Sports Med 2002; 32 (5): 323-337
REVI EW ARTICLE 0112-1642/02/0005-0323/$25.00/0

© Adis International Limited. All rights reserved.

Effect of Dietary Intake on Immune
Function in Athletes

Jaya T. Venkatraman' and David R. Pendergast?

1 Department of Physical Therapy, Exercise and Nutrition Sciences,
School of Health Related Professions, University at Buffalo, Buffalo, New York, USA

2 Department of Physiology, Medicine and Biomedical Sciences, University at Buffalo, Buffalo,
New York, USA

Contents
ADbSITaCT 323
1. Exercise and Substrate Use . . . . . . . . . . 324
2. Dietary Infake . . . . . . . 325
2.1 MacronutrientIntake . . . . . . oL 325
2.2 MicronutrientIntake . . . . . . 326
3. Immune Function Related to Exercise . . . . . . . . . . . 326
3.1 EXEercise RESPONSES . . . . . . v v i i e e e e 326
3.2 Lymphoid Cell Subsets/Function . . . . . . . . . . 327
3.3 Cytokines/Other Soluble Factors/Neuroendocrine System . . . . . .. . .. ... ... .... 327
4. Dietary Intake, Exercise and Immune Function. . . . . . . . . . . . o 328
4.1 Dietary Carbohydrate . . . . . . . . . 328
4.2 Dietary Fat . . . . e 329
4.3 Dietary Protein . . . . . 331
4.4 Micronutrients . . . . . 332
5. Conclusions/Clinical Implications . . . . . . . . . . 333
Abstract Athletes are exposed to acute and chronic stress that may lead to suppression

of the immune system and increased oxidative species generation. In addition,
the tendency to consume fewer calories than expended and to avoid fats may
further compromise the immune system and antioxidant mechanisms. The exer-
cise stress is proportional to the intensity and duration of the exercise, relative to
the maximal capacity of the athlete. Muscle glycogen depletion compromises
exercise performance and it also increases the stress. Glycogen stores can be
protected by increased fat oxidation (glycogen sparing). The diets of athletes
should be balanced so that total caloric intake equals expenditure, and so that the
carbohydrates and fats utilised in exercise are replenished. Many athletes do not
meet these criteria and have compromised glycogen or fat stores, have deficits in
essential fats, and do not take in sufficient micronutrients to support exercise
performance, immune competence and antioxidant defence. Either overtraining
or under nutrition may lead to an increased risk of infections. Exercise stress leads
to a proportional increase in stress hormone levels and concomitant changes in
several aspects of immunity, including the following: high cortisol; neutrophilia;
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lymphopenia; decreases in granulocyte oxidative burst, nasal mucociliary clear-
ance, natural killer cell activity, lymphocyte proliferation, the delayed-type sen-
sitivity response, the production of cytokines in response to mitogens, and nasal
and salivary immunoglobulin A levels; blunted major histocompatibility complex
II expression in macrophages; and increases in blood granulocyte and monocyte
phagocytosis, and pro- and anti-inflammatory cytokines. In addition to providing
fuel for exercise, glycolysis, glutaminlysis, fat oxidation and protein degradation
participate in metabolism and synthesis of the immune components. Compromis-
ing, or overusing, any of these components may lead to immunosuppression. In
some cases, supplementation with micronutrients may facilitate the immune sys-
tem and compensate for deficits in essential nutrients. In summary, athletes should
eat adequate calories and nutrients to balance expenditure of all nutrients. Dietary
insufficiencies should be compensated for by supplementation with nutrients,
with care not to over compensate. By following these rules, and regulating train-
ing to avoid overtraining, the immune system can be maintained to minimise the

risk of upper respiratory tract infections.

Immune responses to stress, and the stresses them-
selves, are undoubtedly multifactorial. Some of the
factors that influence the immune system have been
suggested to be: innate immune competency that is
genetically predisposed, precipitating physiological,
psychological and environmental stresses, and the
hormonal responses associated with these stresses. It
has been reported that athletes are more susceptible
to infections than sedentary individuals, in spite of
the observation that their basal immune system is
not compromised.['#! There is convincing evidence
that nutrition plays an important role, particularly
during exercise stress, in immune function. Ath-
letes are distinguished from sedentary individuals
by their higher level of energy expenditure, which
may require utilisation of specific nutrients. The
intensity and duration of the exercise alters the me-
tabolic pathways that are used. It has recently been
suggested that there is no consistent relationship
between nutritional interventions, exercise immu-
nology, and alterations in the risk of upper respira-
tory tract infection (URTI), but this has yet to be
established.l’!

Dietary intake of nutrients has the potential to
affect, directly and indirectly, virtually all aspects
of the immune system, as most nutrients are in-
volved in the synthesis and regulation of immune
factors. Carbohydrate availability is well recognised
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for its role in immune competency and its effects
on the physiological stress of exercise.?! The role
of lipids on the immune responses to exercise has
been under appreciated. The overemphasis on car-
bohydrates and avoidance of fats compromises an
athlete’s ability to take in even minimal levels of
some micronutrients and fats.

The purpose of this review is to present the fac-
tors that affect the susceptibility of athletes to in-
fections, including the type of exercise, effects of
exercise training and, particularly, the role of di-
etary intake of nutrients. We will emphasise the roles
of total caloric intake and the intake of dietary lipids,
as the role of carbohydrate has been well described
previously.3-71

1. Exercise and Substrate Use

Acute exercise is a ‘stressor’, as it results in in-
creased metabolism, excess heat production, and
widespread physiological and hormonal adjustments
that are differentially influenced by both its inten-
sity and duration relative to the athlete’s maximal ca-
pacity.[® If exercise is carried out routinely (chronic
exercise), the body adapts (training effect) and the
stress imposed is either minimised or reduced. Over-
training, when combined with current attitudes about
dietary intake, is often associated with consump-
tion of less total calories than expended and intake
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of fewer fats than needed.l! Nutritional imbalances,
caused by reduced dietary intake or exaggerated
caloric expenditure, result in depletion of intramus-
cular energy stores of glycogen and fats. The com-
bination of these over-stresses, and reduced energy
stores, may result in increased stress caused by ex-
ercise. This stress may compromise the immune
system during exercise training and performance
and lead to an increase in infection rate. The inten-
sity of exercise determines the rates of use of the
various metabolic pathways, while the duration de-
termines the amounts of the various stored fuels
used. The recruitment of fast-twitch muscle fibres
during higher intensity exercise requires anaero-
bic-glycolytic energy, which leads to lactic acid pro-
duction and lower pH; and the stresses imposed on
the system are significantly elevated.

The relative contribution of carbohydrates and
fats to energy expenditure during exercise depends
on various factors such as intensity and duration of
the exercise, the athlete’s genetic predisposition,
the diet, and training status. As exercise intensity
increases, the rate of carbohydrate utilisation in-
creases, while fat oxidation increases and then
plateaus, in slow-twitch fibres. During higher work-
rate exercises, where fast-twitch fibres are used, an-
aerobic glycolysis dominates and the exercise time
is limited by lactic acid build-up or decreased pH.
During prolonged exercise (more than 2 hours), ex-
ercise intensity is limited and fat is a major source of
fuel, and may exceed 90% of the total requirement
in extreme circumstances.[1?]

Fats and carbohydrates taken-up and oxidised
from the blood can provide 20 to 30% of the total
oxidation from maximal to low aerobic exercise,
respectively.[!!'12 The remaining 70 to 80% of fats
and carbohydrates oxidised come from intramus-
cular fat and glycogen stores. Glycogen is stored
as a droplet in the cytosol and is available to both
slow- and fast-twitch fibres. Intramuscular fat is
stored as triglyceride, but more importantly in drop-
lets, which are in contact with the mitochondria.!3!
These fat stores provide most of the fat oxidised
during exercise and they become depleted during
endurance exercise at all levels of oxygen uptake
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(VO,).[1415] Trained participants have a higher level
of fat oxidation than sedentary individuals, and ge-
netically gifted athletes have even higher levels of
fat oxidation, at all levels of exercise.[!!l Recent
studies have established the potential role of fat
oxidation in glycogen sparing,!8! and, in fact, have
shown that increasing fat intake can increase exer-
cise endurance and maximal aerobic power in some
athletes.!16-18]

Stress hormones are known to have potent im-
munomodulatory effects. The stresses imposed by
exercise may have an impact on immune function,
as circulating levels of stress hormones [adrenaline
(epinephrine), noradrenaline (norepinephrine) and
cortisol] in the blood are increased. In addition, the
ability to repair muscle damage, caused directly by
mechanical factors or secondarily to oxidative stress,
may be influenced by the individual’s immune sta-
tus. Immune function may be related to the balance
between the amount and type of fat in the diet and
the utilisation of fat as a fuel during exercise.

Endurance training may result in adaptations such
as increases in the number of mitochondria, the
amount of oxidative enzymes, mitochondrial con-
tents, triglyceride oxidation, free fatty acids (FFA)
uptake, alterations in the mobilisation of FFA from
adipose tissue, increased stores of intramuscular
fats and glycogen, and increased removal of lactic
acid by oxidative metabolism in slow-twitch mus-
cle fibres.[10:11]

2. Dietary Intake

2.1 Macronutrient Intake

A diet comprised of 12% protein (1.2 to 1.4
g/kg/day), 60 to 70% carbohydrate (8 to 10 g/kg/day)
and 18 to 28% fat (0.8 to 1.0 g/kg/day) is often
recommended for athletes.!! Studies in both male
and female runners have reported that their caloric
intakes are only 65 to 75% of their estimated calo-
ric expenditure,l'%-2!1 and that many runners are on
diets low in fat.[%:20.22.23] Increasing the fat intake
of runners from 15 to 42% increased total caloric
intake by 17 to 26% and brought the runners near
energy balance.? To insure muscle stores, the in-
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take of carbohydrates must equal the carbohydrates
oxidised during exercise training and performance.
Currently, diets of 8 to 10 g/kg body mass are rec-
ommended, which could account for 60 to 70% of
the total calories.l[!l An examination of a series of
studies on high- and low-fat diets!!%1724] Jeads to
the conclusion that a carbohydrate intake of at least
35% of the total calories, on a diet balanced in cal-
ories, maintains muscle glycogen stores sufficiently
to support endurance exercise. Low dietary fat in-
take has been related to hormone irregularities, such
as reduced prolactin levels and amenorrhoea.[?>! Re-
duced fat and total caloric intake compromises max-
imal aerobic power and exercise endurance.!!0:24]
This observation could be corrected, in part, by in-
creasing total caloric intake; however, dietary fat
intake has to be increased to maximise endurance
performance.[1%-17-24] Protein intake (0.8 g/kg/day)
in the diets of most athletes is sufficient to meet the
demands./?*] For many sports, 12% of total calories
from protein is recommended. Although protein is
generally not considered a primary source of en-
ergy for re-synthesis of ATP, it may play an impor-
tant role.!?%) Ingestion of branch-chain amino acids
before, during or after exercise does not improve
performance.[20]

2.2 Micronutrient Intake

The increase in VO, during exercise may lead
to an increase in oxygen free-radical formation, and
thus to an increased need for antioxidants. The rec-
ommended daily amount (RDA) of vitamin A is 1
mg/day. High levels of vitamin A intake (>5 to 10
mg/day) may cause toxic effects and even liver dam-
age.l?”! Vitamin B12 (cyanocobalamin) is found
only in animal foods. Thus, athletes who are vege-
tarian or avoid meat may be deficient in vitamin
B12. Athletes on low-fat, vegetarian or low-energy-
balance diets are often deficient in zinc, iron, sele-
nium and copper. Iron intake is lower on a low-fat
diet, particularly in women. Calcium intake is be-
low the RDA on low-fat diets.[1%2% Zinc status is
increased on high-fat diets; however, runners are
still below the RDA for zinc.[1%29 1t is well docu-
mented that many female athletes consume too few
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total and fat calories.?*28] It is also clear that these
imbalances result in depleted muscle glycogen and,
importantly, fat stores. In addition, significant de-
fects in micronutrients, iron and zinc, may be pres-
ent. Of particular concern is the female athlete triad
(disordered eating, amenorrhoea and osteoporosis).
A 20-week programme of a daily sport nutrition
supplement, with increased protein and micronu-
trient intake and maintained serum concentrations
of vitamin B12, folic acid, zinc and iron, and 1 day
of rest per week, restored menstruation.2%]

3. Immune Function Related to Exercise

Exercise, both high-intensity and prolonged, is
a stress to the body that is determined by relative
intensity (exercise intensity/maximal capacity). It
brings about a proportional increase in stress hor-
mone levels and concomitant changes in immunity,
including the following: high cortisol; neutro-
philia; lymphopenia; decreases in granulocyte ox-
idative burst, nasal mucociliary clearance, natural
killer (NK) cell activity, lymphocyte proliferation,
the delayed-type sensitivity response, and the pro-
duction of cytokines in response to mitogens; in-
creases in nasal and salivary immunoglobulin (Ig)
A levels; blunted major histocompatibility complex
II expression in macrophages; and increases in blood
granulocyte and monocyte phagocytosis, and pro-
and anti-inflammatory cytokines.[l:*30-32] The acute
effects of exercise on lymphocytes are mediated by
adrenaline and noradrenaline, whereas neutrophils
are mediated by cortisol.[33] Cortisol is known to
influence the redistribution of lymphocyte subsets
from the blood to peripheral tissues.

3.1 Exercise Responses

Exercise-related immunological changes include
signs of inflammation, such as the release of in-
flammatory mediators, activation of various white
blood cells and complement, and induction of acute-
phase proteins. Nevertheless, signs of immunosup-
pression, such as decreased T- and B-cell function,
or impaired cytotoxic or phagocytic activity, can
also be observed. Both single bouts of exhausting
physical activity and chronic exercise (overtrain-
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ing) may impair immune responses and increase an
athlete’s vulnerability to acute and chronic inflam-
mation and reduced post-exercise tissue repair.!33-34

The immune responses to the stresses of exer-
cise involve coordination of many cell types, sol-
uble factors, and messenger molecules in the blood
and throughout the body. Although exercise-induced
effects on the immune system may be transient,
such temporary changes could increase the vulner-
ability to infection and, if exercise is chronic and/or
severe, may place athletes at high risk. A recent
study has shown that even moderate-intensity en-
durance exercise has a great impact on the innate
immune system.[?!

Researchers have implied that regular and mod-
erate exercise improves the ability of the immune
system to protect the host from infection.[30-3235]
Training is associated with up-regulation of the anti-
oxidant defence system.3¢] Resting levels of NK
cells (natural immunity) are enhanced as a result of
training.[33! Leucocyte number is clinically normal
and remains unchanged with training.3? Moderate
exercise training has little effect on cell function
and does not affect serum or mucosal Ig and anti-
body levels.32 Although glutamine concentration
is decreased during exercise, there is little evidence
that this is affected by training.3?]

Overtraining results from long-term overstress
and is a complex syndrome that is a combination of
signs and symptoms, including the following: de-
terioration of performance, muscle/joint pain, mental
fatigue, depression, loss of bodyweight, loss of appe-
tite, negative nitrogen balance, increased basal me-
tabolism, and elevated resting and delayed transient
changes in heart rate.[>3337 Stress responses of the
neuroendocrine, hypothalamic, adrenal and gonadal
systems are altered./?! These autonomic changes re-
sult in changes in catecholamine, glucocorticoid
and testosterone levels.?%) It has been proposed that
subacute, exercise-induced musculoskeletal trauma
will result in the release of local inflammatory fac-
tors and cytokines.[331 With repeated exercise, in-
flammatory responses become chronic and circu-
lating monocytes become activated and produce
pro-inflammatory cytokines. Systemic inflamma-
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tion then leads to signs and symptoms of overtrain-
ing.[33] Overtraining is undoubtedly multifactorial,
but the systemic immune response to exercise is a
central component that has to be evaluated.

3.2 Lymphoid Cell Subsets/Function

Both high- and moderate-intensity exercise are
associated with shifts in circulating proportions of
NK cells, which influence the interpretation of data
about NK cytolytic activity (NKCA).138] Long-term
running may induce some change in lymphocyte
subpopulations.!*®! Chronic submaximal exercise
increases mobilisation of neutrophils, decreases
mobilisation of lymphocytes, and decreases the ab-
solute and relative numbers of neutrophils at rest.[0]
Dietary lipid intervention may modulate lymphoid
cell subsets, and thereby alter proliferative responses,
cytokine production and so on, in pathological con-
ditions such as autoimmune diseases and anorexia.

While the number of lymphocytes in the blood
may be elevated by physical exercise, lymphocyte
function may be impaired. In vitro impairment of
responses to mitogens has been associated with a
variety of immune deficiencies in vivo, such as
changes in CD4/CDS ratios, decreases in the pro-
duction of interleukin (IL)-2, increases in prosta-
glandin E2 (PGE2) levels, increases in macrophage
function, and so on. Such reduced responses to mi-
togens may be sufficient to allow micro-organisms
and viruses time to evade early immunological rec-
ognition and establish ongoing infection in run-
ners. Generally, moderate-intensity exercise may
decrease the proliferative response by 35 to 50%.[4!]

3.3 Cytokines/Other Soluble
Factors/Neuroendocrine System

Cytokines are important in initiating and regu-
lating the immune response and in influencing
almost all immune functions. Cytokines, which var-
ious immunocompetent cells produce in response
to appropriate stimuli, mediate many immune func-
tions and orchestrate the immune system. The ex-
cessive or insufficient production of cytokines may
contribute to infectious, immunological and inflam-
matory diseases. A balance between pro- and anti-
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inflammatory cytokines is essential for maintain-
ing a sound immune system. Exercise can alter the
release of numerous cytokines and modulate their
receptor systems. Such changes may trigger inflam-
matory and acute-phase responses. Increases in IL-1,
IL-6 and tumour necrosis factor (TNF)-o have been
found in supernatants from lipopolysaccharide-
stimulated peripheral blood mononuclear (PBMN)
cells isolated from untrained persons 2 hours after
bicycle exercise. Plasma IL-6 and TNF-a. levels in-
crease following long-distance running. Plasma IL-6
levels negatively correlate with plasma lactate lev-
els atrest. As IL-6 has growth-promoting potential,
high lactate production, by inhibiting the produc-
tion of IL-6, may contribute to the decreased muscle
function observed in patients with mitochondrial
myopathy.[*?] IL-6 is produced locally in skeletal
muscle in response to exercise. It induces hepatic
glucose output and lipolysis, suggesting an impor-
tant link between contracting skeletal muscle and
exercise-associated metabolic changes.[*31 There is
evidence suggesting that systemic elevation of cyto-
kines occurs in the serum after strenuous exercise.
The activation of serum-soluble immunoactive mark-
ers, such as soluble IL-2 receptors (sIL-2R), solu-
ble intercellular adhesion molecule-1 (SICAM-1),
soluble TNF-receptor (STNF-R) and neopterin, may
be influenced by exercise.[*4! The enhanced meta-
bolism occurring during exercise may produce un-
known intermediate products that are responsible
for initiating leucocyte activation and cytokine re-
lease. Dietary lipids have an effect on cytokine bal-
ance. Fish oil, containing anti-inflammatory omega-3
fatty acids, is known to lower the production of
IL-1, IL-6 and TNF-o by macrophages. Cytokine
inhibitors and anti-inflammatory cytokines may
restrict the magnitude and duration of the inflam-
matory response to exercise.[*’] Intense exercise can
cause suppression of mucosal immune parame-
ters.[*¢) Low levels of salivary IgM and IgA, in par-
ticular the IgA1 subclass, have been linked to an
increased risk of respiratory illness.[*” The mech-
anisms underlying mucosal immune suppression are
not clear, but may reflect alterations in T-cell cyto-
kine control mechanisms. 7!
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The immune system is closely linked to the neuro-
endocrine system. Exercise is known to activate the
pituitary-adrenocortical axis to increase cortisol lev-
els. Neuroendocrine factors released in situations
of stress, such as intense exercise, are suggested to
be partly responsible for exercise-induced changes
in the immune system. Most immunosuppressive
responses induced by intense exercise correlate with
increases in circulating cortisol.[*84%! It has been
established that the leucocytosis induced by exercise
is mediated by catecholamines and glucocortic-
0ids, %% and the specific immune response of lympho-
cytes is also mediated by adrenaline, glucocor-
ticoids, B-endorphin, and other stress hormones.[3!!
Muscular exercise increases the concentrations of
a number of stress hormones in the blood, includ-
ing adrenaline, noradrenaline, growth hormone, [B-
endorphins, and cortisol, whereas the concentration
of insulin decreases slightly.’?] Adrenaline and nor-
adrenaline may be responsible for the immediate
effects of exercise on lymphocyte subpopulations
and cytotoxic activities. Cortisol may be responsi-
ble for maintaining lymphopenia and neutrocytosis
after exercise of long duration. 33!

4. Dietary Intake, Exercise and
Immune Function

4.1 Dietary Carbohydrate

Glucose and glutamine are critical fuels for the
cells of the immune system. High-carbohydrate diets
are designed to keep the liver and muscle stores of
glycogen high to ensure glucose/glycogen avail-
ability during exercise. The use of glucose as a sub-
strate is significantly reduced when lymphocytes
proliferate;!'4 however, glycolysis and glutamin-
lysis remain high. The high turnovers of glucose
and glutamine are proposed to regulate the rates of
synthesis of purine and pyrimidine nucleotides dur-
ing the lymphocyte cycle.[!:2!]

Reduction in blood glucose levels has been linked
to hypothalamic-pituitary-adrenal (HPA) activation,
increased release of adrenocorticotropic hormone
(ACTH) and cortisol, increased levels of plasma
growth hormone, decreased levels of insulin, and
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variable adrenaline levels.!%3-%] Maintaining plasma
glucose concentrations can attenuate increases in
stress hormones and diminish changes in immu-
nity. Carbohydrate ingestion during prolonged and
intensive exercise lessens hormonal and immune
responses that have been related to physiological
stress and inflammation.57! Carbohydrate intake also
blunted the rise in IL-6 and IL-1 receptor antago-
nist (IL-1ra) involved in the inflammatory cascade
response to heavy exertion.>’! Consumption of car-
bohydrates (but not glutamine or other amino acids)
during exercise attenuates rises in stress hormones,
such as cortisol, and seems to limit the degree of
exercise-induced immune suppression, at least for
non-fatiguing bouts of exercise.[’®! Carbohydrate in-
gestion during high-intensity exercise (>75% VOamax
for >2 hours) that produces significant stress is as-
sociated with increased plasma glucose levels, at-
tenuated cortisol and growth hormone responses,
fewer perturbations in blood immune cell counts,
reduced granulocyte and monocyte phagocytosis
and oxidative burst activity, and a diminished pro-
and anti-inflammatory cytokine response./*! Mono-
nuclear phagocytes use glucose at a significantly
greater rate than glutamine, and the presence of
carbohydrate availability can influence the level of
plasma glucose.['l Concanavalin A—stimulated pro-
liferation of lymphocytes and macrophages is sus-
tained in short-term exercise, but may be markedly
reduced in prolonged exercise.[*>°1 This may be
one possible mechanism that increases the risk of
infections in endurance or overtrained athletes.
Cortisol release from the adrenal gland is stim-
ulated by activation of the HPA axis release of ACTH.
The cortisol release is proportional to the stress of
exercise, and glucose availability is a critical factor
in cortisol release before, during and after (recov-
ery) exercise. Cortisol suppresses serum IgA, IeG
and IgM production, the lymphocyte proliferative
response to mitogens, and NKCA.! Ingestion of
drinks containing glucose has been shown to in-
crease blood glucose, improve endurance running
performance and, importantly, to lower plasma cor-
tisol levels and circulating leucocyte subsets. Car-
bohydrate ingestion attenuates the inflammatory
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response to acute exercise through reduced levels
of IL-6, total anti-inflammatory IL-1ra and corti-
01.[1.60.61]

Muscle-cell injury often occurs during exercise,
as evident from the rise in plasma creatine kinase
activity. The muscle damage causes an increase in
post-exercise cytokine release. Several studies have
suggested that the effects of carbohydrates on IL-6
production are primarily associated with muscle
glycogen availability, rather than with a reduced
inflammatory response. As the release of IL-1ra
follows that of IL-6, reduced plasma levels of IL-1ra
observed with carbohydrate ingestion may there-
fore be a function of a reduced inflammatory re-
sponse.ld! It has been suggested that carbohydrate
lowers muscle-derived IL-6, thus altering cytokine
release. Carbohydrate release has no effect on NKCA,
phagocytosis of monocytes and granulocytes, and
oxidative burst activity.[1:°!] The effects of a high-
carbohydrate diet, with minimal required protein,
does not alter lymphocyte number or function.!-9]

4.2 Dietary Fat

Dietary fat intake is considered a disadvantage
by many athletes, as illustrated by the recommen-
dation that the diet contain only 20% of total calo-
ries as fat.['! The important roles that fats play in
building membranes, and as a fuel for exercise,
require us to evaluate the perception that dietary
fat intake should be kept very low. Recent studies
have shown that low-fat diets compromise endur-
ance performance.[!%17.241 The mechanisms by which
lipids may modulate immune function may involve
several factors and mediators.[92:93] Fats are used
as fuel by lymphocytes; however, when stressed by
mitogens, lymphocytes appear to increase their me-
tabolism with glucose use.l!2!1 The regulation of
fuel selection by lymphocytes is not clear, as some
fats inhibit glucose/glutamine use while others do
not.l' Both the quantity and type of dietary lipids
are known to have modulatory effects on the cel-
lular immune system at the biochemical and mo-
lecular levels, including the production and ex-
pression of cytokines.[0+63] Dietary omega-6 lipids
generally increase the levels of pro-inflammatory
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cytokines and inflammatory PGs, while omega-3
lipids may decrease the levels of such cytokines
and inflammatory PGs.[%0-68] Tn rats, a diet rich in
omega-3 polyunsaturated fatty acids (PUFAs) sig-
nificantly reduced glutamine decarboxylation, and
this reduction in glutamine decarboxylation may
lead to suppression of lymphatic proliferative re-
sponses.[1:39]

Scientists now recognise that many metabolic
processes respond directly or indirectly to pro-
inflammatory cytokines. Such cytokine-mediated
‘reprogramming’ of metabolism ensures an adequate
supply of nutrients for proliferation of lymphocyte
and macrophage populations, for antibody produc-
tion, and for hepatic synthesis of acute-phase pro-
teins. Pro-inflammatory cytokines have been linked
to altered nutrient uptake and utilisation. Anabolic
processes are interrupted, and companion catabolic
activities are amplified. Changing dietary fat con-
sumption may alter the immune system and hormone
levels, as lipids are components of biomembranes,
serve as precursors for certain steroid hormones
and PGs, have a role in regulating eicosanoid syn-
thesis, and interact directly with cellular activation
processes.

Dietary lipids, which are known to influence the
fatty acid composition of biological membranes,
are incorporated into membrane lipid components,
which mostly are phospholipids. Fatty acids must be
considered important determinants of the behavi-
our, including enzyme and receptor function, of mem-
branes.[!] A change in the fatty acid composition
of phospholipids may affect signal transduction and,
consequently, eicosanoid and/or cytokine produc-
tion.[1-23] Dietary omega-6 lipids (linoleic and lino-
lenic acids present in vegetable oils such as corn
oil and soybean oil) generally increase the levels of
pro-inflammatory cytokines and inflammatory PGs,
while long-chain omega-3 lipids [eicosapentano-
ic acid (EPA) and docosahexanoic acid present in
oil from marine sources such as fish oil] may de-
crease the levels of such cytokines and inflamma-
tory PGs.[63-671 Thus, both the quality and quantity
of dietary fat may modulate exercise-induced alter-
ations to the immune system.[6467]
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It is clear that cytokines affect whole-body nu-
trition and metabolism, and are responsible for many
of the clinically observed nutritional effects of in-
jury, infection, cancer, fever, hyper-metabolism, an-
orexia, protein catabolism, cachexia, and altered fat,
glucose and trace-mineral metabolism.[%) These me-
tabolic and nutritional effects of cytokines are influ-
enced by the nutritional status of the host, which is
generally altered during the course of the critical ill-
ness. In future, specialised diets and selective cytokine-
blockers are likely to be important components of
the overall care of catabolic patients.

Human studies reported to date have consis-
tently demonstrated a decrease in the production of
pro-inflammatory cytokines when moderate to high
levels of marine-derived omega-3 PUFAs are taken
orally.[%8-7%] [ vitro production of IL-1p and TNF-
a in stimulated PBMN cells was reported to de-
crease after 6 weeks of omega-3 PUFA fish oil sup-
plementation in male volunteers.[%4! In vitro addition
of EPA to human PBMN cells was also reported to
inhibit the production of IL-2 and the expression
of IL-2 receptor.[71-72]

Exercise causes some injuries in muscles and
joints that may increase levels of PGE2.135] Both
the quantity and type of dietary fat are known to
influence the level of PGE2. It is known that high-
fat diets tend to increase the level of plasma PGE2.
It is evident from animal studies that diets high in
omega-6 PUFAs generally increase plasma PGE2
levels and PGE2 production by lipopolysaccharide-
stimulated macrophages.!”3! This indicates that di-
etary fat may help reduce the stress caused by ex-
ercise and, therefore, has less or no adverse effects
on well-trained athletes who engage in exercise. Bio-
membranes serve barrier functions and serve as a
store for precursors of rapidly generated, structurally
diverse intracellular and extracellular lipid-derived
mediators. Cytokines exert a dramatic multilevel im-
pact in regulating enzymes involved in generating
lipid-derived mediators central to cytokine action.

Increased endurance capacity in response to in-
creased dietary fat has been observed in both ani-
mal7* and human studies.[’%! The effects of three
levels of dietary fat (low, medium and high; 4 weeks
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on each diet) on the immune status of runners has
been reported.[”>! The dietary fat in these studies
was distributed between saturated (40%), mono-
unsaturated (37%) and polyunsaturated (23%). The
effects of these diets on PBMN cell number, lym-
phoid cell subsets, the proliferative response to lec-
tins, and on the in vitro production of pro- and anti-
inflammatory cytokines by PBMN cells (before and
after a short bout of exhaustive exercise) were de-
termined. Increased dietary fat levels significantly
increased levels of the anti-inflammatory cytokine
IL-2 after exercise. The proliferative response to
pokeweed mitogen by PBMN cells also decreased
with increases in dietary fat and exercise.

It may be possible to reduce the chronic stress
on the immune system associated with overtrain-
ing through appropriately selecting the amount of
dietary fat and matching total caloric intake to ca-
loric expenditure. It may be possible to overcome
the inflammatory effects of exercise by providing
dietary lipids that have a tendency to lower the
inflammatory effect through modulating pro- and
anti-inflammatory cytokines and free-radical gen-
eration. A high-fat diet decreased plasma IL-6 lev-
els in women after endurance running. Both exer-
cise and the high-fat diet increased IL-2 levels and
lowered IL-6 levels, suggesting that the level of
specific pro-inflammatory cytokines may be mod-
ulated through increased dietary fat intake, thus
off-setting the pro-inflammatory effects of exer-
cise. It appears that increasing dietary fat can in-
crease endurance run-time without adverse effects
on plasma levels of cortisol, PGE2, and interferon-
Y1761

Evidence has accumulated in the past decade
that strenuous aerobic exercise is associated with
oxidative stress and tissue damage caused by the
generation of oxygen free radicals. Depletion of
each of the antioxidant systems increases the vul-
nerability of various tissues and cellular compo-
nents to reactive oxygen species. Thus, it is con-
ceivable that dietary supplementation with specific
antioxidants could be beneficial.[””] During severe
oxidative stress such as strenuous exercise, the en-
zymatic and non-enzymatic antioxidant systems of
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skeletal muscle are unable to cope with free-radical
formation. This results in an increase in lipid per-
oxidation. However, exercise and training appear
to augment the antioxidant defence system of the
body.[”8] Whether this augmented defence system
can keep up with the increase in lipid peroxidation
with exercise is not known. Exercise training has
little effect on hepatic or myocardial enzyme sys-
tems, but can cause adaptive responses in skeletal
muscle antioxidant enzymes, particularly glutathi-
one peroxidase.

In endurance runners, plasma lipid peroxides
were increased after an endurance run, in both men
and women. Plasma lipid peroxide concentrations
were lower on a high-fat diet compared with lower-
fat diets. When data were analysed to determine the
effects of fat intake on endurance running in women,
plasma lipid peroxide levels after exercise were
lower on the high- rather than lower-fat diets.[7%]

4.3 Dietary Protein

An impairment of host defence mechanisms has
been observed with moderate and severe protein
imbalance (i.e. when intake differs markedly from
consumption).ll-7! Diets very low in protein (<20%)
or very high in protein (>60%) were shown to im-
pair phagocytic activity and IL-2 production in an
animal model.l'l A protein imbalance is particu-
larly harmful to the T-cell system.[!-18.80]

Glutamine supplementation in a randomised,
placebo-controlled study of marathon runners did
not influence exercise-induced immunological
changes.[!l Decreases in plasma glutamine levels
have been observed in response to various stressors
including prolonged exercise.[32:831 Whether the
exercise-induced decrease in glutamine is linked to
impaired immunity is not clear, but most studies
have not favoured this concept.!82-841 The utility of
plasma glutamine levels as a marker (because glu-
tamine requirements increase during stress) for over-
training has recently been highlighted, but the best
way to determine glutamine levels has not been
worked out!®] because several additional factors
such as injury, infection and nutritional status need
to be considered.
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Glutamine is used at a high rate by lymphocytes
and macrophages. It is oxidised as a fuel and for
the synthesis of DNA and RNA.[33.85] Exercise may
have a negative effect on glutamine balance, lead-
ing to depleted reserves in skeletal muscle.!!-85.80]
Skeletal muscle plays an important role in provid-
ing glutamine for proper functioning of the immune
system.!85 Plasma glutamine levels are depleted in
proportion to the intensity and duration of exer-
cise!®>-86] and remain depressed post-exercise. Over-
trained athletes, who may be fatigued and have neg-
ative energy balances, have a significant reduction
in basal and postexercise glutamine levels.!35:87] Nor-
mal daily protein intake or protein supplementation
(20 g/kg/day) for 3 weeks in negative-energy-balance
athletes ensures adequate levels of glutamine and
other proteins.!33:87:88] Ultramarathon runners had
a decreased incidence of infections after a race when
they took glutamine 5g in 300ml of water immedi-
ately and 2 hours after the event.[>) While low pro-
tein intake can be harmful, high protein intake can
cause a 25% decrease in plasma glutamine due to
increased renal uptake.

4.4 Micronutrients

Low total caloric, low-fat, low red meat diets
may not provide essential micronutrients, includ-
ing vitamins. Vitamin B12 and folic acid are essen-
tial for the normal production of both red and white
blood cells. A deficiency in vitamin B12 or folic
acid may lead to an impaired lymphocyte prolifer-
ative response to mitogens and a reduction in phago-
cytic and bacterial capacity for neutrophils.[®31 Vi-
tamin C (ascorbic acid) increases the proliferative
responses of T-lymphocytes and attenuates the sup-
pressive effect of glucocorticoids on immune func-
tion.[%31 In one study, supplementation with ascor-
bic acid 500mg, tocopherol (vitamin E) 270mg and
B-carotene 18mg significantly reduced the post-
marathon infection rate from 40 to 15% of the run-
ners.*4! Ascorbic acid supplementation (600 to 1000
mg/day for 3 weeks) reduced the symptoms of URTI
in runners in response to 2.5 hours of running./!
Tocopherol (200 mg/kg of food for 50 days) stim-
ulated the helper activity of T-lymphocytes, stimu-
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lated mononuclear cell production of IL-1 (535
mg/day for 48 days), and depressed mitogen-
induced lymphocyte proliferation and the antibac-
terial activity of peripheral blood leucocytes (300
mg/day for 3 weeks).[!70-74] These effects may be
optimised when tocopherol is taken with ascorbic
acid.

Although supplementation with several antiox-
idants should theoretically provide greater protection
of tissues against exercise-induced oxidative stress,
the data in humans are contradictory. Supplement-
ing with a combination of a-tocopherol 400IU and
ascorbic acid 200mg per day for 4.5 weeks before
participating in a standard marathon did not alter
lipid peroxidation, but decreased creatine kinase
levels 24 hours post-marathon.!®?] Supplementation
with tocopherol 294mg, ascorbic acid 1000mg and
ubiquinone 60mg per day did not have any addi-
tional benefits.[°] Currently available information
appears to support the enhanced intake of vitamin
B, ascorbic acid, tocopherol and carotenoid- and
flavonoid-rich foods to raise daily intakes to above
RDAs for sedentary individuals. Supplementation
with a single antioxidant nutrient is not recommended
because of hazards caused by excessive fat-soluble
vitamins, or peroxidation and pro-inflammatory re-
sponses caused by excess ascorbic acid. Evidence
to support high dosages of antioxidant vitamins pre-
venting exercise-related immunosuppression is
lacking.

Very high-carbohydrate and vegetarian diets
may be low in protein, and poor sources of micro-
nutrients such as zinc, iron, selenium and copper, thus
compromising the athlete’s immune status. There
are several metalloenzymes that are zinc-dependent,
including those involved intranscription and the
synthesis of proteins.l*% Low zinc intake may com-
promise the immune system, as dietary zinc has an
important role in thymic function, T-lymphocyte
development, lymphocyte proliferation, T-cell de-
pendent B-cell functions and, thus, in resistance to
infections. In zinc-deficient athletes, supplementa-
tion (zinc 25mg and copper 1.5mg twice per day
for 6 days) resulted in generation of lower levels of
superoxide free radicals by activated neutrophils,
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and exaggerated suppression of T-lymphocyte pro-
liferation in response to phytohaemagglutinin or
concanavalin-A.[139 Mega-doses of zinc (150mg
twice per day for 6 weeks) have detrimental effects
on the immune system, including a reduced T-
lymphocyte proliferative response to mitogens, and
impaired polymorphonuclear cell phagocytic and
chemotactic activity. Thus, mega-doses of zinc are
not recommended.

Immune function is particularly sensitive to the
availability of iron. Iron deficiency depresses lym-
phocyte proliferative responses to the following:
mitogen stimulation; delayed cutaneous hypersen-
sitivity; macrophage IL-1 production; reduced pro-
duction of interferon; and NKCA.!!-641 On the other
hand, high doses of iron may be detrimental to the
immune system; for example, free iron helps bac-
terial growth.

Selenium is an antioxidant and cofactor of
glutathione peroxidase/reductase and, thus, sele-
nium deficiency could affect all aspects of the im-
mune system.!!! Copper deficiency is associated
with impaired antibody formation, inflammatory
responses, phagocytic killing power, and NKCA
and lymphocyte-stimulation responses.!!]

5. Conclusions/Clinical Implications

There is a perception that athletes are suscepti-
ble to infectious illness, increased oxidative stress
and delayed muscle repair, implying impaired im-
mune function, although such susceptibility is not
universally found and may be caused by overtrain-
ing and/or under-nutrition. It has been shown that
low-calorie diets and low-fat diets may compro-
mise intramuscular energy stores and do not pro-
vide enough essential micronutrients; such changes
may compromise the immune system. Acute and
chronic exercise may alter immune cell numbers
and function for 24 to 48 hours. Monitoring the
athlete’s training quality, as well as his/her percep-
tions of fatigue, stress, the presence of infections,
quality of sleep, and muscle soreness, may be used
to evaluate risks to the immune system.

As intensive training can be very demanding, all
athletes need sufficient total calories to meet their
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energy demands. The source of these calories (fat,
carbohydrate and protein) should meet the individ-
ual’s caloric expenditure during training and per-
formance. Failure to accomplish this results in de-
pletion of intramuscular stores of glycogen and fats
and reduces performance. It is clear that diets with
<20% carbohydrate or <20% fat are insufficient to
maintain intramuscular stores of glycogen and fats,
respectively. The optimum blend of carbohydrates
and fats for different athletes is controversial and
remains to be investigated.

Glucose has a direct and indirect effect on the
immune system. Specifically, low levels of glucose
result in increased levels of inflammatory cyto-
kines and plasma cortisol. Carbohydrate ingestion
before, during and after exercise has been the only
nutritional intervention used thus far to evaluate
moderate exercise-induced immune suppression.[32]
one consequence of a high-carbohydrate diet is that
critical micronutrients such as zinc, iron, selenium
and copper are not sustained and, thus, negatively
affect immune function.

High oxidative metabolism may increase the
production of oxygen free radicals. Supplementa-
tion with antioxidant vitamins, trace-element co-
factors of antioxidant enzymes, ascorbic acid, to-
copherol and B-carotene, may be beneficial.l!-37]
Although no clear guidelines for B-carotene sup-
plementation have been approved, 30 mg/day is
considered adequate.[!! As a precaution, vitamin B12
supplementation is recommended for athletes on
negative-energy-balance diets, particularly vege-
tarians. An intake of ascorbic acid 1g per day for 3
weeks before competition has been recommended. !
Larger doses of ascorbic acid are associated with
negative effects (diarrhoea, joint pain, and kidney
stones). High doses of tocopherol over a long pe-
riod (550 mg/day for 50 days) may provide some
protection against the negative effects of exercise.
The diets of athletes often contain mega-doses of
vitamins (10 to 1000 times RDA); however, this is
not useful and, in fact, may be harmful. Athletes
are recommended to consume zinc-rich foods, but
athletes on low caloric intake, fat-free diets, or who
are vegetarians, are recommended to take a supple-
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ment of zinc 10 to 20mg/day.l!! Athletes are recom-
mended to have iron intakes of 17.5 mg/day ( men)
or 23 mg/day (women). This recommendation can
easily be met through an energy balanced diet that
includes fats and meats. In vegetarians, or athletes
on low-energy-balance diets, supplementation is rec-
ommended. Both selenium and copper should be
available in sufficient amounts to meet the daily
requirements of energy-balanced diets containing
sufficient fats and meats. In under-nourished ath-
letes, supplementation should be performed care-
fully because of the potential negative consequences.

A low-fat diet comprised of too few calories is
immunosuppressive in runners. It may be possible
to overcome some of the adverse immunosuppres-
sive effects of exercise on the immune system of
runners through carefully selecting both the quan-
tity and type of dietary fat. Consuming increasing
levels of dietary fat (up to 42% of total caloric in-
take) does not elevate fasting levels of triglycer-
ides, total cholesterol, or high-density lipoprotein
cholesterol in the plasma of runners, suggesting that
higher fat consumption can be recommended for
athletes without increasing the risk of cardiovascu-
lar disease. The intensity and duration of exercise
will affect both carbohydrate and fat oxidation and,
thus, determine the amount of carbohydrate, and
the amounts and types of fat that should be ingested
to meet the exercise demands and maintain immu-
nocompetence. Fat intake may be particularly im-
portant in female athletes where low-caloric/low-
fat-intake diets are associated with amenorrhoea
and diminished exercise performance.

As indomethacin has been shown to counter post-
surgical, PG-mediated immunosuppression, it has
been suggested that athletes take it.['l As ingestion
of omega-3 PUFAs has an effect similar to indo-
methacin, experiments are needed to determine the
best course for athletes. It should be cautioned that,
because excessive dosages of omega-3 PUFAs have
immunosuppressive effects, dose-response curves
have to be worked out before recommending a pol-
icy.

A significantly negative protein balance sup-
presses virtually all components of the immune

© Adis Infernational Limited. All rights reserved.

system. This may be a factor in athletes who are
overtrained or who have low total and/or protein
caloric intakes, thus leading to a negative nitrogen
balance. If athletes are calorically balanced, and
the percentage of calories from protein is constant,
the increased caloric intake will increase protein
intake in proportion to protein catabolism. Athletes
who are overtrained, fatigued or who have a docu-
mented low protein intake, may benefit from sup-
plementation with protein for a 2- to 3-week pe-
riod, after which they should return to a normal
protein intake, as high levels of protein are as bad
for the immune system as a low protein intake.

The upper limit of fat intake and lower limits of
carbohydrate intake are still not known. Based on
available data, even athletes in heavy training have
sufficient protein intake as long as it is 12 to 15%
of total calories; thus, supplementation is not rec-
ommended, irrespective of age or gender.?¢! Car-
bohydrate and fat intakes of 35% of total calories,
on diets balanced in caloric intake and expenditure,
are sufficient to maintain both muscle glycogen and
fat stores. Thus, one could suggest a ‘baseline diet’
of 12% protein, 35% carbohydrate and 35% fat.
The remaining 18% of the total calories could be
distributed among carbohydrates, fats and proteins
with the ratio being determined by the type of sport
activity. For example, distance runners may take
more fat, high-intensity intermittent athletes more
carbohydrate, and weightlifters more protein (up to
15%). The treatment of overtraining has been sug-
gested to include: reducing the intensity/duration
of training, eliminating monotonous training, alter-
ing loading and regeneration phases, getting regular
sleep, and obtaining an adequate quantity and qual-
ity of nutrition.[?!

Athletes should consume a diet comprised of
varying amounts of total calories, carbohydrates,
fats and proteins that are consumed during their train-
ing and competition. Compromising any of these
elements results in reduced performance and a sup-
pression of the immune system, leading to an in-
creased risk of infection. It is of great concern that
many athletes are on low total calorie and low-fat
diets that result in not only depleted intramuscular
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fat stores and essential fatty acids, but also defi-
ciencies in many micronutrients. The unavailabil-
ity of fat to oxidise and spare glycogen and build
the immune system, leads to reduced exercise per-
formance and increased stress and risk of infection.
Although the exact balance of a diet is unproven,
a baseline diet that comprises of 15% protein, 35%
carbohydrates and 35% fats, and of a caloric intake
that is balanced to caloric expenditure, is recom-
mended. The remaining 15% consumed should be
made up of the specific substrate(s) expended.
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