugate polysaccharide vaccines are effective in preventing pneumonia
from S. pneumoniae and H. influenzae, but are too expensive for use in
developing countries.

• Reduction of mortality from ARI depends on an integrated approach
including promoting good nutrition, immunizing infants, controlling HIV
transmission, and standardizing case management with selective treatment
of pneumonia with antibiotics.

Introduction (1)
Acute respiratory infections (ARI) are the leading cause of death in children

worldwide. Most ARI deaths are caused by pneumonia. The most recent data
relate to 1998 when ARI caused 1.9 million child deaths, but a further 1.1
million ARI deaths were caused by specific diseases including 67% of all
measles deaths, 83% of all pertussis deaths, and 25% of AIDS deaths in chil-
dren. A further 10% of perinatal deaths were a result of pneumonia. All told,
28% of the estimated 10.8 million deaths in children under the age of 5 yr were
caused by ARI and almost all of them occurred in developing countries.

ARI range in severity from the common cold to life-threatening pneumonia
and are the most common cause for attendance at health services. Children in
both developing and developed countries experience four to eight “coughs and
colds” each year, but the incidence of severe ARI is 10–30 times higher in
developing countries. Two bacteria–Streptococcus pneumoniae (pneumococ-
cus) and Haemophilus influenzae—are responsible for two-thirds of all severe
ARI cases.

A public health approach to ARI was slow to develop. In the early 1980s,
the World Health Organization (WHO) sponsored research that defined the
causative agents of severe disease in developing countries to standardize case
management. The results showed that selective antibiotic treatment of severe
ARI could reduce population mortality by 20–35%. A systematic review of
risk factors identified interventions most likely to reduce severe disease and
death. New vaccines were evaluated. In the early 1990s, ARI, along with diar-
rhea, malaria, measles, and undernutrition, were included in the WHO strategy
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for the integrated management of childhood illness (IMCI) that shifted the
emphasis of case management from specific diseases to the sick child.

This chapter describes the interventions to control ARI as well as the rea-
sons for the high morbidity and mortality rates found in developing countries.
Severe ARI is the outcome of three sets of interacting factors. First, the fre-
quency of exposure to pathogenic organisms. Second, virulence, which is the
relative ability of organisms to cause severe disease. Third, host susceptibility.

Anatomical Classification and Pathology (2–4)
Official reports of morbidity and mortality are based on the International

Classification of Disease. ARI are grouped into three categories, namely, acute
upper respiratory infections, influenza and pneumonia, and other acute lower
respiratory infections. Specific infections are grouped separately as are perina-
tal conditions.

It is standard clinical practice to classify ARI first by the anatomical site of
maximum inflammation and second by causative agent (see Table 1). Inflam-
mation of the respiratory system is a threat to life at three levels: at or about the
larynx or glottis, in the bronchioles, and within the alveoli. Inflammation of
the first two leads to obstruction of the airways, and of the third to diminished
capacity to exchange gases. The work of respiration is increased either because
of obstruction or of increased stiffness of the lungs.

In infancy, the airways are most narrow just below the larynx. Inflammatory
swelling, typically from a viral laryngo-tracheo-bronchitis (croup) causes stri-
dor—a harsh inspiratory sound. The effort of respiration brings accessory
muscles of respiration into play and the child is seen to be in extreme distress.
The whoop, heard in about one-third of cases of pertussis, is the sound of inha-
lation through an obstructed glottis following a paroxysm of coughing.

Bronchiolitis, commonly associated with respiratory syncytial virus (RSV)
infection, leads to trapping of air, hyperinflation, and an expiratory noise or
wheeze: respiratory effort is directed at the act of expiration.

S. pneumoniae and H. influenzae stimulate an outpouring of exudate into the
alveoli, in which it is spread throughout the lungs. This results in a segmental
or lobar pneumonia. At autopsy, pneumonic lung is solid and airless, and is
described as being consolidated. Bronchopneumonia is caused by invasion of
alveoli from the airways by bacteria frequently less virulent than those causing
lobar pneumonia. Bacterial pneumonias cause dense opacities in chest radio-
graphs. Infection with staphylococcus and Gram-negative bacteria may cause
abscesses or empyema (pus in the pleural cavity).

Viral pneumonia causes lymphocytic infiltration of the interstitium and has
a cytopathic effect in alveolar and bronchial cells. Typically, viral pneumonias
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Table 1
Anatomical Classification of ARI by Site of Maximum Inflammation

Acute upper respiratory infections
• Nasopharyngitis (common cold, coryza)
• Otitis media
• Pharyngitis (sore throat)
• Tonsillitis
• Sinusitis (especially of the faciomaxillary sinuses)

Acute lower respiratory infections
• Epiglottitis
• Laryngitis
• Bronchitis
• Bronchiolitis
• Pneumonia

cause nodular or reticular opacities in chest radiographs. The radiographic
appearances of bacterial and viral pneumonia overlap, however, and neither
pattern is absolutely diagnostic.

WHO Clinical Classification (2)
Clinical Decision-Making

The WHO clinical classification is a severity-based classification that was
developed for health workers untrained in auscultation and without access to
radiography or laboratory support. It is used to make decisions about whether a
child requires antibiotics and whether a child should be admitted to the hospi-
tal. It sets the criteria for referral between different level health facilities.

A history of cough or difficult breathing suggests that a child may be suffer-
ing from pneumonia. Fast breathing is the single most specific sign of pneumo-
nia. Cut-off points are 60 breaths/min in infants under 2 mo old, 50 breaths/
min in infants 2–11 mo old, and 40 breaths/min in children 1–4 yr old. Chest
indrawing indicates severe pneumonia. It is a paradoxical movement of the
lower part of the chest wall, flexible in infancy, which is drawn inward during
inspiration. It is caused by increased work of respiration resulting in increased
negative intrapleural pressure. It is to be distinguished from, but often associ-
ated with, indrawing of supracostal and intercostal soft tissues. The presence
of these signs increases the specificity of the diagnosis.

Stridor in the calm child and central cyanosis are indications for immediate
admission. A neonate with fast breathing or chest indrawing requires admis-
sion. A child over 2 mo old with chest indrawing also requires admission. A
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Table 2
Summary of the Clinical Classification and Management

at the Periphery of the Child 2–59 mo With a History of Cough or Difficult Breathing

Clinical Signs Classification Management

Danger signs:
• Convulsions this Very severe disease Admit to hospital for treatment

illness and investigation
• Lethargic or

unconscious
• Unable to drink

or breastfeed
• Vomits everything

Respiratory signs:
• Chest indrawing Severe pneumonia Admit to hospital for antibiotics
• Cyanosis
• Stridor in the

calm child
Fast breathing Pneumonia Treat with antibiotics at home
None of the above Cough or Cold Symptomatic treatment

child over 2 mo old with fast breathing, but not chest indrawing, has pneumo-
nia and can be treated with antibiotics at home. Children with a history of
cough or difficult breathing, but with none of these signs, have a “cough or
cold” and should be treated symptomatically.

The IMCI also identifies certain danger signs that may be associated with
pneumonia or with a nonrespiratory bacterial infection. Classification and man-
agement of children 2–59 mo old and of infants under 2 mo old are summa-
rized in Tables 2 and 3.

Epidemiological Studies

The clinical classification is used increasingly as an outcome measure for
epidemiological studies. In this classification, pneumonia refers to a mix of
conditions including laryngeal obstruction, bronchitis, bronchiolitis, and pneu-
monia. Many such cases will not have radiographic signs of pneumonia. Acute
lower respiratory tract infection (ALRI) is a more appropriate term.

The global estimates of mortality referred to at the beginning of the chapter
depend heavily on the use of verbal autopsies (3). In general, the higher the
mortality rate in a country, the more likely it is that a child will die without
making contact with the health services. Verbal autopsy diagnoses are based
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Table 3
Summary of the Clinical Classification and Management of Severe

Bacterial Infection and ARI at the Periphery for the Infant Under 2 mo of Age

Clinical Signs Classification Management

Danger signs:
• Convulsions this Possible severe Admit to hospital for

illness bacterial infection treatment and investi-
gation

• Lethargic or
unconscious

• Less than normal
movement

• Unable to feed
• Bulging fontanelle
• Pus draining

from ear
• Fever or

hypothermia
Respiratory signs:

• Severe chest Severe pneumonia Admit to hospital for
indrawing antibiotics

• Nasal flaring
• Grunting
• Fast breathing
• Stridor in the

calm child
Local signs:

• Red umbilicus Local bacterial infection Admit to hospital for
or draining pus antibiotics

• Skin pustules
No fast breathing; Cough or cold Symptomatic treatment

no signs of
pneumonia

on field surveys and retrospective histories taken from mothers. Essentially,
the diagnosis of ALRI depends on a history of cough and difficult breathing.
The coexistence of malaria and measles reduces the specificity of the diagno-
sis. The tendency is to over diagnose if a study focuses on ALRI to the exclu-
sion of other conditions.
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Etiologic Agents of Respiratory Disease
Known Etiologic Agents

An extraordinary number of organisms are capable of invading the respira-
tory tract (see Table 4). Although some pathogens are strongly associated with
particular diseases, no single pathogen is known to cause only the one disease,
and no disease is caused by a single pathogen.

The principal causes of population mortality are S. pneumoniae, H.
influenzae, influenza A virus, measles virus, RSV, and Bordetella pertussis
(1,4,5). Each can cause severe disease in previously healthy persons. Recently
described infective agents include the variant coronavirus that is thought to be
responsible for the severe acute respiratory distress syndrome (SARS) and
metapneumovirus, which appears to be responsible for a spectrum of disease
similar to that of RSV (6,7).

Pathways of Spread and of Transmission (8)

Organisms enter the lungs by inhalation, aspiration, invasion from the upper
respiratory tract, or from the blood stream. They exit the respiratory tract in
secretions. Coughing and sneezing create aerosols and droplets. Microbial
aerosols can be inhaled directly into the alveoli. Droplets and other large par-
ticles settle out quickly; organisms are transmitted directly through kissing and
fondling or from contaminated objects (fomites). The fetus is susceptible to
vertical transmission in the birth canal. Poor management of a birth delivery
exposes the fetus to organisms from the mother’s bowel, or from the hands of the
mother or midwife. Organisms from the skin, such as S. aureus and S. pyogenes,
can invade the lungs by way of the blood stream as do Salmonella from bowel.

An opportunistic pathogen as distinct from a true pathogen is an organism
that is not capable of invading the body and causing disease in a healthy per-
son, but able to do so in a person with weakened immunity. Although useful
conceptually, the distinction between opportunistic and true pathogens is not
clear cut. Virulence and its correlate invasiveness are relative rather than
absolute properties of microorganisms. Opportunistic pathogens are less viru-
lent and less invasive than true pathogens.

Activation of latent infections, for example, M. tuberculosis or cytomega-
lovirus, is also more likely in persons with weakened immunity.

S. pneumoniae and H. influenzae (9–11)

S. pneumoniae and H. influenzae are upper respiratory commensals and
extracellular pathogens. They possess a polysaccharide capsule that appears to
swell in the presence of specific antibody. On the basis of this reaction, more
than 80 distinct serotypes of pneumococcus and seven serotypes of H.
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Table 4
Respiratory Pathogens

and the Diseases They Cause

Coryza (common cold)
• Rhinoviruses
• Respiratory syncytial virus (RSV)
• Influenza viruses
• Parainfluenza viruses
• Coronavirus

Pharyngitis and tonsillitis

• Respiratory viruses as above
• Adenoviruses
• Coxsackie viruses
• Herpes simplex virus
• Measles virus
• Corynebacterium diphtheriae
• -haemolytic Streptococcus pyogenes

Acute otitis media, acute sinusitis

• Respiratory viruses
• H. influenzae
• S. pneumoniae

Acute epiglottitis

• Haemophilus influenzae type b

Acute laryngo-tracheo-bronchitis (croup)

• Parainfluenza virus
• RSV
• Rhinoviruses
• Measles virus
• Corynebacterium diphtheriae

Acute bronchitis

• Respiratory viruses as above

Whooping cough

• Bordetella pertussis
• Adenoviruses

Acute bronchiolitis

• RSV
• Other respiratory viruses
• Chlamydia trachomatis

continued
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Table 4 (Continued)
Respiratory Pathogens

and the Diseases They Cause

Pneumonia

• Respiratory cyncitial virus
• Parainfluenza 3 virus
• Influenza virus
• Adenoviruses
• Measles virus
• Cytomegalovirus (CMV)
• S. pneumoniae
• H. influenzae
• Staphylococcus aureus
• Gram negative bacilli
• Mycobacterium tuberculosis
• Chlamydia trachomatis
• Mycoplasma pneumoniae
• Legionella pneumophila

influenzae have been described. The capsule enables resistance to phagocyto-
sis and determines the organism’s immunogenicity and invasiveness. There
are also non capsulated strains. Virulence factors include cell wall adhesins
and a toxic protein, pneumolysin, which contributes to the inflammatory
response.

Some serotypes and all non capsulated strains invade only rarely and can be
regarded as opportunistic pathogens; noncapsulated strains fall into this cat-
egory. Other serotypes are true pathogens. They are highly invasive, are rarely
found as carriage organisms, and multiply in large numbers in the alveolar
exudate that they provoke (12). Immune competence against capsular polysac-
charide is acquired serotype by serotype as a child grows older (13). It is gen-
erally poor in children less than 2 yr of age, but competence against some
serotypes is not attained until after the age of 5 yr.

Children in developing countries encounter these organisms at a much
younger age and have much higher carriage rates than do children in developed
countries. A study of neonates in the Papuan New Guinean highlands showed
the mean age of acquisition of S. pneumoniae to be 17 d and of H. influenzae to
be 31 d (14). In contrast, the mean age of acquisition in a US series was 6 mo
(15). In the US series, acquisition was associated with subsequent disease in
15% of cases. Preschool children introduced pneumococcus into households.
Day care has increased the prevalence of upper respiratory colonization of
infants in the United States.
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Case fatality rates correlate with the degree of invasion. In the preantibiotic
era, case fatality in adults was shown to increase with the extent of pulmonary
involvement, and again with bacteraemia. In the 1920s, less than 20% of adult
patients with bacteremic pneumococcal pneumonia survived (16). Today, in
developing countries, bacteremia occurs in between 5 and 20% of children
who have not received prior antibiotics. Case fatality is increased fivefold
in these cases.

Respiratory Viruses

Coinfection with bacteria and viruses is common. Viral nasopharyngitis
spreads bacteria through sneezing and coughing. Viruses damage respiratory
epithelium and upregulate epithelial receptors for bacterial attachment. Only
three respiratory viruses—influenza A, measles, and RSV—are indepen-
dently associated with high mortality. These are enveloped RNA viruses that
attach to respiratory epithelial cell membranes.

Influenza A Virus (17)

In temperate climate countries influenza A virus causes winter epidemics
associated with high mortality in the very young and the old, but is not associ-
ated with a specific respiratory syndrome. It is frequently isolated from children
with pneumonia in developing countries. Epidemics are associated with “drift”
and pandemics with “shift” in the molecular structure of the haemagglutinin
(HA) and neuraminadase (NA) glycoproteins that are required for attachment
and exit from epithelial cells. Virulence is associated with the number of points
on an HA precursor that can be cleaved by proteases. The more points at which
this can take place, and the greater the number of host proteases that can cleave
the virus, the greater the extent of its cell tropism and hence of its virulence.
Bacteria, too, produce proteases that cleave the precursor and extend cell
tropism.

The primary site of attachment is usually the epithelial cells of the
tracheobronchus. Primary influenzal pneumonia is rare, but can be extremely
severe. Secondary pneumonia due to S. pneumoniae or H. influenzae is com-
paratively common. Influenza vaccine is considered to be 60–90% effective
providing it contains HA and NA antigens from current epidemic strains.

Measles (18)

Measles is a disease of epithelial surfaces, and is particularly severe in
undernourished children. It causes immunosuppression and vitamin A deple-
tion. Despite mass immunization and the elimination of measles from many
industrialized countries, measles was still responsible for nearly 800,000 deaths
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in 2000. Vaccine coverage over 95% is required to eliminate measles from a
population. Even with 80% coverage, the disease remains a major public health
problem. Young infants experience very severe disease probably because they
are exposed to a higher infective dose when an older sibling introduces the
disease into a household.

An HA glycoprotein enables measles attachment to respiratory epithelium.
Subsequent spread through the lymphatic system is followed by a secondary
viremia and widespread infection of epithelium. The typical rash is caused by
T-cell damage to virus-infected epithelial cells. Viral pneumonia early in the
infection causes high case fatality. Later in the course of illness, secondary
infection with S. pneumoniae, H. influenzae, S. aureus, or Gram-negative bac-
teria may develop. Coinfection with other respiratory viruses is also common.

Respiratory Syncytial Virus (RSV) (19)

RSV causes seasonal epidemics that often occur during the rainy season in
tropical countries. Most bronchiolitis occurs in children under 12 mo old with
the peak incidence at 2–6 mo of age. Immunity is not protective and reinfection
occurs throughout life. The available evidence is that it is a leading cause of
mortality from ARI worldwide—certainly the most important viral pathogen
after measles (7,20).

RSV infects upper respiratory mucosa. An asymptomatic period of 4–5 d is
followed by nasopharyngitis with profuse discharge of secretions. Cough
develops on about the seventh day and a wheeze about the eighth day. In cases
of bronchiolitis, RSV infects bronchiolar epithelium producing edema and
mucus secretion. The lumen contains thick plugs of necrotic debris. Virulence
factors are not well understood. Trials of an inactivated virus vaccine in the 1960s
did not protect against subsequent infection; 80% of the recipients were admit-
ted to hospital and two died. These deaths appeared to be caused by a virus-
induced cell-mediated immune process. Subunit vaccines are currently under
development but routine immunization is thought to be 5–10 yr away.

HIV-Associated Respiratory Infection (21,22)

A vicious cycle involving HIV, tuberculosis, and undernutrition is now com-
mon in sub-Saharan Africa. Active tuberculosis hastens the onset of HIV. HIV
and protein-energy deficiency suppress Th1 and macrophage functions and
result in the reactivation of latent tuberculosis. HIV-1 and tuberculosis worsen
nutritional status.

Bacterial pneumonia caused by the usual pathogens is common in HIV-1
infected individuals and is frequently associated with bacteremia, abscess for-
mation, and empyema. Pneumocystis carinii, an airborne fungus, is an oppor-
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tunistic pathogen of low virulence. It was first described as a cause of pneumo-
nia in undernourished African children. P. carinii pneumonia is the most com-
mon cause of death in HIV-infected children in Africa.

Respiratory Defenses Against Bacterial Invasion of the Lungs (23,24)
The lungs are protected by an integrated set of biologic, mechanical, phago-

cytic, and immunologic defenses. Because the system contains redundancies,
invasion is only likely to occur when more than one level of defense has been
compromised. Commensal bacteria of the upper respiratory tract inhibit colo-
nization by pathogenic bacteria including enteric Gram-negative bacteria.
Colonization is also regulated by the availability of adherence sites, and secre-
tory immunoglobulin (Ig) A. Undernutrition, passive smoking, abnormalities
of mucociliary clearance, and antibiotics all increase colonization.

Branching of the airways and the consequent sudden alterations in the
direction of airflow lead to the deposition of foreign particles onto epithelial
mucosa. The mucus layer covering ciliated epithelial cells carries trapped par-
ticles upward to where they trigger the cough reflex and are expelled. Particles
less than 10 mm diameter (PM10) are sufficiently small not to be affected by
turbulent airflow and can penetrate into alveoli where they are either deposited
on alveolar walls or exhaled. Respiratory mucosa also secretes surfactant (that
has antibacterial activity), immunoglobulins, and complement.

Successful eradication of bacteria depends principally on phagocytosis.
Experiments on mice using a bolus of S. aureus, an extracellular pathogen,
emphasize that inoculum size as well as bacterial virulence and the state of
host defenses determine whether bacteria will be eradicated or not. At the low-
est dose, 105 bacteria were completely cleared by alveolar macrophages. At the
next level, 106 bacteria were cleared slowly but completely; this required a
granulocyte response. 107 S. aureus evoked a marked granulocytic response,
but the number of organisms remained constant. After the greatest inoculum of
108 S. aureus, the organisms proliferated; most of the mice died from pneumo-
nia despite an even greater granulocytic response (25).

Secretory IgA is the predominant immunoglobulin of the upper airways.
IgA does not activate complement but neutralizes viruses and agglutinates bac-
teria. Mucosal immunity to bacterial polysaccharide matures much earlier than
does systemic immunity. IgG enters the airways from the circulation, but is
also produced in the lung. Deficiencies of immunoglobulin lead to infection by
encapsulated extracellular bacteria.

Risk Factors
Poor nutrition, environmental pollution, and substandard living conditions

all contribute to the high burden of disease and death from ARI. Increasingly,
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population-based descriptive and intervention studies that depend on house-
hold monitoring of disease events are using the WHO clinical definition of
ALRI as their principal morbidity outcome. Verbal autopsies are used to mea-
sure disease-specific mortality. A WHO systematic review of interventions for
the prevention of childhood pneumonia included a meta-analysis of potential
risk factors. The more important of these are described below (26).

The contribution of the major risk factors to the global burden of disease has
also been assessed recently (27). Low weight-for-age (below –1 standard
deviation [SD]) was responsible for 9.5% of the total burden; vitamin A defi-
ciency for 1.8%; zinc deficiency for 1.9%; and indoor smoke from solid fuels
for 2.6%. Principal outcomes of poor nutrition were pneumonia, measles, diar-
rhea, and malaria. For indoor smoke they were ALRI and chronic lung disease.
The effects of these risk factors are thus substantially mediated through ARI.

Nutrition

With the exception of measles, there is little theory and less evidence relat-
ing particular nutritional deficiencies to specific respiratory infections. Inter-
actions and confounding among nutritional and other risk factors, the extent of
the deficiency, the complexities of immunological deficits, and the multiplic-
ity of opportunistic pathogens and respiratory syndromes make prediction dif-
ficult. Variation between populations in the effectiveness of nutritional
interventions can be difficult to explain.

The association between vitamin A deficiency and measles is well estab-
lished. Vitamin A deficiency causes squamous metaplasia and impairs the
integrity of respiratory epithelium. Squamous metaplasia of the thymus was
observed at autopsy in Filipino children who had died from pneumonia (4). A
meta analysis showed that the administration of massive doses of vitamin A to
patients hospitalized with measles reduced case fatality by approx 60%; deaths
related to respiratory infections accounted for 80% of mortality in these studies
(28). Furthermore, the administration of vitamin A to children older than 6 mo
as part of a community-based prevention study reduced all-cause mortality by
about 30%. This was associated with a reduction of diarrheal and measles mor-
tality but not of pneumonia mortality. In community-based studies, vitamin A
affected neither the incidence nor the severity of pneumonia (29). No consis-
tent effect of vitamin A supplements on the course of nonmeasles pneumonia
has been shown in hospitalized children. Indeed, under certain circumstances,
most notably in children who are not undernourished, vitamin A may increase
the severity of respiratory infections. This may be because of a pharmacologic
effect of the supplement on the inflammatory response. Vitamin A supplements
are indicated for children with clinical evidence of vitamin A deficiency and
for measles. They are not indicated for children with nonmeasles pneumo-
nia (29,30).
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An important unifying hypothesis is that as deficiency of zinc or protein
energy becomes limiting, the myeloid series of cells is maintained but lym-
phopoiesis is severely limited. In other words, macrophages and neutrophils
are spared at the expense of humoral- and cell-mediated immunity (31). Supple-
mentation with zinc reduced the incidence of pneumonia by more than 40%.
Zinc was effective whether serum levels were normal or low, whether the child
was wasted or not wasted, or whether vitamins were administered concurrently
(32). The effect on mortality from ALRI is still not known.

The risk of dying from ALRI increases as weight-for-age decreases. The
risk of dying from ALRI is four times higher in a child with a z-score below
–2 SD than in a child with a z-score above 0. The incidence of pneumonia is
higher in low weight-for-age children. Those with pneumonia and z-scores
below –2 SD experienced case fatality rates about double those of children
with normal weight-for-age (33).

Breastfeeding reduces the frequency of infection with encapsulated organ-
isms, even though breast milk has little effect on rates of upper respiratory
colonization (27). Breastfeeding reduces mortality from ALRI by about 50%,
the effect being relatively constant during the first year of life (34).

Indoor Air Pollution (35)

Because of poverty, more than 2 billion people rely on biomass fuels. Dung,
crop residues, and wood are burned indoors in open fires or poorly functioning
stoves. Industrial and vehicle emissions and tobacco smoke are other sources
of indoor pollution.

Exposure to indoor air pollution varies greatly through the day and is great-
est when a household member is closest to the fire—lighting the stove, adding
fuel, stirring the cooking pot, and so forth. Women are more likely to be
exposed than men. An infant may be carried on its mother’s back or suspended
in a cradle from the wall where the height, and hence the exposure, may vary.

The US standard for 24-h average PM10 is less than 150 mg/m3. An inter-
vention study in Kenya found PM10 in one house to be in excess of 7000 mg/m3.
Improvements to wood stoves reduced the incidence of ALRI by more than
50% in houses where PM10 was initially more than 1000 mg/m3 (36). Switch-
ing to charcoal as fuel would have been even more effective.

Upper Respiratory Carriage of Pathogenic Bacteria

Crowding and poor hygiene increase the transmission and acquisition of
upper respiratory pathogens. A post-World War II longitudinal study of 1000
children in Newcastle-upon-Tyne, England, identified chronic upper respira-
tory infection as a significant precursor of ALRI (37). A chronic nasal dis-
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charge is common in children living under conditions of poverty. Little atten-
tion has been paid to this phenomenon, which must necessarily increase the
size of bacterial inocula to the lungs during sleep.

Interpretation of Etiologic Studies
Proving that a particular organism isolated from a patient with pneumonia

has actually caused the disease is difficult. Because respiratory secretions may
contaminate the lower respiratory tract, even organisms isolated from broncho-
scopic aspirate may have been derived from the upper respiratory tract and not
be invasive. Isolation from lung aspirate or blood culture is regarded as defi-
nite proof of invasion. However, now that the etiology of community-acquired
pneumonia in developing countries has been established as the basis for the
first line of treatment, it is no longer considered ethical to take lung aspirates
for research purposes only. Vaccine trials, for example, now depend on blood
culture as the only specific outcome measure available. Blood culture, how-
ever, is quite insensitive. An assay such as polymerase chain reaction (PCR) is
sensitive, but its specificity is low because of its propensity to detect commen-
sals, particularly if their total mass has been increased because of upper respi-
ratory infection.

When more than one organism has been isolated from the same site, the
known virulence of these isolates is the only guide to their pathogenicity. For
example, in the 1980s, an influential study from Papua New Guinea confirmed
S. pneumoniae and H. influenzae as significant pathogens (38). The two organ-
isms were isolated alone or in combination from more than 50% of patients
with severe pneumonia. However, in 28% of cases, commensals of lesser viru-
lence were isolated from lung or blood. These included non typable and non b
serotypes of H. influenzae, Moraxella catarrhalis, Staphylococcus epidermidis,
Streptococcus viridans, and Acinetobacter. It was concluded that even though
the infants were likely to have poor immunity these organisms were not patho-
genic. The most likely explanation of their presence in the lungs was that the
child had inhaled a bolus of secretions and opportunistic pathogens had multi-
plied in the exudate stimulated by true pathogens. Even so, the question of
whether vaccines should be developed against non b serotypes of H. influenzae
remains open to debate (38).

S. pneumoniae and H. influenzae have fastidious growth requirements. Also,
they are more sensitive to antibiotics administered before admission to the hos-
pital than S. aureus and the Gram-negative bacteria. Because of poor labora-
tory techniques, early studies underestimated the significance of these
organisms. This problem still affects many hospital service laboratories today.
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Patterns of Disease in Developing Countries
The significance of S. pneumoniae and H. influenzae as major pathogens

was established during the 1980s. First-line antibiotic treatment guidelines
were based on their susceptibility and resistance patterns. It needed to be
known, however, whether the guidelines were valid for special groups such as
undernourished children, very young infants, and children with associated HIV
infection. Recent etiologic studies have focused on these susceptible groups. It
must be remembered that hospital series reflect the pattern of pulmonary inva-
sion and the relative importance of pathogens but, without a baseline popula-
tion, do not indicate the true incidence of disease.

Clinical Undernutrition and ARI

Very few studies have examined the association between clinical undernu-
trition and ARI. A study in The Gambia in the early 1990s compared commen-
sal organisms and pathogens in undernourished and well-nourished children
with and without radiographic pneumonia. Children were enrolled if their
weight-for-age was below 70% of the United States National Center for Health
Statistics median or if they were edematous. One-half of the sample were
undernourished, severely undernourished, or had edematous malnutrition (see
Chapter 4). Measles and HIV infection were uncommon (40). Carriage rates of
S. pneumoniae and H. influenzae were high (more than 70%) in all children.
These were also the most common invasive bacteria to be isolated. Gram-nega-
tive carriage and bacteremia, Salmonella bacteremia, and pulmonary M. tuber-
culosis infection were all more common in undernourished children. RSV
infection was more common in well-nourished children. The undernourished
children were susceptible to invasion by a wide spectrum of bacteria and viruses
which, overall, were less virulent than the organisms causing pneumonia in the
well-nourished group. These included both extracellular and intracellular
pathogens, upper respiratory commensals, and blood borne organisms suggest-
ing impairment of defenses at all levels. That undernourished children were
less able to localize infection was suggested by radiographic consolidation
being less well defined. The authors saw no justification for changing recom-
mendations for first line therapy.

Serious Infections in Young Infants

Etiologically, pneumonia, meningitis, and sepsis in the neonate are part of a
single problem of exposure and susceptibility. Because of their naïve, imma-
ture immune systems, very young infants have difficulty in localizing infec-
tion; clinical signs are not well expressed. Clinically, it is difficult to distinguish
between these diseases. Case management strategies, therefore, tend to refer to
the seriously ill infant rather than to anatomically classified diseases. Although
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the demographic definition of a neonate is an infant less than 1 mo of age, the
boundary between the susceptible, very young infant and the older infant is not
well demarcated.

In the 1990s, WHO coordinated a multicenter study in Ethiopia, Papua New
Guinea, The Philippines, and The Gambia of serious infections in infants under
3 mo old (41). Overall case fatality was 5.4%, being highest in the youngest
infants: 63% of deaths occurred in children less than 1 mo of age, and 51%
occurred in children less than 1 wk old. Case fatality of infants with clinical
signs suggestive of serious bacterial infection and a positive blood culture was
30%. Between 4 and 11% of the children were bacteremic. Three organisms, S.
pneumoniae, S. aureus, and S. pyogenes, accounted for nearly 60% of blood
culture isolates. S. pneumoniae was the cause of more than 40% of cases of
bacterial meningitis. Many different Gram-negative bacteria including
Acinetobacter spp., Klebsiella spp., E. coli, and Salmonella spp. caused inva-
sive disease. Chlamydia trachomatis, a sexually transmitted infection, was
strongly associated with severe pneumonia in Papua New Guinea. These results
are consistent with early and intense upper respiratory colonization by S.
pneumoniae and H. influenzae. Most of the Gram-negative bacteremia was
probably a consequence of poor birth delivery techniques. Guidelines for first-
line antibiotics for neonatal pneumonia were revised to take into account the
frequency of Salmonella.

HIV and Respiratory Infections (42,43)

The number of HIV-infected children, particularly in sub-Saharan Africa is
continuing to increase. The countries that had contributed most to the disease
burden from ARI in childhood are the same as those where HIV infection is
now endemic. The clinical features of tuberculosis, bacterial sepsis, and P. carinii
pneumonia overlap, but treatment guidelines have been slow to reflect this.

The prevalence of HIV in children in a South African population was below
5%, but HIV-infected children comprised 45% of hospital admissions for pneu-
monia and 85% of those who died. An HIV-infected child in the community
was more than 40 times more likely to develop pneumococcal bacteremia, 20
times more likely to develop H. influenzae bacteremia, and 20 times more likely
to develop tuberculosis than were non-HIV-infected children. HIV-infected
children who were undernourished experienced even higher rates of bacter-
emia. P. carinii pneumonia was extremely common. These observations sug-
gest global immune defects.

Conjugate Polysaccharide Vaccines
Conjugation of the polysaccharide to a carrier protein alters the immune

response that becomes T-cell dependent. A conjugated polysaccharide vaccine



282 Riley

is effective in young infants and stimulates immune memory. Hib conjugate
vaccines, which were introduced into industrialized countries in the late 1980s,
have been shown to prevent more than 90% of cases of invasive disease, prin-
cipally meningitis. They prevent H. influenzae type b carriage so that in addi-
tion to a direct effect they have an indirect effect through “herd immunity.” In
randomized, controlled trials, Hib vaccines were shown to prevent more than
20% of radiographic pneumonia in Chile and The Gambia (44,45).

Because of the larger number of potentially invasive serotypes, pneumococ-
cal conjugate vaccines are more complex and more expensive to produce than
the Hib vaccine. In the United States, a 7-valent vaccine was shown to prevent
nearly 90% of invasive pneumococcal disease in children and more than 20%
of radiographic pneumonia (46). This vaccine was licensed in the United States
in 2000. Since then, the incidence of invasive pneumococcal disease has not
only declined by nearly 70% in children under 5 yr old, it has also declined
markedly in adults (47). In the absence of other causes, this suggests a herd
effect. Currently, vaccine trials are underway in The Gambia and the Philip-
pines. A South African trial should be reported shortly.

Although conjugate vaccines could be expected to have major impact on the
burden of ARI, the Hib conjugate has not been introduced into a national
immunization program in any country in Africa or Asia. The problem is one of
cost. Even if the price were reduced to $US 1.50 per dose, vaccine cost per
child for routine immunization in the poorer countries of Asia, including India
and China, would rise from $4.50 to $6 (48). This increase would represent
between 1 and 3% of GNP in those countries where treatment costs are low.
Paradoxically, high income countries with a lesser burden of disease have far
greater financial incentive to introduce Hib conjugate vaccine because of com-
paratively high treatment costs. Pneumococcal conjugate vaccines are expected
to be even more expensive.

Management of ARI by Peripheral Health Services
in Developing Countries

International research and program development focus on cost-effective in-
terventions. Peripheral health services are concerned with cost-efficiency,
that is, with providing the highest possible levels of population coverage of
interventions within the limits of a restricted health budget. Devolution of
health services gives greater responsibility to local government and greater
budgetary control to local politicians. Advocacy is needed to get the right mix
of resources allocated to curative and outreach services, staff training, health
promotion, transport, and logistics. Prepackaging of interventions, as with
IMCI, should make advocacy and planning easier (49).
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A program based on case management raises questions about the equitable
distribution of health resources. The health manager may need to advocate cost-
effective treatment to both public and private sector physicians. In the event of
life-threatening disease, families deserve the right of access to potentially life-
saving drugs for their children at a cost that will not cripple them economi-
cally. Far too often, physicians prescribe a cocktail of drugs of which only one
or two are likely to be effective. Drug costs, especially when drugs are pur-
chased retail, tend to reflect international and not domestic cost structures. It is
not unusual for a family to have to draw on their capital by selling farm ani-
mals, for example, because of a child’s illness.

The incidence of severe ARI will reflect the socioeconomic status of the
population as well as the adequacy of immunization, nutrition, and HIV con-
trol programs. Diagnosis and treatment require community health workers to
have high levels of skill. High quality supervision is necessary. Drug supplies
must be maintained. Management practices need to be integrated in primary,
secondary, and tertiary facilities so that referral systems function efficiently.

The effectiveness of case management depends on the mother accessing ser-
vices as soon as possible after the onset of fast breathing. Her decisions will
depend on traditional beliefs, the severity of the infection, and her expectation
of cost. Reduction of mortality from ARI still depends on selective treatment
with highly effective antimicrobial agents.
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KEY POINTS

• Diarrheas and gastrointestinal infections are a leading cause of childhood
morbidity and mortality in developing countries.

• Undernutrition increases diarrheal morbidity by increasing the incidence,
severity, and duration of infections.

• Increased diarrheal morbidity occurs with undernutrition primarily caused
by impaired cellular immunity.

• The pathophysiology of diarrheal episodes is dependent on the infectious
agent.

• Micronutrient supplementation, especially zinc and vitamin A, can have
an important role in providing adjuvant therapy for diarrhea.

• Infectious gastrointestinal diseases may not cause diarrhea, but can con-
tinue to affect the immune system and, therefore, indirectly increase the
onset of acute diarrhea.



288 Taren

• Impaired immune status, particularly cellular immunity, is a major risk
factor for persistent diarrhea.

• Probiotics have an important role in the prevention and treatment of diar-
rheal diseases.

• Only a limited number of vaccines are available against agents that cause
infectious diarrhea.

Introduction
Infectious diarrheas and gastrointestinal diseases are leading causes of child-

hood morbidity and mortality in developing countries. More than 1.4 billion
cases of diarrhea occur each year leading to about 3 million deaths, most in
children under 2 yr of age living in developing countries. A greater severity of
diarrhea is often associated with reduced nutritional status and an impaired
immune response. Persistent diarrhea can occur in 3–23% of all diarrheal epi-
sodes and accounts for about 40% of diarrheal-related deaths.

This chapter discusses the bidirectional interaction between nutritional status
and gastrointestinal infections and the accompanying immune system response.
Many intestinal infections are causative agents for diarrhea. However, many of
the organisms that infect the intestinal tract do not overtly cause diarrhea, but
their presence affects the body’s immune system leading to comorbid conditions.
The associations between nutritional status and the immune status presented in
this chapter relate to those found among children living in developing coun-
tries, although they do reflect the physiological responses in all children.

Diarrhea and Gastrointestinal Infections
Various definitions can be used for diarrhea (1). The quantitative definition

is a stool volume greater than 10 mL/kg/d. The clinical definition for acute
diarrhea is a report of three or more loose or watery stools within a 24-h period.
In both cases, the consistency of the stools is not firm. The severity of diarrhea
can be determined by an increase in the total volume of stool produced or the
number of stool movements in a 24-h period. The presence of steatorrehea
(fatty stools), mucus, dysentery (blood), and the degree of dehydration are
additional criteria for defining the severity of diarrheas. A diarrheal episode
ends when the symptoms have stopped for at least 24 h.

Persistent diarrhea is defined as diarrhea that had an acute start, occurs for
14 or more consecutive days, is presumed to be caused by an infectious agent,
and is not responsive to appropriate treatment. Undernutrition, including
micronutrient deficiency, particularly zinc and vitamin A, impaired cell-
mediated immunity, and not exclusively breastfeeding during the first 4 mo of
life are risk factors for developing persistent diarrhea (2). The organisms associ-
ated with persistent diarrhea are usually different to those that started the initial
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Table 1
Leading Causes of Diarrhea and Gastrointestinal Infections

Viruses Protozoa
Rotavirus Entomoeba histolytica
Adenovirus Giardia lamblia
Astrovirus Cryptosporidium
Calicivirus Isospora belli
Cytomegalovirus Balantidium coli
Torovirus Cryptosporidium
Enteric Coronavirus Microsporidium
Picobirnaviruses

Helminthes
Bacteria Ascaris lumbricoides
Escherichia coli Trichuris trichuria
Salomonella typhi Hookworms
Shigella spp Stronglyloides stercoralis
Clostridium difficle
Vibrio cholerae
Campylobacter
Yersinia
Aeromonas
Plesiomonas
Edwardsiella

episode of acute diarrhea. This strongly suggests that children whose immune
status is compromised during the initial episode of acute diarrhea are vulner-
able to other infectious agents becoming established in the gastrointestinal tract.
Once this happens, trauma to the intestinal epithelial tissues continues. Nutri-
tional status and the cellular immune response deteriorate further, and persis-
tent diarrhea becomes established.

Many different infections cause diarrhea. The most common include viral,
bacterial, and protozoan infections that are normally present in the gastrointes-
tinal tract (see Table 1). However, diarrhea can also be caused by infectious
agents that are not usually associated with the gastrointestinal tract, such as
malaria, and by noninfectious states such as celiac disease, allergic enteropa-
thies, tropical sprue, and hereditary disorders. The epidemiology of infectious
agents that cause diarrheas varies throughout the world. Rotavirus is the major
viral agent and responsible for about 140 million diarrheal cases and 900,000
deaths/yr (1). The incidence of rotavirus infections peaks between 6 and 24 mo
of age. However, other viruses also contribute significantly to diarrheal epi-
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sodes and these include Norwalk-like viruses, adenoviruses, caliciviruses,
retroviruses, and astroviruses. The toxins produced as a result of viral infec-
tions can have a direct effect on the enteric nervous system that control peri-
stalsis and stimulate epithelial cells to secrete more water (3), and it is
hypothesized that this mechanism may also occur with bacterial infections such
as cholera and infections with Escherichia coli (E. coli). If so, it may be pos-
sible to direct interventions at the enteric nervous system to decrease the
amount of water lost in the increased volume of stools that is produced in many
diarrheas.

The most common bacterial causes of diarrheas include Shigella bacteria
and the intestinal toxin producing E. coli. Five strains of E. coli cause diarrhea:
enterotoxigenic E. coli, enteroinvasive E. coli, enterohemorrhagic E. coli,
enteropathogenic E. coli, and enteroaggregative E. coli. Each E. coli has its
own mechanism of damaging epithelial tissue. The combined infections from
Shigella and E. coli account for nearly 1 billion cases of diarrhea and 1.4 mil-
lion deaths each year. Vibrio cholerae is also a leading cause of diarrhea
accounting for 7 million cases and more than 100,000 deaths/yr (4). Although
there are often large outbreaks of cholera, the case mortality rates for cholera
have decreased during the last decade (4). Clostridium difficile is a spore-form-
ing toxigenic bacterium that also causes diarrhea, but the proportion of diar-
rheas in the world caused by its occurrence is unknown as it most often occurs
after a course of broad-spectrum antibiotics.

Protozoa and helminthes are the major intestinal parasitic infections associ-
ated with diarrhea. Protozoa are more commonly associated with diarrhea, but
helminthes independently affect nutritional status and alter the anatomy and
physiology of the gastrointestinal tract, making them important comorbid
infections that increase the risk for diarrhea. Other parasitic infections that do
not harbor in the gastrointestinal tract can also cause diarrhea, such as visceral
leishmaniasis. The modes of action of intestinal parasitic infections are very
different to those of viruses and bacteria, and they can also differ among each
other. For example, Entomoeba histolytic, the infectious agent for amebic dys-
entery, is more likely to invade the intestinal epithelium causing traumatic dam-
age to the intestinal lining and disrupting intestinal functions. In contrast, the
protozoan Giardia lamblia is less invasive although it too can cause trauma to
the intestinal lining. Diarrhea associated with G. lamblia leads to poor absorp-
tion and steatorrhea because the protozoa can attach themselves to the intesti-
nal epithelial and, in sufficiently large numbers, they decrease the area available
for digestion and absorption. Electron micrographs showed that G. lamblia can
also change the microflora of the gastrointestinal track and create an environ-
ment that is favorable for more pathologic organisms (5,6). Other diarrheal
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causing protozoa, such as cryptosporidium and microsporidium, are usually
only present in children who have a reduced immune status.

Intestinal helminthes, such as hookworm and trichuriasis, can damage the
epithelial wall without causing acute diarrhea. However, the ensuing blood
loss lowers the body’s immune response to infection as a result of the loss of
iron and other nutrients and may be one of the reasons that helminthes may
increase the risk for diarrhea (7,8). Similarly, infections with Ascaris lum-
bricoides (roundworm) may affect nutritional status notably vitamin A by
shortening transit time and decreasing the absorption of fat and fat-soluble
vitamins possibly as a result of damage to the gut wall (9,10). Intestinal
helminthes are important comorbid infections along with other diarrheal caus-
ing agents.

The parasitic disease–diarrhea–nutritional status triad is a good example of
the different ways that infections can alter nutritional status. Parasitic infections
can decrease nutritional status, and thus the cellular immune response, through
at least four distinct mechanisms (11): They can cause anorexia thereby reduc-
ing the availability of nutrients; increase the utilization and excretion of nutri-
ents; several can effectively compete and sequester essential nutrients from
their host; and, in adults, the infections can affect an individual’s work capac-
ity or productivity which, in turn, can limit their purchasing power thereby
lowering the availability of nutrients for consumption by both the individual
and their families.

Immune Response to Persistent Diarrhea
A cell-mediated immune response involving T-helper (Th) cells is respon-

sible for providing the primary resistance against viral, bacterial, and proto-
zoan and intracellular parasites. However, cell-mediated antibody-dependent
immunity through a second type of Th cell is the primary immune response to
extracellular parasites such as helminthes (12). In helminth infections, the Th2
cells secrete a series of interleukins (IL) that promote the production of IgE
and IgG1. However, the cell-mediated Th cells produce interferon (IFN)- and
IL-2 to promote macrophage activity and the production of IgG2a, IgG2b, and
IgG3. Both systems can be affected by nutritional status and it is important to
recognize that the gastrointestinal tract is the body’s first level of defense
against invasive organisms. Therefore, studying the response of the intestinal
immunity against infectious agents with changes in nutritional status provide a
model for understanding nutrition-immunity interactions.

Studies on helminth infections have indicated that undernutrition is associ-
ated with a decrease in Th2 cell responses including IgE, and parasite-specific
IgG (12). Furthermore, a deficit in zinc and energy intakes may suppress spe-
cific cellular responses (13,14). More importantly, studies on nematodes have
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shown that in laboratory animals each nutrient may have its own role in modi-
fying immune responses and is dependent on the nutrient, the infectious agent,
and the location of the infection (12).

Early exposure to infections may play an important role in decreasing a
healthy child’s risk of future diarrheal episodes. Lymphocyte subsets in
children with greater exposure to gastroenteritis have peripheral blood lym-
phocyte profiles that are more similar to adults than children who have fewer
episodes of gastroenteritis. In particular, several studies have indicated that
early exposure increase the proportion of CD4 cells that display a memory
phenotype (15). The increased number of memory T-cells was similar to adult
levels in these children who ranged from 6 mo to 3 yr of age. Furthermore, the
increased number of memory CD4+ T-cells occurred in children with acute
diarrhea and not in children with upper respiratory infections, but this differ-
ence disappeared as children become older (closer to 3 yr of age). It may be
possible that children who are undernourished early in life are not able to rap-
idly develop the memory cells and this places them at risk for future infections.
Thus, early and controlled exposure to potential infectious agents is important
when a very young child has a good nutritional status and responsive immune
system. Early undernutrition in the first year of life may increase the risk for
diarrheal mortality over a period of time.

Persistent diarrhea is associated with severe morphological changes in the
microvilli as well as the permeability of the small intestine. Several studies in
the Gambia showed that children with persistent diarrhea had chronic cell-
mediated enteropathy, a high number of intraepithelial lymphocytes and an
increased number of activated T cells, and a decreased number of B-cells (16).
Studies in Bangladesh have looked at the immune response of children who
developed persistent diarrhea following acute diarrhea caused by rotavirus
infection (17). Among all the observed parameters for the cellular immune
response, only an elevated IFN- level was associated with the development of
persistent diarrhea compared with acute diarrhea. However, only 29 of the 149
children with an initial diarrhea were diagnosed with rotavirus and only 10 of
these children developed persistent diarrhea. More studies are needed to deter-
mine which immune reactions play the major roles in the development of per-
sistent diarrhea.

Expanding the Undernutrition-Diarrhea Interaction Paradigm
The association between undernutrition and diarrhea can be a vicious cycle.

Simply stated, poor nutritional status increases a child’s susceptibility to infec-
tion and infection decreases a child’s nutritional status. This cycle continues
until there is a successful intervention. The use of appropriate nutrition inter-
ventions can be an important adjuvant to conventional therapies during diar-
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Table 2
Nutrition Interventions As an Adjuvant to Diarrhea Prevention and Treatment

Nutrition Intervention Results

Zinc Decrease duration and severity of acute and persis-
tent diarrhea with doses of 20 mg/d

Iron Parenteral administration is life-threatening. Iron
supplement in nonmalarial areas may be benefi-
cial for lowering the risk of diarrhea in
nonbreastfed infants. However, nondiscretionary
iron supplementation may slightly increase the
risk of diarrhea. Breastmilk has greater advan-
tages compared with iron-fortified formula for
preventing diarrhea

Vitamin A Supplements decrease the severity of diarrheal epi-
sodes and diarrhea case-fatality rates. However,
equivocal results exist regarding vitamin A
supplementation on the incidence of diarrhea

Protein and Energy Decreased wasting and stunting associated
with lower incidence, severity, and duration
of diarrhea primarily through improved cel-
lular immunity

Probiotics Consumption of specific lactic acid producing
organisms reduces the incidence of diarrheal
infections by as much as 50%

rheal episodes. Thus, nutrition interventions need to be included in the current
undernutrition-diarrhea paradigm (see Fig. 1). A variety of interventions have
now been studied (see Table 2) including the use of micronutrients and
probiotics.

Poor nutritional status is not only related to the onset of an initial diarrheal
episode, but also to the severity of the episodes and the duration of the diar-
rheal episode including the development of persistent diarrhea (18–20). This
suggests the existence of a specific undernutrition-diarrhea cycle that is medi-
ated by the lack of a proper immune response. Infectious diarrheas induce
undernutrition by inducing catabolic cytokines such as tumor necrosis factor
(TNF) and IL-1, IL-6, and IL-8 (17,21,22). Undernutrition, usually defined as
wasting or underweight, inhibits the repair of intestinal tissue because of a
slower production of mature epithelial cells resulting in immature crypts.
Trauma to the gastrointestinal epithelium causes a flattening of the microvilli
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Table 3
The Nine Pillars of Good Treatment of Acute Gastroenteritis

1. Use of oral rehydration therapy
2. Hypotonic solution (Na 60mmol/L, glucose 74–11 mmol/L (industrialized

countries only)
3. Fast oral rehydration, over 3–4 h
4. Rapid realimentation with normal feeding (including solids) thereafter.
5. Use of special formula is unjustified
6. Use of diluted formula is unjustified
7. Continuation of breast feeding at all times
8. Supplementation with oral rehydration solution for ongoing losses
9. No unnecessary medication

Source: Ref. 23.

and significantly decreases the absorptive surface of the small intestines. This
leads to malabsorption and poor electrolyte balance and thus changes the intes-
tinal environment, which makes it possible for opportunistic pathogens to colo-
nize and continue the cycle of diarrhea.

The nine pillars of good treatment of acute gastroenteritis developed by the
European Society of Pediatric Gastroenterology, Hepatology, and Nutrition
(ESPHGHN) are based on the oral rehydration therapy, feeding the sick child,
continuous breastfeeding, and limiting unnecessary interventions (see Table 3)
(23). These pillars are appropriate for children in developing countries with
one exception. The World Health Organization (WHO) recommends a greater
sodium content for oral rehydration solution compared with the hypotonic so-
lution recommended by the ESPHGHN (24). Other treatment strategies for
diarrhea still need to be scrutinized including the use of smectite (unabsorbable
clay) that is popular in some areas because it increases the appearance of
formed stools, but it may be masking the loss of liquid (25).

Fig. 1. Expansion of the two-way interaction between nutritional status and
infection.
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Although a child’s initial nutritional status has been the focus of increased
risk for diarrheal morbidity and mortality, nutrition interventions during acute
infections are being tested as an adjuvant to traditional interventions. Zinc
supplementation during an acute diarrheal episode reduces both the duration
and severity of acute and persistent diarrhea within a certain set of define
parameters (26). About 20 mg/d of zinc, or twice the recommended daily
allowance (RDA), is needed. Zinc supplementation resulted in a 15% lower
probability that acute diarrhea would continue on any given day and it
decreased the probability of having an acute diarrheal episode for at least 7 d
by 27%. The results for acute diarrhea did not vary by child age, gender, or
nutritional status as measured by weight-for-age. Zinc supplementation also
reduced the risk of continuing diarrhea by 24% in children who entered treat-
ment with persistent diarrhea. However, in contrast to the results for acute
diarrhea, the effect of zinc supplementation on persistent diarrhea was only
significant for male children below 12 mo of age who were wasted at the start
of treatment.

Vitamin A supplementation decreases the risk of mortality in infants and
young children. Much of the decrease in case mortality is associated with lower
case-fatality rates from diarrhea (27,28). A meta-analysis on the affect of vita-
min A supplementation on the incidence of diarrheal episodes provided equivo-
cal results. The same analysis indicated that vitamin A supplementation reduces
the severity and duration of diarrheal diseases (29). This suggests that vitamin
A is able to prevent the death of children who may have the pathology, but it
has little affect in children whose diarrhea is not severe and who would not die
without the supplement. The mechanism for the lower case-fatality rates in
children with severe diarrhea may be by upregulating the cellular immune sys-
tems of the weakest children during diarrheal episodes (29).

Although zinc and vitamin A supplementation are beneficial for managing
diarrheal disease, the situation with iron is different—particularly in malaria
endemic areas. Treating iron deficiency reverses impaired immune responses,
but no studies have looked at its effect as an adjuvant to diarrheal treatments. A
meta-analysis of the effect of iron supplementation on infectious disease found
children supplemented with iron are at 11% greater risk of developing diar-
rhea, but this translated to only 0.05 episodes per child year (30). In a compre-
hensive review on the association between iron and immunity and infection,
Oppenheimer (31) concluded “that breast milk confers greater advantages than
powdered milk, iron fortified or otherwise” for reducing the risk of diarrhea.

Probiotics, the use of live microorganisms of human origin to improve
health, have been shown to be a successful strategy to prevent diarrheal
infections (32). The major probiotics studied in conjunction with diarrhea
are Lactobacillus GG, Bifidobacterium, Streptococcus thermophilous, and
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Saccharomyces boulardii (nonhuman origin). Studies with Lactobacillus GG
reduced the incidence in diarrheal episodes in formula-fed infants. Lactobacil-
lus GG also reduced non-Clostridium difficile antibiotic induced diarrhea by
66% when children weighing less than 12 kg were given two capsules contain-
ing �1010 organism. Lactobacillus GG also reduced the risk of traveler’s
diarrhea by 25–50%. The mechanism for these outcomes may be a direct com-
petition to the colonization of the gastrointestinal tract. However, it is also
known that these lactic acid bacteria may be improving immune function by
enhancing phagocytosis, cellular immune response, and the humoral immune
response.

Infant Feeding Patterns
The most important nutritional prevention of infant diarrheas is breast-

feeding along with the introduction of liquids and solids at the appropriate age.
Thus, infant feeding practices have a strong effect on the likelihood of a child
developing diarrhea, as well as being an antecedent for undernutrition.

Studies on the pattern of infant feeding in Lima, Peru, described an environ-
ment that led to a high incident of diarrhea (33). In this community, formula
milk was introduced at an early age along with other liquid foods and, by 4 mo
of age, more than 80% of infants were consuming a liquid other than breast
milk. Close monitoring of infant feeding and diarrheal episodes, through home
visits every third day, showed that the relative risk for both the number and the
duration of diarrheas was significantly greater in children not exclusively
breastfed. Infants fully weaned before 6 mo of age who were receiving formula
milk were three times more likely to get diarrhea than those who were exclu-
sively breastfed: The incidence rate for diarrhea increased from 7.6 to 26.1 per
100 d of observation. The trend continued for infants who were both breastfed
and receiving complementary food. Furthermore, formula-fed infants were at
five times-greater risk of being ill for more days. This study illustrates both the
clear benefit of exclusively breastfeeding to limit diarrheal morbidity to a
minimum and also the detrimental affect of introducing complementary food
too early.

Exclusive breastfeeding can also prevent acute diarrhea from becoming per-
sistent diarrhea (34). The continuation of breastfeeding during diarrheal epi-
sodes provides children with a number of substances that protect against
infections. Both specific and nonspecific immune substances such as lympho-
cytes, macrophages, and secretary IgA assist infected hosts with combating
infectious agents. At the same time, breast milk promotes the repair of dam-
aged epithelial tissues (35,36). The naturally low pH in the intestinal tract,
along with exclusive breastfeeding, promotes the growth of probiotics, espe-
cially bifidobacterium. An effective treatment for persistent diarrhea in the
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young child includes breast milk along with age-appropriate feeding practices
(see Table 4).

Most children can be treated at home for persistent diarrhea if proper nutri-
tion can be provided and action is taken to prevent dehydration. However, some
children may need to be hospitalized. The criteria for hospitalization include
cases with moderate or severe dehydration in children who are not candidates
for enteral feeds or with stool outputs that can exceed 30 g/kg/d. Nonetheless,
any partial parental nutrition is only feasible in specialized hospitals in devel-
oping countries (7). Children with serious systemic infectious such as pneumo-
nia or sepsis also need to be admitted and observed. Special care must also be
given to younger infants. Infants less than 4-mo-old should be cared for in a
clinic or hospital setting.

Diarrheal Vaccines
The development of vaccines to prevent and treat diarrheas is underway.

Vaccines to provide both active and passive immunity are being developed
(see Table 5). The most promising progress has been made for rotavirus and
cholera (4,37), but studies are ongoing for Shigella and E. coli vaccines (38).
Vaccines for larger parasites such as Entomoeba histolytica, Giardia lamblia,
and helminthes have required different approaches. For helminthes, the goal of
an effective vaccine is to reduce the worm burden to a nonpathologic level
rather than to provide sterilizing immunity or to focus on reducing the patho-
logic properties of the helminthes (39). The approach being followed in the
development of nematode vaccines is also to target parasite molecules that are
required for nutrition or survival (40). Hyperimmune milk has been investi-
gated for cryptosporidium and other small protozoa and may provide some
protection for at-risk individuals (17). A hyperimmune bovine colostrum prod-
uct is also available for rotavirus and is licensed in Australia (41).

Data on the efficacy of diarrhea preventing vaccines are limited. At most,
only data on basic protection are available for the viral and bacterial vaccines.
Few trials have determined how much protection the vaccines provide when

Table 4
WHO Recommendations for Treating Persistent Diarrhea

Continue breastfeeding
Provide a nutritious age-appropriate diet
Limit the content of lactose from animal milk
Provide at least 110 kcal/kg/d of energy
Include supplementary vitamins and minerals
Feed small amounts of food at one time, at least six times/d

Source: Ref. 25.
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given to children with different nutritional status or concomitant infections.
This is an important consideration because there is some evidence that polio
vaccine is not completely protective when given to infants who have diarrhea
(42). This is clearly an important concern and may be specific to an oral vac-
cine compared with intramuscular injections.

Three oral cholera vaccines are currently available and licensed in some
countries (4). The development of these vaccines took different routes. One
vaccine comprises killed whole-cell V. cholerae O1 with a purified subunit of
the cholera toxin (WC/rBS). The vaccine provides 85–95% protection for at
least 6 mo after two administrations 1 wk apart. Booster doses can be given
every 6 mo. Protection remains high at about 60% 6 mo later, but may decline
rapidly after this. A similar vaccine has been developed with the purified sub-
unit and field trials suggest it has 66% protection at 8 mo. The third vaccine is
an attenuated live oral genetically modified V. cholerae 01 strain that provides
95% protection after one dose for V. cholerae and 65% protection against V.
cholerae El Tor for at least 3 mo. Given these results, the WHO has recom-
mended giving the WC/rBS to populations that are at risk for a cholera out-
break within 6 mo (4).

A tetravalent rhesus rotavirus vaccine has been developed and tested in sev-
eral field trials. Vaccine effectiveness varied between developed and develop-
ing countries. Under more ideal conditions, the vaccine is able to prevent
50–70% of all rotavirus cases and 70–90% of severe rotavirus cases. However,
reports from in Brazil and Peru suggested that the effectiveness of the vaccine
was 35–66% (37). The vaccine schedule indicates it is to be given in three
doses at ages 2, 3, and 6 mo. Adverse effects have been reported, including
fever after the first dose and the risk of adverse effects increase with age. The
most serious adverse effect reported was intussusception (bowel obstruction)

Table 5
Immunological Approaches to Preventing Selected Diarrheal Diseases

Active Immunity Passive Immunity Targeted Immunity
(Vaccinations) (Hyperimmune Colostrum) (Harm Reduction)

Rotavirus Hookworm
Rotavirus Cryptosporidium
Cholera Enterotoxic E. coli
Shigella Clostridium difficile
Campylobacter Campylobactor
Enterotoxic E. coli
Salomenella typhi

Source: Refs. 1, 39, 40.
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among infants during the first 1–2 wk following vaccination. Fifteen cases were
reported from September 1998 to July 1999. Based on these findings, the
Advisory Committee on Immunization Practices for the US Centers for Dis-
ease Control and Prevention recommended the suspension of the rotavirus vac-
cine until further studies could be conducted (43,44).

Conclusion
Undernutrition is a major causal factor for persistent diarrhea because it

depresses the cell-mediated response and delays repair of the intestinal epithe-
lium. Acute diarrheal episodes elicit an immune response that exacerbates
undernutrition by inducing anorexia and increased catabolism. The mecha-
nisms underlying the interaction between diarrhea and undernutrition continue
to be elucidated in order to develop appropriate prevention and treatment
protocols. The issues that have to be identified when examining this associa-
tion include the specific pathogenic agents involved, the energy/nutrients
(macronutrients and/or micronutrients) required for prevention and treatment,
and the temporal sequence between nutritional status and infection. Prevention
and treatment protocols for diarrheas, in most cases, will be similar and include
preventing dehydration, breastfeeding, and providing an age-appropriate diet.
Other nutrition interventions, such as zinc supplementation, are being recog-
nized as additional adjuvant to the treatment of diarrhea. In measuring the out-
come of interventions, public health professionals and clinicians must focus
not only on the incidence of diseases, but also the severity and duration of
diarrheal episodes including the development of persistent diarrhea.

Nutritional interventions must also be accompanied by other preventive
behaviors to decrease a child’s exposure to infectious agents. Good access to
safe water and sanitation facilities is critical for decreasing exposure to patho-
gens. Improved hygiene from hand washing at home and in child- or day-care
centers will also prevent infections and epidemics of infectious diarrheas. Per-
sonal hygiene and public health interventions need to work hand in hand to
decrease the incidence of diarrhea and the devastating outcomes associated
with it. The morbidity and mortality associated with diarrhea is a priority for
improving the health of children worldwide. Millions of childhood deaths can
only be averted by improved nutrition and hygiene. Public health and clinical
approaches to preventing and treating diarrhea need to incorporate proven nu-
tritional strategies. These strategies include micronutrient supplementation,
food-based programs, and community education programs. The general public
and health care professionals need to be aware of the effect that nutrition inter-
ventions can have on decreasing diarrheal morbidity and mortality. Thus, the
new knowledge that is rapidly being accumulated on how nutrition and infant
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feeding practices improve the lives of children need to be incorporated into
daily practice.
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KEY POINTS

• HIV infection is a major public health problem in many developing coun-
tries. The disease is accompanied by profound abnormalities in immune
function.

• Macronutrient and micronutrient undernutrition are frequently reported
among HIV-infected pregnant and lactating mothers, children, and adults.

• Observational studies have shown associations between undernutrition
and a decline in immunological and virological markers of HIV-disease
progression, as well as poor clinical outcomes among HIV-infected indi-
viduals.

• Randomized trials of macronutrient supplementation showed no benefit
on clinical outcomes measured as weight gain among HIV-infected adults.
Data on the effects of macronutrient supplements on immune and viral
markers are not available. No published studies exist for macronutrient
supplementation among children.
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• Supplementing HIV-infected children with vitamin A reduced their risk
of morbidity and mortality. Prenatal vitamin A supplementation to HIV-
positive women reduced the risk of delivering a low-birth-weight baby in
one study, but resulted in a significant increase in the overall risk of
mother-to-child transmission of HIV-1.

• Multiple micronutrient supplements (vitamins B, C, or E) to mothers (dur-
ing pregnancy and lactation) improved markers of disease progression
(CD4+ and viral load) and clinical outcomes (reduced adverse pregnancy
outcomes among women and diarrhea among children). The effects of
multiple micronutrients on clinical disease progression are yet to be
examined.

Introduction
Human immunodeficiency virus (HIV) infection is a major public health

problem worldwide. At the end of 2002, an estimated 29.4 million adults and
children in sub-Saharan Africa were infected with HIV (1). Some 8.8% of
adults in this region were HIV infected, of which 58% were women. Advanced
HIV disease often leads to acquired immunodeficiency syndrome (AIDS). In
2002, 2.4 million people died from AIDS in sub-Saharan Africa (1). AIDS is
frequently accompanied by undernutrition and progressive loss of immune
function (2,3). However, the asymptomatic phase of HIV infection is also
accompanied by profound abnormalities in nutritional status and immune func-
tion (4,5).

The role of nutrient supplementation to reduce HIV disease progression and
transmission, and to improve nutritional status, has received attention. Micro-
nutrient supplementation to HIV-infected individuals may be a low-cost inter-
vention to enhance immune and nutritional status, particularly in developing
countries where antiretroviral drugs are not readily available or affordable. This
chapter reviews studies that examined the potential causes of undernutrition
and impaired immune function among HIV-infected individuals. Macronutri-
ents and micronutrients are discussed separately. For each nutrient, studies on
the prevalence of deficiency, functions, and its potential role on immune func-
tion, viral load, and disease progression among HIV-infected individuals are
reviewed. Potential mechanisms of how nutrition may slow disease progres-
sion are discussed briefly. Finally, the effects of micronutrients on HIV trans-
mission and child health are presented.

Causes of Undernutrition in HIV-Infected Individuals
Severe undernutrition impairs the integrity of mucosal barriers, the acute-

phase response, and cellular immune function thereby reducing resistance to
infections (6–8). Nutritional deficiencies in HIV-infected individuals may lead
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to further decline in immune function and rapid HIV disease progression.
Advanced disease, in turn, leads to even poorer nutritional status (9). The
potential causes of undernutrition in HIV-infected individuals include inad-
equate dietary intake (10–12), nutrient malabsorption (13–15), and distur-
bances related to weight loss and increased energy expenditure (10,11,16).

Reduced food intake is common among HIV-infected individuals with
undernutrition and infections: anorexia, dysphagia, and painful swallowing
resulting from esophageal infections caused by candida, herpes, or cyptomega-
lovirus are some of the causes (11,17,18). Energy intake was unacceptably low
in HIV-infected adults in South Africa (12) and France (14) and among HIV-
infected children with growth failure (19). In the US-based multicenter AIDS
cohort study (MACS), the total intakes of vitamins A and E (from both food
and pharmaceutical supplements) among HIV-infected men were below the
recommended daily allowance (20). In contrast, another US-based study found
the mean total intakes of vitamins A, B6, B12, E, and zinc were significantly
higher in HIV+ men having sex with men (MSM) than in the HIV– MSM (21).
In South Africa, 12% of HIV-infected individuals had inadequate intakes of
protein, vitamins (A, B6, C, and D), and minerals (calcium, iron, and zinc) (12).

Repeated episodes of infectious diarrhea may impair gut mucosal function
and cause nutrient malabsorption. Diarrhea and fat malabsorption (14,15,22),
loss of intestinal absorptive surface (23), and vitamin B12 malabsorption indi-
cated by abnormal Schilling tests (24,25), were found in HIV-infected patients
with and without diarrhea. Urinary nutrient losses may exacerbate nutrient
deficiencies. Renal disease is frequently reported among HIV-infected patients
who develop low molecular mass proteinuria with loss of retinol, retinol-bind-
ing protein, and albumin in urine (26,27).

Weight loss during disease progression often results from increased energy
metabolism, particularly resting energy expenditures (10,16,28), reduced food
intake, infectious diarrheas and other opportunistic infections, and malabsorp-
tion (14,15,29). Several studies have attributed HIV-wasting in adults (10,11)
and growth failure in HIV-infected children (19,30) to low energy intake rather
than increased energy expenditure. Metabolic changes in HIV-infected patients
have been associated with increased levels of blood lipids and increased break-
down of carbohydrates and proteins (10,31,32).

Macronutrients
Macronutrients (carbohydrates, proteins, fat, and fiber) are associated with

wasting and energy balance in HIV-infected patients. Carbohydrates, the major
constituent of the diet, account for up to 70% of the total energy intake (33). In
developing countries, however, low energy intake from carbohydrates can be
related to limited food availability and sociocultural factors. The main func-
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tion of carbohydrates is to provide energy for metabolic processes. Dietary fat
provides up to 20% of total energy intake in Africa, whereas in the United
States and Europe fat intake contributes between 30 and 45% of total energy
intake (33). Dietary fat is important as a source of energy and for structural
components in cell membranes (34). Energy stored in adipose tissue becomes
available during starvation, an important feature for patients with reduced food
intake. Amino acids are the building blocks for proteins required for growth
and transport of nutrients in blood. Supplementation with several amino acids
has been suggested as a way to reduce weight loss among HIV-infected indi-
viduals (35).

Prevalence of Undernutrition Caused by Macronutrient Deficiencies

Macronutrient deficiencies, commonly defined as being wasted and/or
stunted, are prevalent among HIV/AIDS-infected people. Early in the HIV
epidemic, adult undernutrition in Uganda was described as “slim disease” (36).
Forty percent of adult AIDS patients in Burundi (37) and 44% of HIV+ subjects
in an autopsy study in Côte d’Ivoire (38) were wasted. Low body mass index
(BMI) (<21.5 kg/m2) was frequently reported in Côte d’Ivoire (17). Twenty-three
percent of the HIV-infected men participating in the MACS study had low
serum albumin (<35 g/L) levels at enrolment (20), whereas another US study
found 83% AIDS-infected individuals had low serum albumin levels (39).

Macronutrients and Progression of HIV Disease

Macronutrient undernutrition frequently accompanies disease progression
to AIDS. Several studies documented the association between macronutrient
deficiencies and immunological (T-lymphocytes CD4+, CD8+, and CD4+/CD8+

ratio) or virological (viral load) markers of prognosis and survival among HIV-
infected individuals. Low CD4+ cell counts were associated with low mean
weight and low arm and muscle circumference in HIV-infected individuals in
Côte d’Ivoire (17) and growth impairment in HIV-infected children (30). An
inverse association between viral load and energy intake, fat free mass, and
growth velocity among children has been documented. In a cross-sectional
study, high viral load, high interleukin (IL)-6 (a proinflammatory cytokine
involved in HIV replication), and decreased total serum proteins were more
likely to be found in HIV-infected children with growth impairment than in
HIV-infected children with normal growth (30). The temporal association
between nutritional status and immunological and virological markers cannot
be established because of the cross-sectional nature of these studies.

An association between immune status and macronutrinent deficiency was
reported in a longitudinal study from Miami, in which females with advanced
HIV disease (CD4+ cell counts <200/mm3) were more likely to have lower
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plasma prealbumin levels in the 3.5 yr of follow-up than men (40). Few longi-
tudinal studies have examined the association between macronutrient-related
disorders and viral load among HIV-infected children. Low daily energy intake
(19,41), low fat free mass, and 12-mo growth velocity (19) were associated
with increased plasma concentration of HIV ribonucleic acid (RNA) viral load
in HIV-infected children with growth failure. Infants who had a high viral load
in the first 6 mo of life were significantly more likely to have severe growth
failure (41).

Adverse clinical outcomes, such as advanced disease progression and mor-
tality, are commonly observed among HIV-infected individuals with macronu-
trient undernutrition. Observational studies using anthropometric indicators
showed a decline in BMI and depletion of body cell mass were associated with
advanced disease progression among HIV-infected individuals in the United
States (5). In HIV-infected adults, wasting or depletion of body cell mass were
associated with increased mortality (42–44) and susceptibility to opportunistic
infections (44) in US-based studies. In a Rwandan study, mortality among HIV-
infected individuals with a BMI � 21 kg/m2 was significantly higher than
among those with a BMI >21 kg/m2 (45).

Perinatal HIV-infection in infants is associated with progressive growth fail-
ure followed by increased risk of mortality. Several longitudinal studies have
reported associations between growth retardation among HIV-infected chil-
dren and progression to AIDS or mortality. In a Ugandan study, HIV-infected
infants with growth failure (average weight-for-age Z-score [WAZ] below –1.5)
during the first year of life had an approx fivefold risk of mortality before 25 mo
of age compared with infants with WAZ �–1.5 (46). Several other studies
have also reported the association between perinatal HIV infection and growth
failure among children (47–49). In a US study, compared with children who
had low weight and height velocity, high weight and height velocity among
HIV-infected children 3–15 mo old was associated with reduced mortality (18).

The association between biochemical indicators of macronutrient status and
mortality among HIV-infected individuals has been examined in a few longitu-
dinal studies. Mortality risk increased threefold among HIV-infected individu-
als with low albumin levels compared with those with normal albumin levels
in a small US-based study: the mean duration of follow-up was approx 186 d
(50). In another US-based study, HIV-infected women in the lowest baseline
serum albumin category (<35 g/L) had a significantly threefold higher risk of
mortality at 3 yr of follow-up than those in the highest category (�42 g/L)
(51). Both low mean BMI and C-reactive protein concentrations were signifi-
cant predictors of mortality among HIV-infected individuals followed for 42
mo (52). Levels of serum albumin, baseline CD4+ cell counts, and HIV RNA
predicted survival among HIV-1 vertically infected children (53). Lower lev-
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els of serum albumin and hemoglobin were also observed in HIV-infected chil-
dren who died than in the survivors.

Two intervention studies have examined the effect of macronutrient supple-
mentation on weight gain among HIV-infected individuals with weight loss. In
a randomized placebo-controlled study, 8 wk supplementation with three amino
acids ( -hydroxy- -methylbutyrate, a metabolite of leucine [L-glutamine], and
L-arginine) resulted in a significant weight gain of about 3.0 kg in the treatment
arm compared with 0.37 kg in the placebo arm (35). Improvements in gut
function leading to absorption of the supplement and other nutrients may have
contributed to this weight gain. In another randomized trial, daily supplemen-
tation with one of two diets with different energy levels or a nonenergy diet for
4 mo did not result in a significant difference in the percent change in weight
among HIV-infected individuals (54). One energy diet provided 500 kcal as a
supplement with peptides and medium-chain triglycerides plus a multivita-
min and mineral and the other 500 kcal as a supplement with whole protein
and long-chain triglycerides plus a multivitamin and mineral, whereas the
nonenergy diet included multivitamin and mineral supplements only. Both of
the above trials were conducted in a developed country where most patients
were on antiretroviral drugs, thus generalization to developing countries can-
not be made. The effects of macronutrient supplementation on HIV disease
progression and clinical outcomes may warrant further studies in developing
countries.

Micronutrients
Prevalence of Deficiency and Nutrient Sources

Micronutrients include fat-soluble vitamins A, D, E, and K; water-soluble
B-complex vitamins such as B1 (thiamin), B2 (riboflavin), B3 (niacin), B5 (pan-
tothenic acid), B6 (pyridoxine), biotin, B12 (cobalamin), folic acid, and vitamin
C; and minerals such as iron, zinc, selenium, and iodine. Micronutrient defi-
ciencies are common among HIV-infected people. Table 1 shows both the
micronutrient food sources and the frequency of deficiency (low levels of
serum or plasma) among HIV-infected individuals in different locations for
vitamins A, E, C, B2, B6, B12, folate, selenium, and zinc (4,2,55–69).

Low levels of serum vitamin A (retinol levels <1.05 µmol/L) are prevalent
among HIV-infected individuals (70). In a follow-up study among men in
Kenya, the prevalence of low serum retinol (<0.70 Mmol/L) was 50% in HIV-
1 seroconverters and 76% in those who remained seronegative (62). In South
Africa, low serum retinol was reported in 39% of HIV-infected patients at
World Health Organization clinical stages I and II and in 79% of those in stage
IV (65). Studies from the United States reported a relatively lower prevalence
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of low serum vitamin A levels ranging from 3 to 15% among HIV-infected
MSM and intravenous drug users (IDU) (4,20,55), and from 13 to 31% among
HIV-infected pregnant women (71,72). Low blood levels of -carotene (73,74),
vitamin C (73), and vitamin E (73,75,76), were reported in HIV+ adults in
Canada and the United States. HIV-infected children in Italy were reported to
have low blood levels of -carotene and vitamin E (76).

Low blood levels of selenium were observed in HIV+ individuals in Canada
and the United States (73,77). The prevalence of selenium deficiency was 11%
in HIV-infected MSM in Miami (68). Concurrent macronutrient and multiple
micronutrient deficiencies are common in HIV-infected individuals, and a high
prevalence of wasting and specific micronutrient deficiencies including vita-
min A and carotene (74), vitamin B12 (67), folate (74,78), and zinc (79) have
been reported. A high proportion—62%—of HIV-infected children in South
Africa had multiple micronutrient deficiencies (80). The prevalence of anemia
among asymptomatic HIV-infected pregnant women in Malawi (81) and Tan-
zania (82) was 73 and 83%, respectively. Some of the above studies were cross-
sectional, making it impossible to establish a temporal association between
HIV-related outcomes and specific nutrient deficiencies. On the one hand, HIV
infection may lead to micronutrient deficiency through decreased dietary
nutrient intake, malabsorption, and increased utilization and excretion of nutri-
ents (11–13,17,83) but, on the other hand, micronutrient deficiencies may con-
tribute to faster HIV disease progression to clinical AIDS by impairing immune
function. Additionally, chronically HIV-infected individuals may present with
low blood levels of vitamin A or other micronutrients such as zinc and sele-
nium despite adequate body stores. For example, biochemical studies on vita-
min A are limited because serum levels of vitamin A can be reduced in response
to HIV infection even in the absence of liver depletion (84). Therefore, vitamin
A and other micronutrient levels can reflect an inflammatory response and HIV
disease stage rather than micronutrient status.

Functions of Micronutrients the in Immune System

Reduced CD4+ cell counts may be caused by the direct effects of the virus
on the cells because HIV primarily infects CD4+ cells. Low levels of antioxi-
dant micronutrients in blood and increased levels of oxidation products may
cause increased HIV replication (high viral load) (85), whereby new virions
infect more CD4+ cells and can impair CD4+ cells production. Micronutrient
deficiencies are also associated with immune suppression. Potential immune
response factors have been associated with vitamin A (86,87), for example,
deficiency was associated with impaired cell-mediated immunity presented as
delayed type hypersensitivity (DTH) response in mice (88). Increases in CD4+
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Table 1
Vitamins and Minerals: Selected Food Sources

and Prevalence of Deficiency Among HIV-Infected Individuals

Nutrient Food sources Study location Prevalence (%) Reference

Vitamin A Preformed vitamin A, mainly US, Baltimore/Washington, 10 20
from liver, fish liver oils, US, Baltimore, 15 55
dairy products, eggs US, Miami, 18 4

Provitamin A, available in dark Kenya, 24 56
green leafy vegetables, and US, New Jersey, 26 57
orange colored fruits, and US, Baltimore, 29 58
vegetables US, New Jersey, 31 59

Spain 36 60
Tanzania, 34 61
Kenya, 50 62
Malawi, 65 63
Germany, Berlin, 77 64
South Africa 79 65

Vitamin E Vegetable oils, nuts, green leafy US, New Jersey 4 57
vegetables US, New Jersey 12 59

US, Baltimore/Washington 22 20
US, Miami 27 4

Vitamin C Citrus fruits, tomatoes, bell US, Miami 10 4
peppers, many berries US, New Jersey 20 57

US, New Jersey 27 59
Riboflavin (B2) Meat, milk, dairy products, grain US, Miami 26 4

products, green leafy vegetables
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Pyridoxine (B6) Poultry, fish, liver, eggs, whole grain US, New Jersey 17 59
products, beans, fruits, vegetables US, Miami 53 4

Cobalamin (B12) Animal foods such as meat, poultry, US, Miami 23 4
milk, fish Canada, Montreal 31 66

US, Los Angeles 36 67
Folate Green leafy vegetables, legumes, US, New Jersey 3 59

orange juice, fortified grain US, New Jersey 15 57
products, yeast

Selenium Mainly from vegetables and fruits, US, Miami 11 68
also in meat, fish, grains

Zinc Meat, fish, grains US, New Jersey 4 57
US, California 29 69
South Africa 45 65
US, Miami 50 4
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and CD8+ cell counts following supplementation with -carotene or vitamin A
have been reported in both animal and human studies (89–92). In addition,
enhanced humoral immunity caused by vitamin A has been demonstrated by
antibody response to other disease antigens such as tetanus (93) and measles
(94) in children. In a meta-analysis, vitamin A supplementation to children
whose HIV status was not determined resulted in significant reductions in the
severity of measles, diarrhea, and total mortality (95). The latter study esti-
mated 60% average mortality risk reduction, which led several researchers to
conduct vitamin A trials among HIV-infected women and children.

Vitamin C has been shown to decrease T-cell death and enhance natural
killer (NK) cell activity (96). Possible antiviral activity of vitamin C on HIV-
infected human lymphocytic, myeloid, and monocytic cell lines in in vitro
studies has been demonstrated (97). Increased proliferation of T- and B-lym-
phocytes and lower rate of infections were reported following vitamin C
supplementation or enhanced vitamin C status (98,99). Vitamin E deficiency
has been shown to impair T-cell-mediated function including DTH response,
lymphocyte proliferation, and interleukin (IL)-2 production in animal and hu-
man studies (100). In mice infected with murine AIDS, vitamin E supplemen-
tation was associated with significant improvements in IL-2 production and
NK cell cytotoxicity, as well as reduced production of the pro-inflammatory
cytokines such as tumor necrosis factor-alpha (TNF- ) and IL-6 (101). Supple-
mentation with vitamin E in healthy elderly subjects significantly improved
lymphocyte proliferation, IL-2 production, DTH, and response to T-cell-de-
pendent vaccines (102,103).

The role of the B vitamins in immune function has also been documented.
Vitamin B6 deficiency in healthy elderly subjects significantly reduced the to-
tal number of lymphocytes, lymphocyte proliferation, and IL-2 production in
response to T-cell mitogens-defects that were corrected following B6 repletion
(104). Among HIV-infected individuals, vitamin B6 deficiency was associated
with reduced NK cell cytotoxicity and impaired mitogen-induced lymphocyte
proliferation (105). Riboflavin (vitamin B2) deficiency impairs the ability to
generate humoral antibodies in response to test antigens, but research on the
effect of cell-mediated immunity is limited (106). Clinical studies showed pa-
tients with low serum vitamin B12 had impaired neutrophil function, whereas
in vitro and animal studies indicated vitamin B12 supplements are associated
with enhanced antibody function and mitogenic responses (106).

Selenium is required for proper activity of the enzyme glutathione peroxi-
dase (GSH-Px) (107) that is involved in cellular antioxidant systems. Increases
in GSH-Px activity following selenium supplementation has been reported in
HIV-infected T-lymphocytes in in vitro studies (108) and in the animal murine
AIDS model (109). Selenium supplementation as parenteral nutrition improved
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immune response in patients with chronic gut failure whose HIV status was not
determined (110). Zinc plays an important role in the growth, development,
and function of NK cells, macrophages, neutrophils, and T- and B-lympho-
cytes (111). Zinc has been found to inhibit HIV-1 RNA transcription in an in
vitro study (112) and possibly to slow HIV-1 replication in humans (113). Zinc
supplementation resulted in significant reduction in the severity of diarrhea,
malaria, and acute respiratory infections among children whose HIV status
was not determined in several trials (114).

Micronutrients and HIV Disease Progression (see Table 2)

Cross-Sectional and Observational Studies

Cross-sectional studies have examined the association between biochemical
markers of micronutrient status and immunologic markers of HIV-disease pro-
gression such as CD4+ cell counts. First trimester HIV-1 infected pregnant
Thai women with CD4+ counts below 200 cells/mm3 had mean serum vitamin
A and -carotene concentrations 37% lower than HIV-negative pregnant
women (115). Plasma zinc levels were significant predictors of CD4+ cell
counts among HIV-1-infected individuals in a cross-sectional study in the
United States (116). As mentioned earlier, cross-sectional studies do not pro-
vide the temporal association between low blood vitamin A levels and low
CD4+ cell counts.

The associations between micronutrient status, measured by biochemical
markers or dietary micronutrient intakes, and immunologic markers of HIV-
infection have been examined in observational studies. In longitudinal studies,
low plasma vitamin A was associated with lower CD4+ cell counts among HIV-
infected women in Kenya (84) and HIV-infected MSM in the United States
(3). In the latter study, normalization of plasma vitamin A and zinc levels over
the 18-mo period was significantly associated with higher CD4+ cell counts. In
Miami, HIV-1 infected women with CD4+ counts below 200/mm3 were more
likely to have lower levels of plasma vitamin A, E, and selenium than men with
similar CD4+ cell counts (40). Development of vitamin B12 deficiency during
an 18-mo period was significantly associated with a decline in CD4+ cell counts
in a longitudinal study among HIV-infected MSM (3). Individuals whose vita-
min B12 level returned to normal over the same period had significantly higher
CD4+ cell counts.

The associations between dietary intakes of the B-vitamins and immuno-
logical markers of HIV infection have been assessed prospectively. In San
Francisco, higher dietary intake of thiamine, niacin, and riboflavin were posi-
tively related to CD4+ cell counts (117). The same study also found higher
dietary intake of zinc was positively associated with CD4+ cell counts.
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Table 2
Data on the Association Between Micronutrients Status and HIV Disease Progression

Markers of disease progression Clinical outcomes (disease progression,
Nutrient (CD4+, viral load) mortality, and other morbidities)

Vitamin A Observational studies: Observational studies:
• Vitamin A deficiency defined by • Low plasma vitamin A was associated

low plasma/serum retinol level with increased mortality
associated with low CD4+ cell • Dietary intake had a U-shaped association
counts and high viral load with clinical disease progression and

mortality among men
Randomized trials: Randomized trials data:
• Supplementation had no effect on • Efficacy of supplements on clinical

CD4+ or viral load among adults outcomes has not been reported
• Supplements given to mothers (during preg-

nancy and lactation) or children reduced
the risk of diarrhea, pneumonia, and
overall mortality among children

• Reductions in the risk of low birth weight
and improved neonatal growth

• Antenatal supplementation to women
decreased risk of anemia among children
born to HIV-infected women in Malawi

Vitamins C, E, Observational studies: Observational studies:
and B-vitamins • High biochemical levels and high • High levels of serum vitamin E and high
(Thiamin [B1], dietary intakes associated with dietary intakes of vitamin C or E
Riboflavin [B2], reduced risk of low CD4+ cell associated with reduced risk of disease
Niacin [B3], counts progression
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Pyridoxine [B6], • No published data on effects • High biochemical levels and high dietary
Cobalamin [B12]) on viral load intakes of B vitamins reduced disease

progression and mortality
Randomized trials: Randomized trials:
• Protective effect on CD4+ cell counts • No data on the effects on clinical outcomes

and hemoglobin levels were reported in HIV-infected adults
• Effects on viral load marginally • Supplements given to mothers (during preg-

significant nancy and lactation) significantly reduced
• Supplements given to mothers (during adverse pregnancy outcomes (fetal loss,

pregnancy and lactation) low birth weight, severe preterm birth
increased mean CD4+ cells count and small size for gestation age at birth)

and lowered the risk of diarrhea among
children in a study from Tanzania

Selenium Observational studies: Observational studies:
• Low biochemical levels associated with • Low plasma levels associated with

low CD4+ cell counts increased risk of mortality among HIV-
infected adults and vertically infected
children

Randomized trials: Randomized trials:
• Short duration trial with cross over • No published data on effects of supplements

design resulted in non-significant on clinical outcomes
increase in CD4+ cell counts

• Short duration of supplementation had
no effect on viral load

Zinc Observational studies: Observational studies:
• Normalization of zinc levels in blood • High dietary zinc intake had harmful effects

and high dietary intakes on disease progression and mortality
increased CD4+ cell counts

(continued)
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Table 2 (Continued)
Data on the Association Between Micronutrients Status and HIV Disease Progression

Markers of disease progression Clinical outcomes (disease progression,
Nutrient (CD4+, viral load) mortality, and other morbidities)

• No published data on effects on • Low biochemical levels associated
viral load with increased disease progression

Randomized trials: Randomized trials:
• No published data • No published data

316
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Few studies have examined the association between micronutrient status
and viral load. Vitamin A deficiency may be associated with an increase in
HIV viral load. Longitudinal studies from Rwanda (118) and Kenya (84) found
lower levels of serum retinol were associated with increased viral load among
HIV-1-infected women. No studies have shown an association between the
B-vitamins and viral load levels among HIV-infected individuals. The above
studies were adjusted for confounding characteristics such as baseline clinical
signs and symptoms that describe HIV disease stage, CD4+ cell counts, and/or
viral load. However, confounding caused by unmeasured factors such as the
actual duration of HIV infection and time to development of nutritional defi-
ciencies cannot be ruled out. Chronically HIV-infected individuals may present
with low blood levels of vitamin A or other micronutrients such as zinc and
selenium, despite adequate body stores, because many micronutrients are acute
phase reactants.

Observational studies have examined the association between micronutrient
status and clinical HIV disease progression. Serum retinol was significantly
associated with progression to AIDS in a study from Rwanda (118), but not the
United States. (20). However, baseline serum retinol was low in the study from
Rwanda, and within the normal range in the US study. In a nested case-control
study, HIV-infected individuals with low plasma vitamin A had an approx-
imately fourfold higher risk of death compared with controls after adjusting for
CD4+ cell counts (43). Low serum retinol was also associated with a fourfold
increased risk of mortality, after adjusting for CD4+ cell counts and other clini-
cal markers, in another longitudinal study among HIV-infected IDU in Balti-
more (55). Presupplementation (at enrolment) serum vitamins A and E levels
were strong predictors of early mortality in a cohort of HIV-infected patients
with persistent diarrhea in a randomized multiple micronutrient trial in Zambia
(119). Slower progression to AIDS and higher likelihood of survival was noted
among HIV-infected women with higher serum retinol levels in Rwanda (118).

An association between serum levels of vitamins E and B12, zinc, and sele-
nium, and HIV disease progression has also been reported. In a US study, HIV-
infected individuals in the highest quartile of serum vitamin E levels had a
significant 35% lower risk of progression to AIDS than those in the lowest
quartile (20). US-based HIV-infected individuals with low serum vitamin B12

had a twofold increased risk for progression to AIDS (120). A case-control
study nested in the MACS study found that patients who progressed to AIDS
had significantly lower levels of serum zinc compared with non progressors
and HIV-uninfected participants (121). Selenium deficiency in HIV-1-infected
individuals has been associated with increased risk of mortality among adults
(122,123) and HIV-1 infected children (124). As with vitamin A, serum levels
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of selenium and zinc may be low in response to infection, even in the absence
of tissue depletion (121).

The association between dietary vitamin A intake and progression to AIDS
was a U-shaped in the MACS study, with poor outcomes in the lowest and
highest quartiles of intake (125). HIV-infected individuals in the upper-third
quartile of -carotene intake also had a higher likelihood of survival com-
pared with those in the lowest intake quartile (126). High dietary intakes of
vitamin C in the MACS study (125) and vitamins C and E in the MSM study in
San Francisco (117) were associated with a reduced risk of disease progression
to AIDS. In both studies, high levels of thiamin or niacin intake were associ-
ated with a reduced risk of disease progression to AIDS. In addition, increased
intake of riboflavin significantly reduced the hazard for AIDS (117). In the
MACS study, the highest quartiles of dietary intake of vitamins B1, B2, B6, and
niacin were associated with increased survival time of up to 1.3 yr (126).
Increased risk for developing AIDS was associated with higher zinc intake
from dietary sources alone and from total intake (both food and pharmaceuti-
cal supplements) among HIV-infected MSM (125). Higher levels of total zinc
intake were also associated with poor survival (126). However, the MSM study
in San Francisco found no association between higher dietary zinc intake and
progression to AIDS (117).

Observational studies to assess the effect of dietary intake of micronutrients
on HIV disease progression and mortality can be limited because of confound-
ing from other factors such as opportunistic infections, time since sero-
conversion, drug treatment, and existing nutritional deficiencies. Furthermore,
both dietary and biochemical studies are limited by the fact that reverse causal-
ity may partly explain the positive association between nutrient deficiencies
and HIV disease progression.

Randomized Trials

Randomized trials are better suited to examining epidemiologic associations
because confounding is minimized and interventions are precisely defined.
Daily supplementation with 180 mg -carotene for 4 wk in a small (n = 21)
randomized crossover study in the U.S.A. was associated with a small increase
in the total white blood cell count, change in CD4+ cell count, and percentage
change in CD4+/CD8+ ratio compared with subjects on placebo; these param-
eters decreased when the subjects in the -carotene arm were switched to the
placebo arm (127). However, this effect was not observed in another study by
the same investigators in which 5000 IU of vitamin A and the same dose of

-carotene were used (128). Single high-dose vitamin A (200,000 IU or 60 mg
of retinol equivalents) given to IDU in the United States had no significant
effect on CD4+ lymphocyte count measured 2 and 4 wk after treatment (129).
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A large double-blind placebo-controlled randomized trial of vitamins among
HIV-infected pregnant women in Tanzania showed a significant increase in
CD4+, CD8+, and CD3 cell counts in a group supplemented with vitamins B,
C, and E; vitamin A alone had no effect (61). In the latter trial, the vitamin
supplements were given during pregnancy and throughout the breastfeeding
period. A clinical trial among children with AIDS in South Africa showed 60 mg
retinol equivalents of vitamin A given on two consecutive days could increase
circulating CD4+ and NK cell counts one month after supplementation (130).
The effects of vitamin C and/or E supplementation on CD4+ cell counts have
not been reported (the joint effects of the supplements on viral load will be
presented in the multiple micronutrients section below). In a small randomized
trial with partial cross over design (n = 24), a combination of N-acetylcysteine
(NAC) and sodium selenite resulted in a nonsignificant increase in CD4+ counts
6 wk after supplementation (131). In the latter study, HIV-infected individuals
in stages I and II were randomized to receive the antioxidant combination of
600 mg NAC three times a day and 500 mg sodium selenite per day for either
24 wk (group A, n = 13) or from the end of week 12 (group B; control, n = 11)
until the end of week 24. However, the effects of each nutrient could not be
separated and the study was limited by a small sample size.

Few randomized trials have found a beneficial effect from micronutrient
supplementation on viral load. Supplementation with retinol and -carotene to
HIV-infected pregnant women in South Africa did not change viral load (132).
Single-dose vitamin A (200,000 IU) supplements given to HIV-infected IDU
in the United States had no effect on viral load measured 2 and 4 wk after
treatment (129). In a small trial in the United States (n = 40), single high oral
dose of vitamin A (300,000 IU) given to HIV-infected nonpregnant women did
not significantly change the viral load concentration 1, 2, 3, and 4 wk after
treatment compared with baseline, and viral load concentration between the
two treatment groups did not differ (133). Daily supplementation with 100 µg
selenium or 30 µg -carotene for 1 yr led to significant increases in GSH-Px
activity per gram of hemoglobin at 3 and 6 mo, and was much higher in the
selenium than the -carotene group, but viral load was not measured (134).
Daily supplementation with NAC and sodium selenite in a partial crossover
trial had no effect on viral load at the end of 24 wk (131).

Two studies examined the effect of vitamin A or selenium supplementation
on clinical outcomes among HIV-infected adults. In South Africa, vitamin A
supplementation among pregnant women showed no significant benefit on HIV
disease progression, as measured by reports of either HIV-1 or pregnancy-
related symptoms during the prenatal or postnatal period (135). In a small
randomized trial in San Diego (n = 19), daily supplementation with 400 mg of
selenium for 70 d to HIV-infected adults with AIDS led to improved HIV-
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related symptoms from pulmonary, gastrointestinal, skin, and neurological dis-
orders in 74% of patients (136).

Multiple Micronutrients and HIV Disease Progression

The rationale for supplementing HIV-infected individuals with multiple
micronutrients is based on their ability to enhance both humoral and cellular
immune functions. Several in vitro and animal studies have shown increased
immune cell proliferation and function, and inhibition of HIV replication, find-
ings relevant to reducing disease progression. Provision of multiple micronu-
trient supplements may be a low-cost intervention in developing countries
where micronutrient deficiency rates are high.

The effects of micronutrient supplementation on immunologic and virologic
markers of disease progression among adults were reported in Canada and Tan-
zania. In a small randomized placebo-controlled double-blind study (n = 49) in
Canada, large daily doses of vitamin C (1000 mg) and E (800 IU) resulted in a
significant reduction in viral load after 3 mo of supplementation (137). In a
large randomized, double-blind placebo-controlled trial (n = 1078) in Tanzania,
factorial design was used to examine the effects of supplementation with
vitamin A (preformed vitamin A and -carotene) and/or multivitamins
(vitamins B, C, and E) during pregnancy and lactation. In Tanzania, multi-
vitamin (vitamin B, C, E) supplements resulted in significant increases in the
CD4+ and CD8+ cell counts among women (61). Supplementation for approx 4
mo also led to significant increases in hemoglobin levels assessed at delivery.
Vitamin A had no effect on these outcomes. Further analyses revealed a sig-
nificantly higher mean CD4+ cell count among children in the multivitamin
arms than among those in the no-multivitamin arm during the first 2 yr of life
(138). The beneficial effects of vitamins C and E may be mediated by a mecha-
nism whereby vitamin C regenerates vitamin E, thereby reducing reactive
oxidants (139).

The efficacy of multiple micronutrient supplementations on clinical
outcomes among HIV-infected adults has been examined in few studies. In a
randomized placebo-controlled trial (n = 106) in Zambia, 2 wk of daily supple-
mentation with multiple micronutrients (vitamins A [10,500 IU], C [300 mg],
and E [300 mg], selenium [150 µg], and zinc [200 mg]) among patients with
persistent diarrhea did not reduce the duration of diarrhea or time to mortality
during the first month of follow-up, and CD4+ cell counts and hematological
parameters were unaffected (119). Malabsorption during persistent diarrhea
and short duration of supplementation may have contributed to these results. In
the trial from Tanzania referred to above, HIV-infected pregnant women who
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received multivitamin supplementation during pregnancy, had significant
weight gain and reduced risk of low rate of weight gain during pregnancy (140).

Nutrition and HIV Disease Progression Among Children
Observational studies have examined the association between blood vita-

min A levels and disease progression and clinical health outcomes among chil-
dren. Plasma vitamin A levels and low levels of provitamin and nonprovitamin
A carotenoids were related to decreased weight and height velocity among
HIV-infected children in Uganda (141). Those with low plasma -carotene
had a significant threefold increased risk of mortality. Low serum retinol dur-
ing pregnancy was associated with growth failure independent of child’s HIV
status (142), increased infant HIV disease progression (143), and infant mor-
tality (144). In contrast, baseline vitamin A levels and vitamin A change over
time had no effect on the risk of mortality among HIV-infected children in
another study in North America (145). Low prevalence of having low plasma
vitamin A levels in this cohort may partly explain the lack of association.

Vitamin A supplementation to children from populations with high defi-
ciency rate has resulted in improved health outcomes. In a South African trial,
vitamin A supplementation to children born to HIV-infected mothers reduced
HIV disease progression and diarrhea by about 50% (146). In Tanzania, the
overall reduction in mortality among HIV-infected and uninfected children was
50% and the benefits were higher among HIV+ children (147). In the same
study, vitamin A supplementation to children admitted because of pneumonia
significantly reduced morbidity from diarrhea in HIV-infected children and
those with wasting disease. The risk of cough and rapid respiratory rate was
also lowered, but the results were marginally significant (148). Vitamin A
supplementation to HIV-infected women during pregnancy and lactation
resulted in a significant lower risk of cough with rapid respiratory rate (proxy
for pneumonia) among children (138), but vitamin A had no effect on diarrhea
or CD4+ cell counts. In a Malawi trial, prenatal vitamin A supplementation
reduced the risk of low birth weight, improved neonatal growth, and reduced
the risk of anemia (149).

The effects of multiple micronutrients on clinical outcomes among children
born to HIV-infected women has also been examined. Improvements in birth
outcomes among HIV-infected pregnant women were described in Tanzania,
where multivitamins supplementation significantly reduced fetal loss by 39%,
low birth weight by 44%, severe preterm birth (less than 34 wk of gestation)
by 39%, and small size for gestation age at birth by 43% compared with
women on no multivitamins (61). Multivitamins had a significant effect on
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lowering diarrhea morbidity among children born to women receiving the
supplements (138).

Nutrition and HIV Transmission (see Table 3)
The major routes of HIV transmission in sub-Saharan Africa and other

developing countries include heterosexual contact (horizontal transmission)
and mother-to-child (MTCT) (vertical transmission). MTCT of HIV can occur
during pregnancy, intrapartum, or lactation. The potential mechanisms through
which micronutrients supplementation may reduce the risk of vertical trans-
mission include enhancement of humoral and cellular immune function, slow-
ing maternal disease progression, and enhanced integrity of epithelial linings
of placenta, lower genital tract, and mammary ducts (150,151).

The results of longitudinal studies that examined the association between
biochemical levels of vitamin A and vertical transmission of HIV have been
inconsistent. Low levels of serum vitamin A among HIV-infected women were
associated with an increased risk of vertical transmission in Malawi and the
United States (63,71), and delivering a dead or HIV-positive infant in Rwanda
(152). These associations were not noted in studies from the Ivory Coast and
Burkina Faso (153) and the United States (72,154). In Kenya, low plasma
vitamin A was associated with a higher risk of HIV shedding in secretions of
the lower genital tract (56,155). These findings support the hypothesis that
low levels of vitamin A may be associated with increased MTCT of HIV.
However, the lack of an association between vitamin A deficiency and perina-
tal HIV-1 transmission can be supported by results from two studies. A subset
of data from the Women’s Interagency HIV Study in the United States showed
no association between retinol status and genital (cervical and vaginal) HIV-1-
RNA load (156). In Kenya, vitamin A supplementation had no effect on HIV
DNA shedding in vaginal swabs and median vaginal HIV RNA concentra-
tion (157).

Vitamin A deficiency and breast tissue inflammation (subclinical mastitis
defined as a high sodium/potassium ratio in breast milk) may impair mucosal
barrier and immunity in the mammary ducts, thus increasing permeability of
blood vessels and subsequent shedding of HIV virus in breast milk. In Kenya,
low plasma vitamin A levels among HIV-infected women during pregnancy
was associated with a high viral shedding in breast milk (158). Low serum
levels of vitamin A and subclinical mastitis in Malawi (159) and South Africa
(160) have been associated with high viral load in breast milk and an increased
risk of HIV transmission through breast milk. However, these results need to
be interpreted cautiously given that the studies were observational and serum
vitamin A is not necessarily a marker of vitamin A status. Results from a ran-
domized trial in Bangladesh showed that supplements of vitamin A alone to
postpartum women did not reduce the risk of subclinical mastitis (161).
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Trials with vitamin A supplements have examined their association with
vertical transmission of HIV. In Malawi, vitamin A supplements given to HIV-
infected pregnant women had no effect on HIV transmission at 6 wk or by 12
or 24 mo compared with placebo (149,162). In Tanzania, vitamin A supple-
mentation of women during pregnancy and at delivery increased the risk of
vertical transmission in utero or during the intrapartum and early breastfeeding
period (up to 6 wk) (163). However, these findings were not statistically sig-
nificant. Further analyses from the Tanzanian study showed that vitamin A
supplementation increased the risk of HIV transmission overall and through
breastfeeding by 24 mo (164). The risk of HIV infection in infants by three
months of age were similar between treatment groups in a South African study,
where HIV-infected women received preformed vitamin A and -carotene
supplements or placebo during the prenatal period (165). Daily supplements of
vitamins B, C, and E had no effect on the risk of vertical transmission of HIV
in utero or during the intrapartum and early breastfeeding period (up to 6 wk)
in Tanzania (163). The latter study also found significant beneficial effects on
breastfeeding transmission among subgroups of women who were nutrition-
ally or immunologically compromised.

Data on the role of nutrition in heterosexual transmission of HIV in devel-
oping countries are scarce. In a nested case-control study among men in Kenya,
serum retinol greater than 20 µg/dL (>0.70 µmol/L) was significantly associ-
ated with a 2.4-fold higher risk of seroconversion to HIV (62).

Conclusion
HIV/AIDS is accompanied by profound abnormalities in nutritional status

and a decline in immune function among pregnant and lactating mothers, chil-
dren, and adults. Poor nutritional status and impaired immune function are fur-
ther associated with poor health outcomes among HIV-infected individuals.

A decline in CD4+ cell counts, increased viral load, and accelerated HIV-
disease progression have been frequently reported among adults who present
with wasting and among children with growth failure. There are limited data
on the effect of macronutrient supplementation on weight gain, CD4+ cell
counts, and viral load among adults. There are no published data on the effi-
cacy of macronutrient supplementation among HIV-infected children.

Pregnant and lactating HIV-infected women in less developed countries
have been frequently found to have low plasma micronutrient levels associated
with low CD4+ cell counts, increased viral load in blood, and viral shedding in
genital tract, and breast milk. Multiple micronutrient (vitamins B, C, and E)
supplementation to HIV-infected pregnant and lactating mothers resulted in
improved immunologic markers of disease progression as well as improved
health outcomes including weight gain during pregnancy, improved CD4+ cell
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Table 3
Summary of Findings From An Association

Between Micronutrients and HIV-1 Transmission

Intermediate
Nutrients (lower genital tract, blood, breast milk) Transmission outcome

Vitamin A Observational studies: Observational studies:
• Low plasma vitamin A associated • Low plasma vitamin A associated

with increased HIV shedding in with  increased heterosexual and
the lower genital tract in Kenya increased vertical HIV transmis-
but not in the United States sion. However, results are

• Low plasma vitamin A associated conflicting with some studies
with subclinical mastitis and showing no effect on vertical
increased viral load in blood and transmission
breast milk

Randomized trials: Randomized trials:
• No effects of supplements in reducing • Prenatal supplements had no effect,

viral shedding in the lower genital whereas when given both
tract (vaginal) prenantally and during lactation

• Supplementation during the postpartum transmission increased
period did not reduce subclinical mastitis significantly

Vitamins B, C, E Observational studies: Observational studies:
• No published data on the effects • No published data

biochemical or dietary intakes of these
vitamins on viral load in lower genital
tract, or breast milk



H
IV

325

325

Randomized trials: Randomized trials:
• No published data • Daily supplements during lactation

had no effect on the risk of
vertical transmission of HIV
overall, but decreased
breastfeeding transmission in
subgroups of immunologically
and nutritionally compromised
women

Selenium and Zinc • No published data • No published data
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counts, improved hemoglobin status, and reductions in adverse pregnancy out-
comes (such as reduced risk of low birth weight). Micronutrient supplementa-
tion to pregnant and lactating HIV-infected mothers in developing countries,
where deficiency rates are high, may be a beneficial public health intervention.
However, vitamin A supplementation to HIV-infected pregnant and lactating
women has not been shown to be of benefit to pregnancy outcomes and mark-
ers of HIV disease progression, and resulted in increased risk of vertical trans-
mission of HIV in a study from Tanzania.

The beneficial effects of micronutrient supplementation to HIV-infected
mothers were extended to children born to these women such that there was
reduced morbidity caused by diarrhea, pneumonia, and all-cause mortality.
Prenatal vitamin A supplementation to HIV-infected women resulted in
increased birth weight and decreased anemia among children born to these
women in a trial in Malawi. Multivitamins have had no effect on the risk of
vertical transmission of HIV overall, but benefits were observed in subgroups
of women who were nutritionally or immunologically compromised in a trial
in Tanzania. In Tanzania, multivitamin supplementation reduced HIV trans-
mission through breastfeeding and child mortality. The use of multivitamins,
zinc, and/or selenium supplements among HIV-infected children warrants
additional research as these may be low-cost interventions to reduce disease
progression in developing countries. Vitamin A supplementation among HIV-
infected children in developing countries has had beneficial effects in reducing
morbidity and mortality. There is good evidence that vitamin A supplements
reduced the risk of mortality among children age 6 mo or older, compared with
children receiving placebo.

Micronutrient supplementation among HIV-infected adults (nonpregnant,
nonlactating) has not significantly improved immunologic markers of disease
progression. Supplementation with vitamins C and E resulted in significant
increases in viral load in a study from Canada. Data on clinical outcomes among
HIV-infected adults are not available, thus the beneficial effects of micronutri-
ent supplements warrant further studies. Further studies are also needed to elu-
cidate the effects of selenium and zinc supplementation among HIV-infected
individuals.
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KEY POINTS

• Overnutrition and undernutrition can impair immunity. Micronutrients are
important immunomodulators, and deficiencies are associated with
impaired responses and immune functions.

• A flexible immunological investigative system that can be adapted to dif-
ferent situations is needed. Validated miniaturized assays that are field
friendly, safe, and cold chain-free using dried whole blood or dried serum
spots are also needed.

• Well accepted indices of nutritional status, and cutoff points defining
under and over nutrition, are available for infants and young children,
nonpregnant women, and adult men. Cutoff points are also available for
adolescents, but the applicability of cutoffs based on data in developing
countries is not yet completely certain.

• Micronutrient blood levels often do not reflect true tissue stores because
they are acute phase reactants that can be altered in the presence of fever
as a result of acute and chronic infections. A better understanding of how
biochemical markers are related to intake and what else affects their levels
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needs to be determined. Functional markers for micronutrients status need
to be developed.

• Nutrition plays an important role in the onset, severity, and duration of
diarrheal diseases in childhood. Nutrition also strongly influences the dis-
ease burden of malaria with undernutrition being associated with increased
malaria mortality and more severe malaria-associated anemia. Whether
multiple or repeated exposures boost the immune response to common
infections under different nutritional status remains unknown.

• Micronutrients occur together in food and do not act in isolation; they
probably exert a synergistic effect within the body to promote optimal
health. However, little work has been done on multiple micronutrients and
immunity. More research is needed to determine which nutrients to include
in multiple micronutrient supplements for nonpregnant and nonlactating
women and for children in HIV endemic and nonendemic areas.

• The effects of dietary fats and fatty acids on immune responses appear to
be dependent on many factors. Fish oils and n-3 fatty acids appear to
selectively affect specific immune functions in humans.

• The full biological significance of most of the nutritional antioxidants is
poorly understood or unknown and is an important area for research. The
mechanisms of oxidative stress and the role of dietary components in the
modulation of processes associated with aging also need to expand in
future years.

• Increasingly, consumers are looking at food not only for nutritional pur-
poses, but also for health benefits in such areas as cardiovascular disease,
vision, cognitive function, diabetes, and obesity. However, further insight
and debate is needed on the marketing of these foods and whether they
can, in fact, produce the claimed health benefits.

Introduction
Malnutrition, be it overnutrition or undernutrition, can impair immunity

among specific groups of people including low-income groups who may not
consume an adequate amount of a good-quality diet, the elderly, the chroni-
cally ill, and low birth weight infants. Specific conditions such as alcoholism,
eating disorders, and gastrointestinal diseases cause physiological and patho-
logical conditions that disrupt the immune system. Severe undernutrition
impairs the integrity of mucosal barriers, the acute phase response, and the
cellular immune function, thereby reducing resistance to infections (1–3).

Micronutrients are important immunomodulaters and deficiencies are asso-
ciated with impaired responses and immune functions. Vitamin A deficiency is
the most recognized vitamin deficiency in developing countries (4). Vitamin A
supplementation reduces child mortality (5) and may reduce maternal mortal-
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ity (6). Other common vitamin deficiencies include the B vitamins, especially
folic acid, B6, B12, thiamin (B1), riboflavin (B2), although reliable data on the
extent of these deficiencies are limited. Deficiencies of vitamin C and the other
fat-soluble vitamins, namely D, E, and K are less common, although specific
subgroups may be at risk.

Iodine, iron, selenium, and zinc deficiencies are prevalent in many develop-
ing countries (8). Low intakes of these trace elements can markedly affect
multiple components of the immune system, resulting in greater susceptibility
to infectious disease. Whereas deficiencies in copper, magnesium, and manga-
nese are rare, certain population groups may be susceptible to marginal defi-
ciencies or secondary deficiencies, such as copper deficiency resulting from
zinc supplementation. Marginal deficiencies can also affect an individual’s
overall risk of infection and contribute to chronic immune-associated disor-
ders, such as asthma and chronic obstructive pulmonary disease.

Advances in Assessment Technology
Most immunodeficiencies can be diagnosed using tests that can be carried

out in many clinical laboratories, with more precise evaluations of immuno-
logic function and treatment being referred to specialized centers. Because most
primary and secondary health care facilities in developing countries do not
have a regular and/or reliable supply of electricity, sometimes even water, and
the cadre of staff can vary enormously, a flexible immunological investigative
system that can be adapted to different situations is needed. Selmi et al. (see
Chapter 1) propose the establishment of a three-tier network between centers
whereby biological samples can be sent to a higher tier facility where tests can
be carried out in a more controlled environment or additional immunologic
parameters can be determined using methods that are not possible in the lower
tier facility or facilities. For the tier system to be effective, however, the prac-
ticality of preserving and transporting biological samples and ways to commu-
nicate and share information between the three levels must be known. Testing
the implementation of the proposed tier system is important because an ideal
method to study an at-risk population’s response to common infections, thereby
enabling the monitoring and evaluation of preventive strategies, requires an
efficient system for collecting blood samples before and after energy and/or
nutrient supplementation. Ultimately, it may be possible to operate with a one-
or two-tier system as methods for assessing immunological status and func-
tion, such as the use of recombinant antigens, develop further.

Nutritional status is conventionally determined from dietary intakes and
clinical signs and symptoms (9,10). Measures of body composition and nutri-
tional biochemistry can also be used. Various methods of different complexity,
hence cost, are used to estimate dietary intake. Their reliability is dependent on
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the respondent’s memory and cooperation, the intraindividual variation in usual
food intake, and the appropriateness and/or accuracy of the food composition
tables used. Physical assessments require trained and competent health care
providers as the signs and symptoms of undernutrition are invariably multi-
causal.

Assessing nutritional status from anthropometric measurements is much
simpler than using dietary and clinical methods and can be carried out reliably
by unskilled workers with good training. Although weight and height reflect
both recent and long-term nutritional status, they can be influenced by non
nutritional factors, notably illness, and they do not indicate specific nutrient
deficiencies. Circumferences such as the mid-arm, which reflect the amount of
subcutaneous fat and muscle, can also be appropriate for specific age groups.
Skinfold thickness measurements can provide an estimate of the amount of
subcutaneous and total body fat. Well-accepted indices of nutritional status,
and cutoff points defining under- and overnutrition, are available for infants
and young children as well as for nonpregnant women and adult men (11,12).
New growth standards for infants and young children are currently under
development (13). Cutoff points are also available for adolescents, although
few reference data are available for developing countries (11) and the
applicability of cutoffs based on developed countries data is not yet completely
certain.

Body composition is usually expressed as the percentage of body fat.
Skinfold thickness, body mass index, densitometry, bioelectrical impedance,
and total body electrical conductivity are used to measure body composition
based on fat and fat-free mass. Neutron activation analysis, isotope dilution,
and dual-energy X-ray absorptiometry measure body composition based on
water, protein, mineral, and fat, but can also be used to measure fat mass
and fat-free mass. Each method has its limitations as discussed by Hendricks
and Hussey (see Chapter 2). Clearly, methods that use skinfold thickness and
weight and height have more applicability in epidemiological studies. Research
is needed to validate indices that use these measures against the more sensitive
and complex techniques that measure body composition, which is important
for measuring obesity and for monitoring and evaluating interventions.

Biochemical indicators of nutritional status are either static, whereby they
measure a nutrient or related metabolite in blood or another body fluid, or func-
tional reflecting a specific physiological or biochemical reaction, for example,
enzymatic. Micronutrient blood levels, however, often do not reflect true tissue
stores because they are acute phase reactants that can be altered in the presence
of fever caused by acute and chronic infections. The functional significance of
the change in serum concentrations during the early phase of infection is not
always unknown, but its understanding is important for micronutrients such as
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selenium that is essential for both innate and acquired immunity (14).
Moreover, a persistent acute phase response-induced alteration in micronutri-
ent concentrations, such as hypozincemia, may represent a significant risk to
the individual if it occurs during pregnancy (15). Measuring aspects of the
immune system and its active state can help interpret serum concentrations of
micronutrients affected by acute phase responses. Functional indicators are less
affected by recent changes in food and fluid intake, but they can be influenced
by a number of nutrient abnormalities and may not be nutrient specific. Func-
tional markers for the status of micronutrients such as zinc, iron, or vitamin A
need to be developed.

Because of the limitations associated with dietary assessment methods and
the fact that biochemical markers do not always reflect nutritional status, the
correlation between blood levels and the intake of a specific nutrient is often
not high (9). Some biomarkers may have a role in clinical practice as surrogate
measures of intake, for example, lutein for -carotene (17), or of nutritional
status for example, the plasma-soluble transferrin receptor for iron deficiency
(17). For biochemical markers to be useful, however, a better understanding of
how they are related to intake and what else affects their levels needs to be
determined. Finally, pregnancy hemodilution appears to decrease plasma mi-
cronutrient levels, but a formal allowance for this effect has not been made for
all micronutrients—as it has been for hemoglobin—and further work is needed
in this area.

Relatively low technological immunoassay methods are continually being
developed. Most of the new laboratory assays require smaller volumes of blood
samples that can be obtained from capillary blood (18) by minimally trained
nonclinical staff. The challenge is how to make the available miniaturized assays
field-friendly, safe, and cold chain-free using dried whole blood or dried serum
spots. Many analytes are stable at ambient temperature in dried blood spots and
filter papers can be easily sent to a higher tier laboratory for analysis. However,
as Gitau and Filteau (see Chapter 3) note, the collection of finger prick blood
can include variable amounts of extracellular fluid depending on the collection
technique. Additionally, the spread of the spot on filter paper is not completely
uniform consequently the variability in results from these samples can be
greater than that from plasma. Blood spots are currently most useful for
qualitative analyses, such as the presence or absence of a specific antibody, or
semiquantitative analyses where large differences are expected between nor-
mal and abnormal levels, such as with thyroid stimulating hormone. A second
limitation to using the new and ever-expanding number of low technology
immunoassay methods is that reference standards for interlaboratory compari-
sons are often not available. There is also no general agreement on the cutoff
for deficiency for some biomarkers such as retinol binding protein. Cutoffs are
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also needed for many acute phase proteins such as 1-antichymotrypsin, 1-
acid-glycoprotein, and C-reactive protein, indicating that additional work is
needed in this area. Finally, determining the functional significance, in terms
of important maternal and infant outcomes, of the newly developed methods
and their indicators need is essential.

The advent of validated miniaturized assays for both immune and nutritional
status and good access to laboratories with effective quality control procedures
will facilitate the testing of nutritional interventions using challenge formats—
that is, vaccinations—to explore adaptive responses. They will also enable the
testing of theoretical associations between the vaccination challenges used and
the expected deficits from specific micronutrient deficiency states.

Advances in the Understanding of Nutritional Effects on Immunity
Significant progress has been made in the area of nutrition and immune

response and, as discussed in the preceding chapters, the roles of different
nutrients and dietary components in immune function are now better understood.
Nevertheless, there are a number of gaps in both our understanding of the com-
plex interaction between immune function and nutritional status, and in the
implementation of this understanding into effective public health interventions.

The synergism between nutrition and immunity depends on the extent to
which adequate nutrition provides the body with the capacity to maintain its
function and to protect itself. Nutrient deficiencies are often associated with a
poor diet, but they are also often brought about or made worse by increased
losses of specific nutrients during periods of stress such as infection. Jackson
and Calder (see Chapter 4) highlight that in severe undernutrition, both the
generalized response—for example, the presence of fever, increased pulse, in-
creased respiratory rate, feeling unwell, or the loss of appetite—and localized
response that is indicated by the activation of an immune response and the
presence of an inflammatory infiltrate are often diminished. In some cases,
they may be completely absent. Consequently, affected individuals are severely
immunocompromised. Indeed, Jackson and Calder emphasize that for a treat-
ment regimen to be successful it is essential to assume that most, if not all,
severely undernourished children have an infection. In the meantime, much
more work is needed to understand how best to treat severe undernutrition
effectively.

Ramakrishnan et al. (see Chapter 5) summarize the evidence base for the
associations between infection, immunity, and vitamins. They focus on vitamin
A because this is the most extensively studied vitamin. Recent in vitro research
suggests that retinoic acid may promote the development of specialized helper-
T (Th)-type cells, such as Th2 cells, rather than Th1 cells (19). It is currently
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hypothesized that vitamin A supplementation to normal or well-nourished chil-
dren may increase the normal inflammatory response and exacerbate damage
to the respiratory tract, for example, whereas large doses of vitamin A to defi-
cient children may normalize the Th1 response and restore an optimal Th2
response, in addition to improving gut integrity in the case of diarrhea (20,21).
Additional research is needed to determine the specialized functions and roles
of the different Th-type cells to elucidate why vitamin A may produces varying
effects with different infections.

Few well-designed human studies have looked at the effect of other vita-
mins on morbidities or immunity. Researchers hypothesize that vitamin B6

deficiency may suppress Th1 activity, whereas repletion enables a proper Th2
response; vitamin B12 deficiency may suppress the Th2 response, although the
role of vitamin B12 in the Th2/Th1 response is not known; and folate defi-
ciency may act mechanistically by inducing suppression of the Th1 response,
but few have examined the benefits of improving folate status in reducing
morbidity (22).

Keen et al. (see Chapter 6) describe the important roles that minerals play in
all components of the immune system. A deficiency of an essential mineral
such as zinc, copper, iron, or magnesium can have severe immunomodulatory
effects. Mineral deficiencies can arise through a variety of mechanisms as
either primary deficiencies caused by an inadequate intake, or as secondary or
conditioned deficiencies arising from genetic factors that can create a higher
than normal requirement for a nutrient. The extent to which multiple gene
abnormalities contribute to altered mineral metabolism in humans is unknown.
However, based on rates among animals, it is reasonable to speculate that they
may occur with relatively high frequency. Conditioned deficiencies may also
occur from three other situations. First, mineral interactions—although the ex-
tent to which an excess concentration of nonessential minerals contributes to
the immune system abnormalities observed in individuals with a deficiency of
an essential mineral is unknown. Second, chemicals or drugs that can alter the
metabolism of numerous minerals through the acute phase response, but the
extent to which acute phase response-induced changes in the metabolism of
zinc, copper, iron, and selenium attenuates or augments the disease process is
unclear. Third, through stressor-induced physiological changes in mineral me-
tabolism, excessive loss of a mineral or altered metabolism through the acute
phase response. Mineral deficiency-induced abnormalities in the immune sys-
tem can be particularly profound when they occur during fetal and early post-
natal development.

Copper is essential for normal functioning of the immune system. Copper
deficiency inhibits the production of interleukin (IL)-2, a cytokine essential
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for normal T-cell metabolism. Marginal, subclinical copper deficiency may
occur because of infection, inflammation, exercise, or chronic disease condi-
tions such as diabetes and hypertension. Not enough, however, is known about
how these factors alter immune function. The mechanism(s) by which iodine
deficiency compromises immune function is also not well established.
Although excessive iodine intake has been reported to impair immune activity
(23), the underlying mechanisms are not understood. Magnesium deficiency
may be higher than previously thought; it results in an increase in both reactive
oxygen and reactive nitrogen species (24). Studies on the effects of magnesium
deficiency on all aspects of the immune system are needed. Data on the effects
of manganese on the immune system are lacking.

Significant progress has been made in the area of nutrition and immunity as
it relates to malarial infection. Menéndez and Dobaño note that recent con-
trolled studies have demonstrated that nutrition strongly influences the disease
burden of malaria with undernutrition being associated with increased malaria
mortality and more severe malaria-associated anemia (see Chapter 11). Never-
theless, a better understanding of the molecular and cellular events related to
naturally acquired immunity is needed to determine how they influence the
role of nutrition in malarial onset, progression, and recovery. Low plasma ret-
inol levels have been observed with infection; however, whether the low
plasma retinol levels indicate true vitamin A depletion or are caused by the
acute phase response is not yet known. Supplementation with vitamin A has
produced inconsistent results (25,26). High-dose riboflavin supplementation
can suppress malaria parasite growth (27), but the mechanisms are yet to be
determined. Vitamin E is hypothesized to suppress the parasite-damaging oxi-
dative stress reaction generated by the immune system, thus increasing sur-
vival of the P. falciparum parasite (28). Vitamin E is known to modify the
protective effects of fish oil in malaria although the mechanisms are not well
understood (29). Controlled intervention trials in adults and children in malaria
endemic areas and in individuals of varying stages of nutritional deficit are
needed. The role of iron in malaria appears to be clearer than that of the other
micronutrients and agreed upon guidelines are needed for the administration of
iron in a malarial infection. Future research will determine the need for, and
appropriateness of, including other micronutrients in a therapeutic regimen.

Zinc deficiency and protein-energy malnutrition are known to influence
humoral and cell-mediated immunity (30) and supplementation with zinc
reduces the incidence of pneumonia by more than 40% (31). However, as Riley
notes, its effect on mortality from acute lower respiratory infection is not known
(see Chapter 12). Vitamin A supplementation has no effect on recovery from
acute respiratory infections such as bacterial pneumonia. The role of other
micronutrients in respiratory infections, however, is unclear. Vitamin E offers
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a promising role because of its antioxidant function and the mechanisms of
vitamin E-induced protection against the influenza virus and other respiratory
infections are being explored (see Chapter 9). Several observational studies
have suggested a role of vitamin D deficiency in various respiratory infections
including tuberculosis and, to a lesser extent, pneumonia although whether it
is causal is not yet clear (32).

As Taren notes (see Chapter 13), nutrition plays an important role in the
onset, severity, and duration of diarrheal diseases in childhood. Several nutri-
tion interventions are now being studied as adjuvants to conventional therapies
during diarrheal episodes. Zinc and vitamin A supplementation have proven
promising (33–35) although the benefits of vitamin A supplementation in cases
where diarrhea is not severe are not conclusive (36). Whether other nutrients,
such as iron, may be beneficial as adjuvants to diarrheal treatments is not yet
known. Borchers et al. (see Chapter 10) discuss the use of probiotics, that is,
live microorganisms to manage diarrheal disease. Some lactic acid producing
bacteria have been reported to reduce the incidence of diarrheal episodes in
infants and children (37). More work is required as the use of other probiotics
and the mechanisms need to be elucidated. Vaccines against common diarrheal
agents are also being developed and progress has been made against rotavirus
and cholera, although their effectiveness and efficacy under different nutritional
status or concomitant infections is not fully determined. Studies are also under-
way to develop vaccines against Shigella and Escherichia coli (E. coli) (38).

Whether multiple or repeated exposures boost the immune response to com-
mon infections under different nutritional status remains unknown. A recent
study reported that children with apparent biochemical micronutrient deficien-
cies (based on hemoglobin, ferritin, and serum zinc and retinol levels) and
stunting had significant and protective levels of antibodies to the H. pylori,
hepatitis A virus, rotavirus, (and malaria) pathogens (39). The same study
found infection with H. pylori may be associated with anemia. However, the
actual route of transmission of H. pylori and the immune response to H. pylori
under conditions of nutritional deficiencies is yet unknown.

Chang (see Chapter 8) in his discussion on allergies and nutrition notes that
gastrointestinal pathogens such as Toxoplasma, Helicobacter, and Shistosoma
may protect against the development of food sensitivities and lead to a decrease
in the incidence of atopic dermatitis in the young child. However, the associa-
tion between overall hygiene, food intake, bacterial colonization of the gas-
trointestinal tract, exposure to environmental allergens, and the balance
between Th1 and Th2 subsets is still not completely clear and requires further
investigation.

Kiure and Fawzi (see Chapter 14) focus on HIV infection, immunity, and
nutrition. Vitamin A supplementation had no effect on disease progression
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(CD4+ or viral load among adults); the efficacy of supplements on clinical
outcomes has not been reported. Vitamin A supplementation also had no effect
on HIV-1 transmission during pregnancy (viral shedding in the lower genital
tract) or postpartum (subclinical mastitis), but transmission was significantly
increased when given both pre- and postpartum (40). In vitro experiments using
HIV-infected human cell lines showed exposure to high doses of vitamin C
decreased proliferation and survival of the infected cells and reduced viral pro-
duction (41). In humans, supplementation with both vitamins C and E
decreased lipid peroxidation and showed a trend toward a reduced HIV viral
load, which appears to confirm a role for vitamin C independent of vitamin E,
but additional studies are needed. Vitamin E may protect against HIV progres-
sion in infected subjects (42). Iron supplementation has been reported to be a
potential risk factor for HIV progression and morbidity (43,44) although oth-
ers suggest more evidence is needed (45). A short-term selenium intervention
trial showed a small, but nonsignificant, effect on slowing HIV disease pro-
gression (increased CD4+ cell counts) (46), but no effect on viral load (47).
Intervention trials using zinc have not been carried out, but observational data
show high dietary intakes of zinc may delay HIV disease progression (increased
CD4+ cell counts) (48). The efficacy of zinc and/or selenium supplements to
reduce HIV disease progression and transmission in HIV-infected individuals
warrants further research as these may be low-cost interventions in developing
countries. As Harbige and Gershwin discuss (see Chapter 9), the use of anti-
oxidant supplements along with n-6 fatty acids in HIV-infected individuals
also needs to be investigated.

Micronutrients do not act in isolation; they probably exert a synergestic
effect within the body to promote optimal health. Harbige and Gershwin (see
Chapter 9) point out that nutritional antioxidants occur together in food, rather
than in isolation, and, particularly when taken together, enhance both adaptive
and innate immunity. For example, vitamins C and E have been reported to
produce synergistic effects on immune functions. Vitamins C and E, given
together to healthy adults, improved blood mononuclear cell production of
IL-1 and Tumor Necrosis Factor- and levels of IgG and complement C3,
compared with either vitamin given alone (49,50). Studies with other antioxi-
dant combinations, including vitamin E and -carotene, have also been reported
to increase CD4 T-cell count (51). Micronutrient deficiencies, too, rarely occur
in isolation. Subclinical deficiencies of multiple micronutrients, rather than
single micronutrient deficiencies, are likely to be highly prevalent in develop-
ing countries where access to high-quality food is limited and the majority of
household income is spent on a few simple staples.

Little work has been done on multiple micronutrients and immunity. Mul-
tiple micronutrient supplementation was associated with improved immune
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function and delayed disease progression in HIV/AIDS-infected children (52).
However, multiple vitamins alone had no effect on the risk of vertical trans-
mission of HIV overall, although benefits were observed in subgroups of
women who were nutritionally or immunologically compromised (40). The
beneficial effects of multiple vitamin supplementation to HIV-infected moth-
ers were extended to children born to these women and morbidity, as a result of
diarrhea and pneumonia, as well as all-cause mortality were reduced (53,54).
More research is needed to determine which nutrients to include in multiple
micronutrient supplements for nonpregnant and nonlactating women and for
children in HIV endemic—to delay disease progression and clinical out-
comes—and in nonendemic areas—to improve immune status and reduce the
risk of adverse outcomes. Studies are also needed on the dose and method of
delivery that will be most effective in developing countries. Additionally,
investigations on issues such as micronutrient interactions, safety, cost, acces-
sibility, and quality are required.

New concepts in the understanding of nutritional effects on immunology
may emerge in the future. For example, the current evidence base does not
support a role for minerals or vitamins in the development of atopy. However,
as Chang discusses (see Chapter 8), it is hypothesized that an allergic response
to antigen challenge, including inflammatory cell infiltration, results in the
generation and release of reactive oxygen species (superoxide and hydrogen
peroxide), which are further metabolized to oxygen free radicals that lead to
bronchoconstriction, increased mucus secretion, and microvascular leakage
(55). Thus, the association between the development of allergies and asthma
and the presence of oxygen free radicals is an important area that is being
explored. Currently, avoidance or elimination of the allergenic food(s) appear
to be the primary modes of treatment; however, immunotherapy strategies such
as immunomodulatory agents (56) and anti-IgE treatments (57) have shown
promise and may provide an effective treatment in the future.

Another area of active research is the role of the arachidonic acid pathway
intermediates in asthma and atopic dermatitis. Arachidonic acid is metabolized
to a class of compounds known as leukotrienes, which are mediators of inflam-
mation, or to various prostaglandins and thromboxane that also have inflam-
matory effects. A potential treatment for both allergies and asthma is the use of
leukotriene pathway inhibitors. Fish oils are rich in eicosapentanoic acid, a
competitor of arachidonic acid, which is metabolized into metabolites that do
not possess the same inflammatory activity as the leukotrienes. Some studies
have demonstrated the benefits of fish oil consumption in decreasing the risk
of asthmatic responses (58,59). However, whether these benefits extend to the
treatment of atopic dermatitis or other allergic inflammations is not clear
(59,60). As Erickson et al. discuss (see Chapter 7), the effects of dietary fats
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and fatty acids on immune responses appear to be dependent on many factors,
including the concentration and type of fat or fatty acid, duration of study,
assay methods, gender, age, the antioxidant status of the individual, and, in
some cases, the levels of supplemental vitamin E provided. Consequently, stud-
ies investigating the role of fish oils and the fatty acids most commonly found
in fish oils, eicosapentanoic acid (EPA), and docasahexanoic acid (DHA), in
immune responses among humans have produced varying results. Although
some of these discrepancies in results will need to be resolved, fish oils and
omega-3 (n-3) fatty acids appear to selectively affect specific immune func-
tions in humans.

Harbige and Gershwin in their discussion on the role of antioxidant nutri-
tion and immunity (see Chapter 9) note that the full biological significance of
most of the nutritional antioxidants (vitamin E, -carotene [provitamin A],
vitamin C, manganese, copper, zinc, and selenium) is poorly understood or
unknown. Animal models have demonstrated beneficial effects and studies in
humans are needed to fully understand the role of antioxidants in viral, bacte-
rial, and parasitic infections. Some antioxidants interact with polyunsaturated
fatty acids (PUFA), for example, vitamin E often reverses PUFA’s immuno-
logic effects particularly the n-3 forms (29) and selenium and vitamin E may
spare each other’s effects (61,62). Flavonoids may mask the effects of the clas-
sical antioxidants (vitamin E, -carotene, vitamin C) and some appear to have
opposing functions. Thus flavonoids may have different effects on immune
functions and understanding these additional interacting nutritional factors
when investigating antioxidants, immune functions, and infection is important.
Nutritional antioxidants may also have a role in lymphopoiesis—another area
that is poorly understood. Studies in mice have shown that -carotene and
lycopene increased the T- and B-cell counts and -carotene enhanced serum
IgG levels in neonate mice (63). Human studies, however, are lacking.

Ageing is associated with dysregulation of the immune response and changes
in the antioxidant/oxidant balance. These differences contribute to the devel-
opment of various age-associated diseases such as infections, cancers, and ath-
erosclerosis, as well as to prolonged illness recovery time. Epidemiological
studies suggest that consumption of antioxidant-rich fruits and vegetables
reduces the risk of certain chronic diseases such as cardiovascular disease and
cancer, and may contribute to longevity and quality of life. Dietary antioxi-
dants such as vitamin E, carotenoids, and flavonoids can affect the develop-
ment of atherosclerosis and tumors (64,65). However, the role of these nutrients
and their interaction with ageing during these processes has not been well stud-
ied. Knowledge of the mechanisms of oxidative stress and the role of dietary
components in the modulation of these processes associated with ageing needs
to expand in future years.
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Novel Approaches to Food: Functional Foods
In recent years, consumers in developed countries have begun to look at

food not only for nutritional purposes, but also for health benefits. This trend is
now starting to take hold in developing countries such as Brasil, India, and
South Africa. As the beneficial role of specific nutrients in reducing the risk of
disease has become apparent, so has the awareness and demand from consum-
ers for individual nutrients or other dietary components in the form of the so-
called “functional foods.” The term “functional foods” is generally used to
refer to foods that provide a health benefit beyond basic nutrition, such as a
reduction in the risk of chronic disease or promotion of well-being. These,
foods include fruits and vegetables such as tomatoes, spinach, broccoli, blue-
berries, garlic, soy beans, red wine, green tea, fish, nuts, and oats. For example,
lycopene in tomatoes is linked to preventing conditions such as cancer, heart
disease, osteoporosis, and macular degeneration (66). Similarly, epidemiologic
studies have found reduced overall risk of vascular disease associated with
drinking red wine (67).

Functional foods target a range of health conditions, including reducing the
risk of hypercholesterolemia, cardiovascular disease, osteoporosis, poor child
health and development, high blood pressure, diabetes, gastrointestinal disor-
ders, menopausal problems, and lactose intolerance. Those in the US market
include prune juice with lutein; complete nutritional beverages with lutein;
cranberry juice with the label claim “may help maintain urinary tract health”;
fermented dairy beverages with probiotic bacteria; tomato products with the
label claim “lycopene may help reduce the risk of prostate and cervical can-
cer”; oat grain breakfast cereals with the label claim “may help reduce your
cholesterol”; and garlic extract supplements and green teas with claims about
health benefits.

The focus of scientific research in this area has shifted in the past few years
from the benefits of the whole food itself to the benefits of combinations of
bioactive components isolated from such foods. The efficacy of providing iso-
lated components or mixtures, rather than the whole food, and the effective
dose of such a medicinal approach is also being investigated. Although most
previous research focused on the effects of foods and dietary components on
cardiovascular disease, whether these foods extend benefits to other health
outcomes such as eye health, cognitive function, diabetes, and obesity is now
being explored.

The market for functional foods is large, continues to grow, and is driven by
a growing consumer understanding of diet-disease relationships, aging
populations, and advances in food technology and nutrition (68). Although
governments and the research community are enthusiastic about the potential
for these food applications to improve public health, there is rising concern
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about the proliferation and marketing of these foods. In some cases, labeling
claims are made that are not scientifically supported or accurate, the biological
efficacy is not known, or the functional ingredient is not present in meaningful
amounts. In other cases, there are safety concerns associated with their use. In
the coming years, consumer awareness and demand for such foods is expected
to grow as more evidence about the importance of diet in health becomes avail-
able. However, further insight and debate is also needed on the marketing of
these foods and whether they can, in fact, produce the claimed health benefits.

Conclusion
As the roles and mechanisms of nutrients and dietary components become

clearer, and investigators determine the appropriate forms and levels of nutri-
ents and dietary components necessary for maintaining optimal immune
response, appropriate public health interventions can be designed and dietary
recommendations developed to maintain optimum immunity and enhance over-
all health.
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infants and children, 33–36
mid-upper-arm circumference, 27,

32
neonates, 33
nutritional intervention monitoring,

37
skinfold thickness, 27, 28
stature, 26, 27
weight, 27

Antihistamines, food allergy
management, 176

Antioxidants, see also specific
nutrients,

dietary sources, 190, 203
enzymes, 189
free radical scavenging, 189
immunologic effects,

developmental immunology,
199–201

disease resistance,
atherosclerosis, 202
autoimmune disease, 201, 202
bacterial and viral infection,

193, 195, 199
cancer, 202
human immunodeficiency

virus, 196–199
overview, 190–193

Arginine deficiency, immunologic
consequences, 3

ARI, see Acute respiratory infections
Ascorbic acid, see Vitamin C
Asthma, see Allergy
Atherosclerosis, antioxidant effects,

202

B

BIA, see Bioelelectric impedance
analysis

Bioelelectric impedance analysis (BIA),
body composition
measurement, 39, 41

Biotin, immunologic effects, 4
BMI, see Body mass index
Body composition,

definition, 36
measurement,

bioelelectric impedance analysis,
39, 41

densitometry, 39, 40
dual-energy X-ray

absorptiometry, 41, 4
isotope dilution, 39, 40
neutron activation analysis, 39, 41
skinfold thickness, 38, 40
total body potassium, 39, 41

models, 36, 38
Body mass index (BMI),

calculation, 32
nutritional assessment, 32

Breastfeeding,
diarrhea prevention, 296, 297
food allergy prevention, 174
sample collections for immunologic

and immune testing, 54, 55

C

Cancer, antioxidant effects, 202
-Carotene,

bacterial infection resistance, 196
developmental immunology, 199
human immunodeficiency virus

effects, 197, 318, 319
immunologic effects, 192, 193

Cobalamin, see Vitamin B12

Copper,
immunologic effects, 5, 121–123,

345, 346
laboratory testing, 43
status indicators, 123

Corticosteroids, food allergy
management, 176, 177
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Cow’s milk, allergens, 159, 160, 162
C-reactive protein (CRP),

laboratory testing, 53
pregnancy and lactation evaluation,

64
Critically ill patients, nutritional

deficiencies, 7
Crohn disease, nutritional deficiencies,

8, 9
CRP, see C-reactive protein
Cytokines,

pregnancy and lactation evaluation,
61–63

production inhibition by fish oil,
146, 147

D

Densitometry, body composition
measurement, 39, 40

DEXA, see Dual-energy X-ray
absorptiometry

DHA, see Docosahexaenoic acid
Diarrhea,

breastfeeding in prevention, 296, 297
definition, 288
immune response, 291, 292
iron status effects, 293
management guidelines, 294
mortality, 288
pathogens, 289–291
probiotics in treatment and

prevention, 222–226, 293, 295,
296

undernutrition interactions, 292–296
vaccines, 297, 298
vitamin A status effects, 96, 97, 102,

103, 293, 295
zinc status effects, 293, 295

Dietary intake, assessment, 21–24
Docosahexaenoic acid (DHA),

allergy and asthma effects, 179–181
dietary sources, 142, 143
immunologic effects,

fish oil studies, 143, 144
inconsistencies in studies, 149
lymphocyte and macrophage

function, 146–148
neutrophil and monocyte function,

145, 146
white cell counts, 145

Double-blind placebo-controlled food
challenge (DBPCFC), food
allergy diagnosis, 171

Dual-energy X-ray absorptiometry
(DEXA), body composition
measurement, 41, 42

E

Eating disorders, immunologic effects, 8
Edematous undernutrition, definition,

74
Egg, allergens, 161
Eicosapentaenoic acid (EPA),

allergy and asthma effects, 179–181
dietary sources, 142, 143
immunologic effects,

fish oil studies, 143, 144
inconsistencies in studies, 149
lymphocyte and macrophage

function, 146–148
neutrophil and monocyte function,

145, 146
white cell counts, 145

Elderly,
energy intake evaluation, 6
iron deficiency, 7

EPA, see Eicosapentaenoic acid

F

Fatty acids,
metabolism, 142
n-3 fatty acids, see Docosahexaenoic

acid; Eicosapentaenoic acid;
-Linolenic acid

supplementation and immunologic
consequences, 3
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Ferritin, laboratory testing, 52
Fish, allergens, 164
Fish oil, see Docosahexaenoic acid;

Eicosapentaenoic acid
Folic acid,

human immunodeficiency virus and
deficiency, 311

immunologic effects, 98, 105, 106
laboratory testing, 43
malaria effects, 259

Food allergy,
adverse food reaction types, 158
allergens,

classification, 166, 167
cow’s milk, 159, 160, 162
egg, 161
fish, 164
peanut, 164
soybean, 164, 165
wheat, 164

breast milk benefits, 174
clinical presentation, 158–160
crossreactivities,

latex fruit syndrome, 168
oral allergy syndrome, 165
tree nut syndrome, 168

diagnosis,
double-blind placebo-controlled

food challenge, 171
elimination diets, 170
food diaries, 169
histamine response, 172
history and physical examination,

168, 169
immunoassays, 171
open-label challenge, 172
radioallergosorbent testing, 171
skin-prick testing, 171, 172

food labeling laws, 175, 176
food preparation effects on

allergenicity, 168
hygiene hypothesis, 181
prevalence, 157, 158

prevention, 173, 174
risk factors, 172, 173
treatment,

antihistamines, 176
corticosteroids, 176, 177
elimination diets, 175
emergency management, 178
food avoidance, 174, 175
leukotriene antagonists, 176
tacrolimus, 177
TNX-901, 177, 178

types, 158, 159
Functional foods, development, 351,

352

G

GALT, see Gut-associated lymphoid
tissue

Glutathione, human immunodeficiency
virus status, 198

Gut-associated lymphoid tissue
(GALT),

immunoglobulin A production, 221
microflora interactions, 221, 222

H

Haemophilus influenzae, acute
respiratory infection, 271, 273,
274

Head circumference, anthropometry,
26, 28

Hemoglobin, laboratory testing, 52
Human immunodeficiency virus, see

also Immunodeficiency,
acute respiratory infection, 275, 276,

281
-carotene effects, 197

epidemiology, 304
glutathione status, 198
multivitamin supplement effects,

109, 110
undernutrition,

causes, 196, 304, 305
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macronutrient deficiencies,
305–308

micronutrient deficiencies,
children, 321, 322
immune system functions, 309,

312, 313
prevalence, 308–311
progression effects, 313–321

transmission studies, 322, 323
vaginal lactobacilli protection

against infection, 234
vitamin A status effects, 104
vitamin C status effects, 107, 197
vitamin E status effects, 108, 196

Hygiene hypothesis, allergy, 181

I

Immunodeficiency, screening
evaluation,

history and physical examination, 9
laboratory testing, 11, 14, 15
recurrent infection, 9–11
tests by suspected abnormality, 12,

13
Influenza A virus, acute respiratory

infection, 274
Intestinal microflora, see also

Probiotics,
composition, 218
development after birth, 218, 219

Iodine,
immunologic effects, 123, 124
laboratory testing, 43, 52
pregnancy and lactation evaluation,

60
status indicators, 124

Iron,
diarrhea effects, 293
immunologic effects, 5, 124, 125
laboratory testing, 43
malaria effects, 258
pregnancy and lactation evaluation,

56, 57

status indicators, 125
supplementation recommendations in

severe undernutrition, 85
Isotope dilution, body composition

measurement, 39, 40

K

Kwashiorkor, see Severe undernutrition

L

Lactation, see Pregnancy and lactation
Leukotriene antagonists, food allergy

management, 176
-Linolenic acid (ALA),

dietary sources, 142, 143
immunologic effects, 143

Low-birth-weight infants,
anthropometry, 32, 33
antioxidant status, 199–201
immunologic consequences, 80
nutritional deficiencies, 7, 199

M

Magnesium,
allergy and asthma effects, 179
immunologic effects, 5, 125–127
status indicators, 127, 128

Malaria,
age and immunity, 249, 250
antigenic variation, 245, 246
asexual erythrocytic stage immunity,

cellular immunity, 253
humoral immunity, 251, 252

cerebral malaria, 246, 247, 250
childhood immunity, 250
diagnosis, 246
entomological inoculation rate, 248,

249
epidemiology, 245
folic acid status effects, 259
iron status effects, 258
naturally acquired immunity (NAI),

247, 248, 250
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parasite life cycle, 245
pregnancy,

control of malaria, 257
epidemiology, 253, 254
fetal effects, 254, 255
maternal effects, 254, 255
placenta and parasite invasion, 256
postnatal effects, 254–256
risk factors for malaria,

cell-mediated immunity
changes during pregnancy,
256, 257

entomological factors, 257
humoral immunity changes

during pregnancy, 256
mechanical factors, 257
parasite factors, 257

riboflavin status effects, 259
severe malaria features, 246, 247, 250
vitamin A status effects, 97, 258, 259
vitamin E status effects, 108
zinc status effects, 259

Manganese,
immunologic effects, 128, 129
status indicators, 129

Marasmic kwashiorkor, see Edematous
undernutrition

Marasmus, see Undernutrition
Mastitis, subclinical detection, 65
Measles,

acute respiratory infection, 274, 275
vitamin A status effects, 96, 100,

101, 277
Microflora, see Intestinal microflora;

Vaginal microflora
Mid-upper-arm circumference (MUAC),

anthropometry, 27, 32
Mineral deficiencies, see also specific

minerals,
absorption inhibitors, 120
causative factors, 118–120
drug–mineral interactions, 121
mineral–mineral interactions, 120, 121

stressor effects, 121
MUAC, see Mid-upper-arm

circumference
Multivitamin supplements,

human immunodeficiency virus
progression studies, 320, 321,
326

immunologic effects, 109, 110

N

NAC, see N-Acetylcysteine
Neopterin,

laboratory testing, 53
pregnancy and lactation evaluation,

63, 64
Neutron activation analysis, body

composition measurement, 39,
41

Niacin,
and human immunodeficiency virus,

308, 313, 318
Nucleic acid deficiency, immunologic

consequences, 3
Nutritional status assessment,

anthropometry, see Anthropometry
body composition, see Body

composition
dietary intake recording, 21–24
laboratory tests, 42–44
medical history, 20, 21
physical examination, 24, 25
pregnancy and lactation, see

Pregnancy and lactation
technological advances, 341–344

O

Obesity,
immunologic effects, 45
screening, 45

Onion, allergy and asthma effects, 181

P

Pantothenic acid, immunologic effects, 4
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Peanut, allergens, 164
Pneumonia, see Acute respiratory

infections
Prebiotics,

definition, 215
history of use, 215
immune response studies, 234, 235

Pregnancy and lactation,
immune function evaluation,

C-reactive protein, 64
cytokines, 61–63
neopterin, 63, 64

immunologic effects, 50
malaria,

control of malaria, 257
epidemiology, 253, 254
fetal effects, 254, 255
maternal effects, 254, 255
placenta and parasite invasion,

256
postnatal effects, 254–256
risk factors for malaria,

cell-mediated immunity
changes during pregnancy,
256, 257

entomological factors, 257
humoral immunity changes

during pregnancy, 256
mechanical factors, 257
parasite factors, 257

mastitis, subclinical detection, 65
nutritional status assessment,

iodine, 60
iron, 56, 57
overall status, 55, 56
retinol, 57–59
vitamin D, 60
vitamin E, 59, 60
zinc, 61

sample collections for immunologic
and immune testing,

blood samples, 51–53
breast milk, 54, 55

placenta, 51, 54
urine, 54

technological considerations for
immunologic and immune
testing, 55

Probiotics,
allergy studies, 227, 230–232
cereal products, 236, 237
criteria for human use, 215, 217
definitions, 215, 216
developing country use, 236, 238
diarrhea treatment and prevention,

222–226, 293, 295, 296
dose-response, 232
genera and strains, 219–221
history of use, 214, 215
nonspecific immune responses,

226–229
safety, 235, 236
vaginal microflora normalization,

232–234
Protein, laboratory testing, 43
Protein-energy malnutrition (PEM),

acute phase response, 81–83
barrier function effects, 81
immunologic consequences, 3, 77–79
low-birth-weight infants, 80

Pyridoxine,
human immunodeficiency virus,

deficiency prevalence, 311
progression studies, 315

immunologic effects, 4, 98, 105, 312

R

Radioallergosorbent testing (RAST),
food allergy diagnosis, 171

RAST, see Radioallergosorbent testing
Reductive adaptation, undernutrition,

75–77
Respiratory infections, see Acute

respiratory infections
Respiratory syncytial virus (RSV),

acute respiratory infection, 275
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Retinol, see Vitamin A
Riboflavin,

human immunodeficiency
virusdeficiency prevalence, 310

immunologic effects, 4, 106
malaria effects, 259

RSV, see Respiratory syncytial virus

S

Selenium,
allergy and asthma effects, 179
antioxidant actions, 190
human immunodeficiency virus,

deficiency prevalence, 311
progression studies, 315, 317, 319

immunologic effects, 5, 129–131,
312, 313

status indicators, 131
Severe undernutrition,

characteristics, 75
definition, 74
management in children,

cellular machinery repair, 84
energy and protein limitations, 85
infections, 85, 86
iron supplementation

recommendations, 85
medical emergency, 83, 84

reductive adaptation, 75–77
Skin-prick testing, food allergy

diagnosis, 171, 172
Skinfold thickness,

anthropometry, 27, 28
body composition measurement, 38,

40
Soybean, 164, 165
Stature, anthropometry, 26, 27
Streptococcus pneumoniae, acute

respiratory infection, 271, 273,
274

Synbiotics,
definition, 217
immune response studies, 234, 235

T

Tacrolimus, food allergy management,
177

T-helper cell balance,
allergy, 228, 230
vitamin regulation, 345

Thiamin,
deficiency in alcoholism, 8
immunologic effects, 4

Tier system, immunity assessment, 15–17
TNX-901, food allergy management,

177, 178
-Tocopherol, see Vitamin E

Total body potassium, body composition
measurement, 39, 41

U

Undernutrition,
child mortality, 20, 72
clinical features, 24, 25
definition, 74
diarrhea interactions, 292–296
immunologic consequences, 3, 72,

77–79
infection interactions, 72, 73
reductive adaptation, 75–77

V

Vaccination,
acute respiratory infections, 281, 282
diarrhea, 297–299

Vaginal microflora,
lactobacilli protection against human

immunodeficiency virus
infection, 234

probiotic normalization, 232–234
Vitamin A,
human immunodeficiency virus,

deficiency prevalence, 310
overview, 104
progression studies, 313, 314,

317–319
transmission, 322–324
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immunologic effects,
adaptive immunity, 95
disease resistance,

diarrhea, 96, 97, 102, 103, 293,
295

malaria, 97, 258, 259
measles, 96, 100, 101, 277
respiratory infections, 97, 277

innate immunity, 95
overview, 4, 94, 95, 98, 309, 312

laboratory testing, 43, 52
pregnancy and lactation evaluation,

57–59
Vitamin B, see thiamin
Vitamin B2, see riboflavin
Vitamin B6, see Pyridoxine
Vitamin B12,

human immunodeficiency virus,
deficiency prevalence, 311
progression studies, 313, 315, 317

immunologic effects, 4, 99, 106
Vitamin C,

allergy and asthma effects, 179
human immunodeficiency virus,

deficiency prevalence, 310
overview, 107, 197
progression studies, 314, 318, 319
transmission, 323, 324

immunologic effects,
mechanisms, 106, 107
overview, 4, 99, 192, 312

respiratory infection resistance, 107
Vitamin D,

immunologic effects,
mechanisms, 107
overview, 4, 99

laboratory testing, 43, 53
pregnancy and lactation evaluation, 60

Vitamin E,
allergy and asthma effects, 179
antioxidant actions, 190

human immunodeficiency virus,
deficiency prevalence, 310
overview, 108, 196
progression studies, 313, 317–319
transmission, 323, 324

immunologic effects,
disease resistance,

bacterial and viral infection,
193, 195

malaria, 108
mechanisms, 108
overview, 4, 99, 190–193

laboratory testing, 52
pregnancy and lactation evaluation,

59, 60
Vitamin K, immunologic effects, 108,

109

W

Weight, anthropometry, 27
Wheat, allergens, 164

Z

Zinc,
diarrhea effects, 293, 295
human immunodeficiency virus,

deficiency prevalence, 311
progression studies, 313, 315–317

immunologic effects, 5, 131, 132,
313

laboratory testing, 43, 53
malaria effects, 259
pregnancy and lactation evaluation,

61
status indicators, 132, 133

Z-score,
anthropometry measurements, 29
calculation, 29
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