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Influence of Carbohydrate Delivery on the Immune
Response During Exercise and Recovery

From Exercise
William A. Braun, PhD, and Serge P. von Duvillard, PhD, FACSM
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Acute, sustained, moderate- to high-intensity exercise has been shown to induce significant alterations in
the distribution and function of leukocytes during recovery. In many instances, these changes have been
found to reflect a transient impairment of immune function in vitro during recovery from such exercise.
Carbohydrate supplementation during exercise has been associated with an attenuation of cortisol
production. Because cortisol has been linked to immunosuppression, a growing body of research has
examined the influence of carbohydrate supplementation on immune function in response to exercise.
New areas along this line of inquiry involve examination of the cytokine response to exercise and the role
that carbohydrate may play in regulating the production of proinflammatory cytokines. Inter-relations
among the immune response, production of specific cytokines, and cortisol are also examined. The clinical
significance of an attenuated immune response when exercising as a result of the administration of
supplemental carbohydrate is yet to be determined. Nutrition 2004;20:645–650. ©Elsevier Inc. 2004

KEY WORDS: cytokines, lymphocyte proliferation, NK activity
NTRODUCTION

he body of literature on exercise immunology has largely focused
n the immune response to an acute exercise challenge or the
nfluence of chronic training on immunosurveillance and how host
efense and infection incidence might be affected. An extensive
olume of work has been published in these two broad areas,1–18

et many questions remain. Due to the strong evidence for en-
ancement of endurance performance and an attenuated stress
ormone response via carbohydrate (CHO) supplementation, it is
ogical that a growing body of research has focused on the rela-
ions between CHO supplementation and immune function. The
ationale for pursuing CHO influence on host defense is likely
elated to the observation that acute exercise has been associated
ith transient suppression of immune function, potentially adverse

ffects on cellular distribution of immune cells, and elevation in
he production of cytokines that exert proinflammatory effects.
ue to the intricate nature of the immune system, much of the

xercise-related literature has been descriptive, as investigators
ave sought to define immune response to short- and long-term
xercise. The immune system is highly complex and this presents
uch of the challenge of not only characterizing how it responds

o an exercise stimulus but also of gauging whether exercise-
aused perturbations in immunity are meaningful. That is, if im-
une function or cellular distributions are adversely affected tran-

iently by exercise, is the suppressive effect great enough to place
he host at risk? Further, the immune system has considerable
edundancy, which makes it difficult to determine whether sup-
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pression in one area might be balanced by enhanced function in
another.

One area of research that has gained attention is the interaction
between glutamine and the immune system. Glutamine serves as a
primary substrate for many leukocytes and is necessary for lym-
phocyte proliferative response to a mitogen.19–21 Glucose is also
recognized as an important substrate for leukocytes.22 As a con-
sequence, CHO supplementation may enhance immune function
during and in response to exercise by conserving glutamine and by
maintaining glucose availability for leukocytes. Several reviews
have been written on the role that glutamine plays in immune
function and the reader is referred to these for further information
on this area of research.19,20,23–25 It is also well established that
provision of exogenous CHO reduces the cortisol response to
exercise. Cortisol has been implicated in immunosuppression and
is notable for stimulating neutrophilia, which is commonly found
during recovery from vigorous exercise. Therefore, the question
must be raised as to whether CHO supplementation might be
beneficial for sustaining immune function in response to acute,
intense exercise.

Several investigators have proposed associations between
acute and long-term exercise and risk of infection such as the
“open window” theory26 and the “J-shaped”27 and “inverted
J-shaped”28 curves. These “models” have become widely ac-
cepted and are suggestive of impaired host defense when exer-
cise stress is excessive. Based on such relations, a rationale was
developed to examine whether CHO supplements may offset
these adverse effects and manage to promote host defense. This
review examines and summarizes literature on this rapidly
growing area of research and examines the effects of CHO
supplementation on immune cell distribution and function and
cytokine production during and after acute, moderate- to high-
intensity exercise. Specifically, the effects of CHO supplemen-

tation on factors including lymphocyte proliferation, natural

0899-9007/04/$30.00
doi:10.1016/j.nut.2004.04.013
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ell–mediated cytotoxicity, and distribution of selected cyto-
ine populations are discussed.

ACKGROUND: ACUTE EXERCISE AND IMMUNE
ESPONSE

here appears to be a threshold stimulus that is required to induce
hanges in immunity or cellular distribution. It has commonly been
ound that, to induce suppressive effects on immune function
nd/or cellular distribution, that the exercise must be of moderate
ntensity (�65% maximum oxygen capacity [VO2max]) or greater
r of a prolonged duration (�1 h). Resistance exercise has also
een found to result in significant alterations in the immune
esponse when rigorous, sustained work is performed.11,29 If the
xercise stress is sufficient, it may cause transient suppression of
atural killer (NK) activity and lymphocyte proliferative response
o mitogen, transient reduction in the T-helper:T-cytotoxic ratio,
nd a reduction in circulating NK cells. These alterations in cel-
ular immunity have, in large part, led to the open window theory
roposed by Pedersen et al.26 Because NK cells play an important
ole as a component of the host’s first line of defense against an
ntigen, attention has been given to determining whether the
xercise-induced reduction in NK activity is simply due to numer-
cal redistribution of NK cells or whether it reflects a true dimi-
ution of NK cytotoxicity on a per-cell basis.30–33 Whereas some
vidence has implicated increased postexercise prostaglandin syn-
hesis in the downregulation of NK activity,32,33 other investigators
ave failed to report a strong association between prostaglandin
ynthesis and impaired NK activity.30,31 However, it should be
onsidered that, even if the suppression of NK activity is related to

redistribution effect, the blood-borne prowess of this innate
efense mechanism may still be reduced. In contrast, migration of
K cells from the circulation during recovery from exercise may
e reflective of a functional need for these cells in tissue.

During acute exercise, the intensity of the work bout appears to
e a critical factor in causing changes in leukocyte distribution. In
eneral, the greater the exercise intensity, the greater the pertur-
ation will be. For example, in comparing work performed at 25%,
0%, and 75% VO2max, Tvede et al.34 observed increases in blood
eukocyte concentration of approximately 20%, 45%, and 95%,
espectively, above resting values. The lymphocyte distribution
irrored this pattern during exercise.34 Similar findings were ob-

erved by Nieman et al.35 when comparing treadmill exercise
erformed at 50% and 80% of VO2max. The higher intensity
xercise resulted in a greater postexercise leukocytosis and lym-
hocytosis. The lymphocytosis was largely accounted for by in-
reases in T- and NK-cell populations. In contrast, Bury et al.36

oted significant increases in leukocyte and lymphocyte cell
ounts in response to different exercise intensities (45%, 60%, and
5% VO2max), but the magnitude of alteration during recovery was
ot clearly related to the preceding exercise intensity. Many other
nvestigators have also shown significant alterations in leukocyte
oncentration and distribution during or immediately after com-
leting moderate to high intensity exercise.2–5,10,11,30,37–45,74

During recovery (1 to 4 h after exercise) from moderate to
ntense exercise, neutrophilia has been commonly observed. The
ersistent neutrophilia tends to be the primary driving force for a
ustained leukocytosis during recovery.10,29–31,35,44–47 During this
ime, lymphopenia is often present10,11,29,35 and this results pri-
arily from large reductions in NK cells and T cells.10,11,30,35,41 It

s not uncommon during recovery from exercise for NK-cell
oncentration to fall by approximately 50% or more below that of
pre-exercise measure.4,35,44,48,49 Although such changes likely

epresent alterations in cell trafficking, it seems feasible that, with
uch a large exodus of lymphocytes and NK cells from the circu-
ation, it may be easier for a bacterium or virally infected cell to

chieve a foothold during this time. As a result, infection risk may d
e heightened during recovery from intense exercise due to induc-
ion of transient immunosuppression.26,75 However, the clinical
ignificance of exercise-induced transient immunosuppression has
et to be firmly established.

ARBOHYDRATE SUPPLEMENTATION AND
EUKOCYTE DISTRIBUTION AND PROLIFERATION

HO supplementation and dietary modification have been shown
o influence cell distribution and in some cases cell responsiveness
pon completion and during recovery from exercise. Leukocyte
oncentration has been reported to be lower upon completion of
xercise when CHO has been administered and this effect often
ersists into recovery.41,46,47,50 In most instances, the greater leu-
ocytosis observed with the control (low CHO or placebo) condi-
ions have been related to a greater neutrophilia and this effect has
ommonly been attributed to higher cortisol concentrations. CHO
upplementation has been shown to attenuate the cortisol response
o exercise, resulting in a smaller induction of neutrophils.37,42,43

enson et al.51 noted significantly lower monocyte and NK-cell
oncentration upon completion of a 2.5-h run compared with a
lacebo condition. Green et al.47 examined the influence of CHO
upplementation on immune function in response to 2.5 h of cycle
rgometry and observed a significantly lower neutrophil concen-
ration upon completion of exercise and during recovery with the
HO condition. Bishop et al.37 also observed a substantially

maller neutrophilia upon completion of, and during recovery
rom, intense, intermittent exercise when CHO was administered.
n addition, CHO feedings have been associated with a reduced
ymphocyte cell death rate in vitro.47 Total leukocyte count was
lso significantly lower at these time points. No other cell param-
ters were found to be different.47 Several of these studies are
ummarized in Table I.

NK cells and neutrophils represent one of the body’s first
ines of defense against invading microorganisms or patho-
ens. As a consequence, the distribution and function of these
ells in response to exercise challenge has been well doc-
mented.3,5,17,30–33,48 The influence of CHO supplementation on
K-cell distribution has not yet been confirmed. McFarlin et al.52

eported that NK distribution was unaffected by CHO supplemen-
ation during 1 h of intense cycling (�77% VO2max) and over 4 h
f recovery. In contrast, Nieman et al.53 reported that CHO ad-
inistration during a 2.5-h run was associated with a significantly

ower NK-cell concentration upon completion of the run compared
ith a placebo condition. The distribution of NK cells during 6 h
f recovery was not different between conditions. Similarly,
enson et al.51 found a significantly lower concentration of NK

ells upon completion of a 2.5-h run when CHO was administered.
K distribution was not different during recovery from exercise.

Few studies have been conducted to examine the effects of
HO availability on immune response to resistance exercise.
och et al.29 provided a CHO supplement (1.0 g/kg mass) 10 min
efore and 10 min after a bout of squat exercise. The CHO
ondition was not associated with any significant treatment effects
n cell distribution in response to exercise or during a 4-h recovery
eriod. Nieman et al.54 examined the effects of CHO supplemen-
ation on immune response to 2 h of resistance exercise. The CHO
ondition resulted in a significantly lower leukocyte change upon
ompletion and at 1 h after exercise relative to the baseline
easure. However, the response could not be attributed to a

pecific measured cell population because there were no differ-
nces in distribution of neutrophils, lymphocytes, or monocytes.54

There is also limited available research findings on the effects
f CHO supplementation on lymphocyte proliferative response to
xercise. Bacurau et al.55 reported that CHO supplementation
uring repeated bouts of cycle ergometry “overcame” a significant

rop in proliferative response that was demonstrated with the
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ontrol condition. Unfortunately, data were not collected during
ecovery from exercise, so it is not known whether the supplemen-
ation helped to offset the commonly observed decline in lympho-
yte proliferation during recovery. The concentration of glutamine,
hich serves as a fuel for various leukocytes, was sustained by
HO feedings and fell significantly under the control condition.55

herefore, proliferative response during recovery may have been
ess likely to be diminished. Henson et al.39 found that CHO
upplementation during 2.5 h of intense running had no effect on
oncanavalin A-, phytohemaglutinin (PHA)-, or pokeweed mito-
en (PWM)-stimulated lymphocyte cultures. However, when
HA-stimulated proliferative response was expressed per T cell,

he CHO condition was associated with a significantly better
aintenance of proliferation upon completion of exercise. Recov-

ry responses were not different between treatments.39 Green et
l.47 found that CHO supplementation during 2.5 h of cycling
85% ventilatory threshold) prevented the decline in lymphocyte
xpansion that was experienced during the control condition for
D4 (T helper) and CD8 (T cytotoxic) cells. Similar effects were

eported by McFarlin et al.40 in response to 1 h of intense cycling.
lthough more research is needed to confirm the effects of exog-

nous CHO on lymphocyte proliferative response to exercise, there
s limited evidence that CHO supplementation may help to offset
xercise-induced reductions in this measure. Whether such effects
ould help to sustain immune responsiveness during recovery

rom rigorous exercise is yet to be confirmed.

ARBOHYDRATE SUPPLEMENTATION AND NK ACTIVITY

espite a large body of research on the influence of exercise on
K activity, surprisingly few studies have been conducted to

xamine the effects of CHO supplementation on this indicator of
nnate immune function. McFarlin et al.52 investigated the effects
f CHO supplementation on in vitro interleukin (IL)-2 stimulation
f NK cells during and after endurance cycling exercise. IL-2–
ediated stimulation of NK cells was greater upon completion of

xercise and during recovery from exercise in comparison with a
lacebo condition. However, unstimulated NK activity was not
ffected by CHO supplementation. As a result, the investigators
uggested that CHO delivery may have optimized function of a
istinct branch of NK cells (type I NK cells). Based on these
ndings, it appears that the potential for exogenous CHO to benefit
K activity is partly dependent on the presence of IL-2, which is

eleased from activated T cells, but may also be specific to type I
K cells. Nieman et al.53 did not observe an enhancement of NK

ctivity when CHO was administered during 2.5 h of running.

ARBOHYDRATE SUPPLEMENTATION AND CYTOKINE
RODUCTION

he literature on cytokine response to exercise is rapidly develop-
ng. It is recognized that cytokines play important roles in com-
unication between cells and in cell signaling in response to

nfection and tissue injury. Commonly, the cytokines that have
een investigated include constituents of the IL family. ILs are
ecreted primarily from macrophages and lymphocytes and they
re involved in induction or regulation of the inflammatory response,
lthough they may also influence other biological processes, including
ubstrate regulation.56,57 Acute exercise has been shown to stimulate
roduction of a variety of cytokines, including IL-2, IL-6, and tumor
ecrosis factor-�, which exert proinflammatory effects, and IL-1
eceptor antagonist (IL-1ra) and IL-10, which counter-regulate the
nflammatory response.58,59 Due to the complex interactions among
mmune cells, their secretory factors, and targets for these factors,
esearch on cytokine production and function is highly intricate and
there is much that has to be established.R B G K M N N S * A i
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Many investigators have studied the effects of CHO supple-
entation and dietary control on the cytokine response to exercise.
ishop et al.60 examined the effects of a low versus a high CHO
iet regimen on cytokine response to cycle ergometric perfor-
ance. IL-6, which is associated with activation of inflammation,
as found to be significantly higher in a low-CHO state. Similar

ffects were found with IL-10 and IL-1ra, which are reported to be
ounter-regulatory cytokines that produce anti-inflammatory ef-
ects.60 The higher-CHO dietary intake regimen tended to diminish
he cytokine response to exercise. These findings were supported
n a study by the same investigators who examined cytokine
esponse to CHO supplementation during intermittent, intense
xercise.37 Plasma IL-6 concentration was significantly higher
uring recovery in the placebo condition. Similar effects were
bserved by Nehlsen-Cannarella et al.61 who noted significantly
igher total IL-6 in a placebo condition versus a CHO-
upplemented condition during recovery from a 2.5-h run in mara-
honers. IL-1ra was also found to be higher during recovery in the
lacebo condition. Nieman et al.43 reported comparable effects in
esponse to 2.5 h of cycling and running in triathletes. Running
esulted in higher postexercise concentrations of IL-6. These dif-
erences may be related to the higher eccentric demand of running
ecause Bruunsgaard62 associated higher IL-6 with eccentric work.
ithin exercise mode, IL-6 and IL-1ra were significantly higher in

he placebo condition during recovery.43 Based on these findings,
t is possible that CHO supplementation or a high-CHO diet aids in
imiting the production of proinflammatory cytokines (Table II). A
lunted production of anti-inflammatory cytokines (IL-1ra and
L-10) may be secondary to this effect. These findings may be
mportant, particularly when exercise involves heavy eccentric
oading, because it has been proposed that a hyperinflammatory
esponse (as may occur with infection and heavy eccentric exer-

59,63

TA

CARBOHYDRATE INFLUENCE ON CYTOKINE RESPONSE TO AC

eference Year Mode Intensi

acurau et al.55 2002 Cycling 90% A

ishop et al.46 2002 Soccer drills —

ishop et al.38 2001 Cycling 60% Wmax a
trial

ehlsen-Cannarella et al.61 1997 Running 70%

ieman et al.43 1998 Running, cycling 75%

ieman et al.42 2001 Marathon —

ieman et al.54 2003 Resistance training —

T, anaerobic threshold; IL, interleukin; NA, not available; ND, not diffe
aximal power output in watts
ise) may lead to delayed immunosuppression. d
In response to strenuous exercise and/or exercise in which
uscle damage results, proinflammatory cytokines are believed to

nduce anti-inflammatory cytokine production as part of a counter-
egulatory mechanism.36,62,64,65 Nehlsen-Cannarella et al.61 and
ishop et al.37 indicated that IL-6 induces acute-phase proteins but
lso activates the hypothalamic-pituitary-adrenal axis and stimu-
ates IL-1ra release, both of which serve as counter-regulatory factors
gainst the inflammatory response. In addition, low blood glucose
evel results in stimulation of the hypothalamic-pituitary-adrenal axis,
eading to heightened cortisol release.42,61,66 Therefore, by providing
xogenous CHO during prolonged, hard exercise, the influence of
ortisol on the immune system may be lessened. Bacurau et al.55

ound that significant reductions in cytokine production (IL-1, IL-2,
nd tumor necrosis factor-�) during repeated cycling bouts were
nhibited when CHO was provided. These findings support the notion
hat CHO serves to downregulate the proinflammatory response to
xercise, and that there is a concomitant reduction in anti-
nflammatory cytokine secretion. Although the mechanisms are not
et established, it is possible that factors such as glutamine preserva-
ion and cortisol response influence the production of cytokines under
xercise conditions.

HE IMMUNE SUBSTRATE LINK
here is evidence that the elevation in IL-6 observed in response

o intense exercise is in part caused by muscle production of this
ytokine.56,57,67–69 It has been shown that myocytes produce IL-6
n response to muscle contraction,56,57 and it has been proposed
hat the cytokine plays a role in substrate mobilization and/or
egulation.37,56,57 Pedersen et al.56 also reported that physiologic
oncentrations of IL-6 induce lipolysis. As a consequence, it might
e implied that the blunted IL-6 production that commonly occurs

II.

XERCISE (RELATIVE TO PLACEBO OR CONTROL CONDITION)

Duration Cytokines
After

exercise Recovery Treatment

2 h IL-1 1 NA Feedings
IL-2 1 NA
IL-4 1 NA
IL-6 1 NA
TNF-� 1 NA

90 min TNF-� ND ND Feedings
IL-6 ND 2

e �90 min IL-6 ND 2 Control diet

IL-1ra ND 2
IL-10 ND 2

2.5 h Total IL-6 2 2 Feedings
Biological IL-6 1 ND

2.5 h IL-6 2 2 Feedings
IL-1ra 2 2

Varied IL-6 ND ND Feedings
IL-1ra 2 2
IL-8 ND 1
IL-10 2 2
TNF-� ND ND

2 h IL-6 ND NA Feedings
IL-8 ND NA
IL-10 ND NA
IL-1ra ND NA

ersus control; ra, receptor antagonist; TNF, tumor necrosis factor, Wmax,
BLE

UTE E

ty

T

nd tim

rent v
uring exercise in which CHO is provided is a result of substrate
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vailability. That is, with exogenous substrate delivery during
xercise, the strain placed on endogenous stores may be reduced,
esulting in an attenuated stress hormone response and reduction in
L-6 production. These effects may directly or indirectly affect
timulation of the immune system. The interaction between the
ypothalamic-pituitary-adrenal axis, immune cell function and prolif-
ration, substrate availability, and proinflammatory cytokine produc-
ion presents a complex area for examination (Figure 1). It may be that
L-6 produced by the immune system has a separate biological func-
ion from that produced by active muscle. Much more work must be
onducted in this area, however, to further elucidate the significance
f such responses and to further establish the relation among cytokine
roduction, immune response, and substrate regulation.

UMMARY

recurring theme in the exercise immunology field is the absence
f empiric evidence that transient reductions in immune function
r in the concentration of immunosurveillant cells increase the risk
f host infection. Most of the work in the field has been done using
n vitro procedures. As a consequence, clinical evidence is limited,
nd due to ethical issues related to exposing humans to viral antigens
nd the complications involved in reporting infection incidence
mong large groups of humans, it will be challenging to obtain such
vidence. Nevertheless, a compelling argument can be made that
cute, intense exercise can increase the risk of infection. Based on
eports of infection incidence after lengthy endurance events,12,70–73

oupled with the in vitro evidence suggestive of an immunocompro-
ised state, it seems warranted to establish guidelines for reducing

nfectious transmission for people who engage in vigorous exercise.
Whether CHO supplementation during sustained exercise may

ssist in reducing infection risk is yet to be confirmed. However,
ased on attenuated cortisol and proinflammatory cytokine pro-
uction during and after acute exercise when CHO has been
rovided, it may be beneficial for immune function to supply the
ody with exogenous CHO. Because the benefits for work pro-
uction and performance are well established, it might be argued
hat such practices also can be of benefit to immunity. The model
roposed in this review may provide an ongoing basis for further
valuating the linkages between CHO supplementation, stress hor-
one production, cellular distribution, and immune function. The

elations between substrate availability and immunity clearly need
urther development. Other areas for investigation include exam-

IG. 1. CHO delivery and stress response to exercise. CHO supplementatio
tress. The outcome is an attenuated stimulation of the HPA axis and low
o lower IL production, which attenuates the inflammatory response and
ypothalamic-pituitary-adrenal axis; IL, interleukin; TNF, tumor necrosis
nation of the substrate regulatory roles of selected cytokines
uring and in response to metabolic stress. An evaluation of the
nter-relations between muscle production of cytokines and the
nfluence of exercise-induced muscle damage on these factors may
e of importance. The effects of CHO supplementation on inflam-
atory processes, NK activity, and the general immune response

o exercise also warrant further investigation.
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