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Elevated antigen-stimulated anti-inflammatory cytokine production appears to be a risk factor for upper respiratory tract illness
in athletes. The purpose of this study was to determine the effects of prolonged exercise and hydration on antigen-stimulated
cytokine production. Twelve healthy males cycled for 120min at 60% ̇𝑉O2max on two occasions, either euhydrated or moderately
hypohydrated (induced by fluid restriction for 24 h). Blood samples were collected before and after exercise and following 2 h
recovery for determination of cell counts, plasma cortisol, and in vitro antigen-stimulated cytokine production by whole blood
culture. Fluid restriction resulted in mean body mass loss of 1.3% and 3.9% before and after exercise, respectively. Exercise elicited
a significant leukocytosis and elevated plasma cortisol, with no differences between trials. IL-6 production was significantly
reduced 2 h postexercise (𝑃 < 0.05), while IL-10 production was elevated postexercise (𝑃 < 0.05). IFN-𝛾 and IL-2 production
tended to decrease postexercise. No significant effect of hydration status was observed for the measured variables. Prolonged
exercise appears to result in augmented anti-inflammatory cytokine release in response to antigen challenge, possibly coupled with
acute suppression of proinflammatory cytokine production, corresponding with studies using mitogen or endotoxin as stimulant.
Moderate hypohydration does not appear to influence these changes.

1. Introduction

Prolonged, strenuous exercise has been associated with a
temporal depression of host defence, increasing susceptibility
to opportunistic infections [1, 2]. Almost certainly, this
immunosuppression is multifactorial in origin [3, 4]. Reduc-
tions in salivary immunoglobulin A secretion [5–7], natural
killer cell activity [8], lymphocyte proliferative response [5,
9], and impaired neutrophil phagocytic function [10] follow-
ing prolonged exercise have been suggested as some of the
possible mechanisms and likely explain, at least in part, why
elite endurance athletes appear particularly prone to upper
respiratory tract infections [11]. Even mild infections that are
medically innocuous can significantly disrupt training and
impair athletic performance.

Gleeson et al. [12] reported an elevated anti-inflamma-
tory, and specifically interleukin (IL)-10, response to antigen

challenge as a risk factor for development of upper respiratory
symptoms (URS) in physically active individuals. Further-
more, athletes with a high training load (≥11 h moderate-
high intensity training per week) experienced more than
twice asmanyURS episodes and had approximately threefold
higher resting IL-2, IL-4, and IL-10 production by antigen-
stimulated whole blood culture than athletes with a low
(3–6 h per week) training volume [13]. Cytokines play a
key, pleiotropic role in orchestrating the responses of lym-
phocytes, macrophages, and other immune cells during an
infection [14–16]. Changes in the profile of cytokine produc-
tion after acute or chronic exercise may therefore influence
infection risk and/or the severity and duration of illness
symptoms.

The systemic cytokine response to exercise has been
relativelywell documented [17, 18].However, plasma cytokine
concentrations in an unstimulated state do not accurately
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reflect how the body would react in response to a pathogen.
As such, these results are of limited relevance when assessing
an individual’s ability to respond appropriately to an immune
challenge. Investigating the cytokine response to stimulation,
either in vitro or in vivo, may provide greater insight as to
what extent host defence is compromised following exercise.

Numerous approaches have been employed to study the
effect of exercise on the functional capacity of immune cells
to produce various cytokines. Although some animal models
have used in vivo stimulation with specific antigens [19],
the majority of studies have used mitogenic plant lectins
such as phytohaemagglutinin, phorbol myristate acetate
in combination with ionomycin, or endotoxin, principally
lipopolysaccharide (LPS), as stimulant, incubated in vitro
with peripheral blood mononuclear cells (PBMCs) or in
whole blood culture. While studies using powerful T-cell
mitogens or LPS-stimulation can further our understanding
of immunocompetence, in order to elucidate how specific
cellular and molecular immune responses to viral and/or
bacterial infection are affected by exercise, examining the
cytokine response to antigen-stimulation may be more
appropriate. Animal models and studies using endotoxin or
mitogen stimulation indicate a temporal suppression of the
type 1 cytokine response following prolonged exercise, which
may be responsible, in part, for the concurrent increase in
URS susceptibility. However, to the authors’ knowledge, no
studies to date have investigated antigen-stimulated cytokine
production by human whole blood culture following acute
endurance exercise.

The capacity of leukocytes to produce cytokines upon
adequate challenge has potentially far reaching consequences
for the entire functional capacity of the immune system and
is highly likely to reflect the capacity of an individual to
defend itself against intrudingmicroorganisms [20]. Amodel
using viral and/or bacterial antigens to stimulate cytokine
production inwhole blood culture probably comes the closest
to the natural environment, avoiding artefacts from cell
isolation and preparation and allowing natural interactions
between immune components and antigens within the nor-
mal hormonal milieu. Essentially it is an in vitro method of
simulating responses to an infection.The influence of exercise
on the cytokine production capacity can be measured by
investigating the in vitro cytokine response to antigens in
blood cell cultures set up before and after exercise. Changes
in cytokine production after exercise may arise from both
changes in circulating leukocyte subset populations after
exercise and changes in the plasma concentrations of stress
hormones (e.g., adrenaline and cortisol) and other cytokines
(e.g., IL-6 and IL-10).

Studies suggest that athletes frequently commence train-
ing or competition in a mildly or moderately hypohydrated
state [21–24] and that they typically fail to ingest sufficient
fluid to offset losses through sweating during exercise [21,
23, 25, 26]. Compared with exercise in a euhydrated state,
moderate dehydration would be expected to result in an
augmented stress response and thus likely greater distur-
bances to immune function. For example, Maresh et al. [27]
found that athletes hypohydrated to ∼5% body mass loss had
significantly higher plasma cortisol concentrations prior to

and 20min following acute submaximal exercise.The aims of
the current study were therefore to determine (1) the acute
effects of a single bout of prolonged exercise on antigen-
stimulated cytokine production in whole blood culture and
(2) how these effects differ depending on whether exercise
is undertaken in a euhydrated or moderately hypohydrated
state. It was hypothesised that immediately following 2 h of
cycling exercise at 60% ̇𝑉O

2max, there would be no significant
change in antigen-stimulated production of type 2/anti-
inflammatory cytokines, but that there would be a transient
suppression of type 1/proinflammatory cytokine production
relative to baseline, with values returning towards resting
levels within 2 h of recovery. In addition, it was hypothesised
that exercise in a moderately hypohydrated state would lead
to a somewhat augmented cortisol response and greater
disturbances of cytokine production compared to exercise in
a euhydrated state.

2. Materials and Methods

2.1. Subjects. Twelve healthy, male university students pro-
vided their written, informed consent to participate in the
study, which was approved by the Loughborough University
ethical advisory committee. Prior to the start of the study,
participants completed a health screening questionnaire.
Subjects could be included if they were between 18 and 35
years of age, currently healthy and without URS or use of
anymedication during the past four weeks. Exclusion criteria
were smoking, suffering from, or with a history of, cardiac,
hepatic, pulmonary, renal, neurological, haematological, psy-
chiatric, or gastrointestinal illness, or haematological values
(leukocyte and erythrocyte counts) outside the normal range.
Baseline characteristics were as follows (mean ± SD): age
21 ± 1 years, body mass 73.6 ± 7.7 kg, height 1.77 ± 0.07m,
andmaximal oxygen uptake ( ̇𝑉O

2max) 57.6±6.1mL/kg/min.

2.2. Laboratory Visits. On the first laboratory visit, 1-2 weeks
prior to the first experimental trial, subjects completed a
continuous, incremental exercise test to volitional exhaustion
on an electromagnetically braked cycle ergometer (Lode
Excalibur Sport, Groningen, Netherlands) for determination
of ̇𝑉O

2max. The test began at 95 W with increments of 35 W
every 3min. Rating of perceived exertion (RPE) was noted
and expired gas was collected into Douglas bags during
the final minute of each stage. Heart rate was measured
continuously using short-range telemetry (Polar, Kempele,
Finland). A paramagnetic oxygen analyser (Servopro 1440D,
Servomex, Crowborough, UK) and infrared carbon dioxide
analyser (Servopro 1440D) were used in combination with
a dry gas meter (Harvard Apparatus, Edenbridge, UK) for
determination of ̇𝑉

𝐸
, ̇𝑉O
2
and ̇𝑉CO

2
. The work rate corre-

sponding to 60% ̇𝑉O
2max was then calculated from the ̇𝑉O

2
-

work rate relationship using a linear equation. After a 15-
minute recovery, participants cycled for 20min at a steady-
state work rate equivalent to 60% ̇𝑉O

2max with expired gas
samples collected after 5, 15, and 20min in order to familiarize
the subjects with the exercise protocol for subsequent trials
and to ensure that the calculatedwork rate elicited the desired
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relative exercise intensity. The final three days prior to com-
mencing the first experimental trail, participants attended the
laboratory in the morning following an overnight fast. On
each occasion nude bodymasswasmeasured, and the average
of these was taken as baseline euhydrated body mass.

For each experimental trial, subjects arrived at the lab-
oratory at 08:00 following an overnight fast of at least 10 h.
All trials were completed at the same time of day to reduce
intertrial effects of diurnal variations in cytokine production
and plasma cortisol [28, 29]. Subjects were requested to
refrain from strenuous exercise and, in an effort to stan-
dardize their nutritional status, asked to record and replicate
as closely as possible their dietary intake during the 24 h
leading up to each trial, and instructed to refrain from foods
with a high water content. The two trials were conducted
in a randomized and counterbalanced order and separated
by six or seven days. For the dehydrated trial (DH), fluid
intake was restricted to 500mL of water during the 24 h
period prior to the start of the trial, and no fluid was ingested
in the morning before or during the exercise test. In the
euhydrated trial (EU), subjects were asked to drink normally
in the 24 h leading up to the trial and to consume 500mL
of water in the morning 1-2 h before the start of exercise
test to ensure adequate hydration. In the EU trial subjects
were also provided with 250mL of water every 20min during
exercise to offset fluid losses through sweating. Before each
trial, subjects provided a first passmorning urine sample.The
exercise protocol was identical for both trials.

Prior to the start of exercise, subjects voided and nude
body mass was recorded. After sitting quietly for 10min,
an initial resting blood sample was obtained. Subjects then
cycled for 120min at 60% ̇𝑉O

2max on a stationary cycle
ergometer in a laboratory maintained at 21 ± 1∘C. Expired
gas was collected after 15, 45, 75, and 105min of exercise to
determine ̇𝑉O

2
. Heart rate was measured using short-range

telemetry (Polar, Finland) at 15-min intervals. Immediately
after completion of exercise, blood and urine samples were
collected, and body mass measured before participants were
provided with 500mL of water. Subjects then sat quietly
for 120min, before providing a final blood sample. Urine
osmolality before and after exercise was determined via
freezing-point depression using a single-sample osmometer
(Osmomat 030, Gonotec, Berlin, Germany).

2.3. Blood Sampling. Blood samples were collected at rest
immediately before the start of exercise (t0), immediately
after cessation of exercise (t120), and after a 2-h recovery
period (t240). On each occasion, a venous blood sample
(11mL) was obtained by venepuncture from an antecubital
vein. Blood was collected into two vacutainer tubes (Becton
Dickinson, Oxford, UK) containing either lithium heparin
or K3EDTA as anticoagulant. Haematological analysis was
immediately performed on the K3EDTA sample, as outlined
below.

2.4. Blood Cell Counts. Blood samples in the K3EDTA
vacutainer (4mL) were used for determination of red blood
cell concentration, haematocrit, haemoglobin, and total and
differential leukocyte counts using an automated cell-counter

(Ac.T 5diff haematology analyser, Beckman Coulter, High
Wycombe, UK). The coefficient of variation for all measured
variables was <2.0%. Samples were analysed in duplicate, and
the average of both values entered into analyses. Haematocrit
and Haemoglobin values were used to calculate changes in
plasma volume using the equations of Dill & Costill [30].

2.5. Plasma Cortisol. The remaining K3EDTA blood sam-
ple was centrifuged for 10min at 1500 g and 4∘C. Plasma
was aliquoted and stored at −20∘C until analysis. Plasma
concentrations of cortisol were determined using a com-
mercially available solid phase competitive enzyme-linked
immunosorbent assay (IBL International, Hamburg, Ger-
many) according to the manufacturer’s instruction manual,
with analytical sensitivity of 2.46 ng⋅mL−1 and intra-assay
coefficient of variation of <3.0%. Plates were read on a
microtitre plate reader at 450 nm. All samples were assayed in
duplicate, and the mean of the two readings for each sample
was used.

2.6. Antigen-Stimulated Cytokine Production. For determina-
tion of cytokine production, heparin was used as anticoag-
ulant rather than K3EDTA as EDTA is a calcium chelator
and has been found to inhibit cell function and cytokine
production in bioassays [31]. Stimulated whole blood culture
production of IFN-𝛾, TNF-𝛼, IL-1𝛼, IL-1𝛽, IL-2, IL-4, IL-6,
and IL-10was determined as follows: for each sample, 0.25mL
heparinized whole blood was added to 0.75mL RPMI
medium (SigmaChemicals, Poole, UK)with no added stimu-
lant (US), or stimulant at a dilution of 1 : 2000 (S).Thedilution
used was based on a separate experiment (unpublished
data), which established the dose–response curve for the
measured cytokines over the dilution range of 1 : 200–1 : 20
000. The stimulant used was a commercially available mul-
tiantigen (DTaP/IPV/Hib) vaccine containing diphtheria,
tetanus, acellular pertussis, poliomyelitis, and Haemophilus
influenza type b antigens (Pediacel vaccine, Sanofi Pasteur,
Maidenhead, UK). This antigen cocktail was chosen because
it is offered routinely on the NHS to all babies in the UK,
with the vast majority of individuals being vaccinated against
these antigens. Upon subsequent stimulation, a faster and
more robust immune response would be expected than if
novel antigens were used. All participants in the current
study had received the DTaP/IPV/Hib vaccine as infants.The
whole blood culture was then incubated for 24 h at 37∘C and
5% CO

2
. Following centrifugation for 4min at 13,400 g in

a microcentrifuge, supernatants were collected and stored
frozen at −20∘C until analysis. Cytokine concentrations were
determined with an Evidence Investigator System using the
cytokine biochip array EV 3623 (Randox, County Antrim,
UK).The intra-assay coefficient of variationwas< ±5% for all
measured cytokines. US values were then subtracted from S
values to isolate cytokine production specifically in response
to stimulation and account for plasma concentrations and
spontaneous production during the 24 h culture period.

2.7. Statistical Analysis. Data are presented as Mean ± Stan-
dard Deviation. Statistical analyses were performed using
IBM SPSS Statistics 19. Changes in total and differential
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Table 1: Haematological variables bfore, after, and 2 h after exercise
in euhydrated and dehydrated trials.

Before
exercise

After
exercise

2 h after
exercise

RBC (×1012/L) EU 4.76 (0.35) 4.95 (0.36)∗ 4.96 (0.44)∗

DH 4.83 (0.40) 5.10 (0.40)∗ 4.95 (0.48)∗

Hct (%) EU 45.9 (3.2) 47.8 (3.6)∗ 47.4 (4.4)∗

DH 46.8 (3.0) 49.6 (4.1)∗ 47.9 (3.5)∗

Hb (g/dL) EU 15.7 (0.7) 16.4 (0.7)∗ 16.3 (1.1)∗

DH 15.9 (1.0) 16.9 (1.2)∗† 16.3 (1.1)∗

Data are mean (SD); ∗indicates significant difference from preexercise (𝑃 <
0.001); †indicates significant interaction effect (trial ∗ time) (𝑃 < 0.05).
RBC: red blood cells; Hct: haematocrit; Hb: haemoglobin.

leukocyte counts, plasma cortisol, and antigen-stimulated
cytokine production were analysed using a 2-way repeated
measures analysis of variance (ANOVA) with trial (DH
and EU) and time (before exercise, after exercise, and 2 h
after exercise) as factors. Although ANOVA are generally
considered robust to minor violations of normality [32],
cytokine data that was found to be significantly nonnormal
was transformed using a log transformation prior to analysis.
The statistical analysis and calculation of summary statistics
were subsequently carried out on the transformed data with
summary statistics transformed back to the original scale
for presentation as geometric means with 95% confidence
intervals. A Bonferroni adjustment was used to correct for
multiple comparisons. Between-trial differences in mean
heart rate, RPE and %𝑉O

2max during exercise were deter-
mined using paired samples 𝑡-test. Significance was accepted
at the 𝑃 < 0.05 level.

3. Results

Compared to baseline euhydrated bodymass, fluid restriction
in the DH trial resulted in body mass loss of 1.3 ± 0.7%
and 3.9 ± 1.0% before and after exercise, respectively. Urine
osmolality decreased following exercise and was significantly
(𝑃 < 0.01) higher in DH compared to EU at both time points
(972 ± 134 versus 707 ± 229mOsm/kg, and 933 ± 138 versus
555 ± 254mOsm/kg at pre- and postexercise, resp.). Subjects
cycled at an average power output of 175 ± 22W for the 2 h
exercise period. This elicited an exercise ̇𝑉O

2
of 60 ± 4%

̇

𝑉O
2max, which did not differ significantly between trials.

Mean heart rate was significantly (𝑃 < 0.001) lower during
exercise in EU than DH (154 ± 10 bpm versus 161 ± 10 bpm).
Similarly, RPE was significantly lower for EU than DH (13±2
versus 14 ± 3, 𝑃 < 0.01).

Red blood cell concentration, haematocrit andhaemoglo-
bin concentration were all significantly higher after exercise
and at 2 h after exercise. (Table 1). The postexercise increase
in haemoglobin was significantly higher in DH than EH.
Plasma volume was significantly reduced both immediately
after and 2 h after exercise but did not significantly differ
between trials, nor did adjusting for plasma volume change

the outcomes of statistical tests, and hence the data pre-
sented are uncorrected values. Analyses of leukocyte counts
demonstrated a significant main effect of time for total and
differential leukocytes, with no significant difference between
trials. Under both conditions, exercise resulted in a significant
increase in total leukocytes, neutrophils, and monocytes
above baseline, which persisted during the 2 h period of
recovery (Figures 1(a)–1(d)). Lymphocytes also increased
significantly immediately following exercise, before dropping
below baseline, after 2 h. Plasma cortisol was significantly
elevated by approximately 22% (136 nmol/L) postexercise in
both trials, with no difference between trials. Figure 2 shows
plasma cortisol concentration before, after, and 2 h after
exercise.

Stimulation with antigens resulted in significantly higher
levels of all measured cytokines compared to unstimulated
samples. Cytokine concentrations following stimulation are
presented in Table 2. IL-6 production was significantly (𝑃 =
0.010) reduced 2 h after exercise (Figure 3). IL-10 production
also showed a main effect of time (𝑃 = 0.023) with higher
production immediately after exercise. Although not quite
reaching statistical significance, antigen-stimulated IFN-𝛾
and IL-2 release tended (0.05 < 𝑃 < 0.10) to decrease
following exercise. IL-1𝛽 and IL-1𝛼 production were not
significantly altered by exercise.No significant effect of hydra-
tion status was observed for any of the measured cytokines.

4. Discussion

The main findings of the current study are that moderate
hypohydration equivalent to ≤4% body mass loss does not
appear to influence resting or exercise-induced changes in
plasma cortisol, total and differential leukocyte counts, or
antigen-stimulated cytokine production. However, they do
provide evidence that prolonged exercise may upregulate the
production of IL-10 in response to antigen challenge, while
inhibiting the production of IL-6 during recovery from a
single bout of endurance exercise. Although there was also
a consistent trend for suppressed type 1 cytokine production
following exercise, due to large individual variations these
changes did not quite reach statistical significance.

An enhanced anti-inflammatory response to antigen
challenge, as evidenced by potentiated IL-10 production
after exercise, indicates a shift in the type 1/type 2 cytokine
balance towards type 2. This corresponds with previous
studies that have reported exercise-induced changes in T cell
number and function resulting in a relatively type 2 dominant
cytokine profile [33–36]. However, contrary to the current
findings, these studies observed that this shift was primarily
due to a reduction in type 1 T cell number and function,
with no significant change in type 2 lymphocytes. Although
evidence indicates that intracellular expression of IL-4 in
both unstimulated and stimulated cultures is increased in
certain cell subsets following exercise [37, 38] other studies
have found that acute endurance exercise has little or no effect
on IL-4 release in response to mitogen stimulation [34, 35],
while inducing a temporal suppression of type 1 cytokine
production, specifically IFN-𝛾 [25, 34, 39–41], IL-2 [40–42],
and TNF-𝛼 [39, 41, 43–46]. To the authors’ knowledge, only
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Figure 1: Total leukocyte, neutrophil, lymphocyte, andmonocyte counts before, immediately after, and after 2 h recovery following 2 h cycling
exercise in euhydrated (EU; filled circles) and dehydrated (DH; open circles) trials. Data are Mean ± SD. ∗indicates significant difference for
both trials from preexercise (𝑃 < 0.05).

two previous studies have investigated the acute exercise
effects on IL-10 release in humans in response to stimulation.
In line with our results, a recent study by LaVoy and
colleagues [37] reported significantly increased intracellular
expression of IL-10 in CD27-CD8+ T-cells in response to
phytohaemagglutinin 1 h after a 40 km cycling time trial.
Conversely, Smits et al. [45] reported suppressed in vitro IL-10
production in response to LPS following 15–20min of rowing
to volitional exhaustion in competitive oarsmen. Although
these results appear contrary to those of the current study, it is
difficult to draw direct comparisons due to dissimilarities in
the training status of participants, exercise mode, intensity,
and duration. Furthermore, the primary cellular source of
IL-10 is the lymphocyte, particularly the T regulatory cell
subset. LPS-stimulation primarily activates monocytes, with
any lymphocyte response being highly monocyte dependent.

Thepattern of IL-10 release elicited by LPSwill therefore likely
differ somewhat from that induced by antigen-stimulation.
Van der Poll et al. [47] found that prior exposure to adrenaline
potentiates LPS-induced IL-10 production in humans, both in
vivo and in vitro, and, alongside the anti-inflammatory effects
of elevations in plasma cortisol, may provide a plausible
mechanism through which acute exercise augments IL-10
release.

Type 1 cytokines promote cellular immunity by stimu-
lating the functional activity of T cytotoxic cells, NK cells,
and activated macrophages [48]. A shift towards a more type
2 dominant cytokine response as seen in the current study
will likely compromise cellular immunity while temporarily
enhancing humoral immunity, particularly because the two
are mutually inhibitory. Dysregulation of the type 1/type 2
cytokine balance has been associated with susceptibility to
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Figure 2: Plasma cortisol concentration before, after, and after 2 h
recovery following 2 h cycling exercise in euhydrated (EU; filled
circles) and dehydrated (DH; open circles) trials. Data are presented
as Mean ± SD. ∗indicates significant difference for both trials from
preexercise (𝑃 < 0.001).
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Figure 3: IL-6 production by antigen-stimulated whole blood cul-
ture before, after, and 2 h after exercise in euhydrated (EU; filled
bars) and dehydrated (DH; open bars). Data are geometric mean
with 95% CI. ∗indicates significant difference for both trials from
pre exercise (𝑃 = 0.01).

infectious disease [49]. Viral infection generally leads to a
predominantly type 1 cytokine response [50]. Pitkäranta et
al. [51] found that lower virus-induced IFN-𝛾 production
in vitro was associated with frequently recurring respiratory
infections in children, whereas blocking of Type 2 cytokine
expression via prior administration of antibodies to IL-10
and IL-4 reduces symptom severity following respiratory
syncytial virus infection [52, 53]. Similarly, URS risk in
athletes is associated with increased antigen-stimulated IL-10
production at rest [13]. Hence, a lower type 1/type 2 cytokine
ratio in response to immune challenge may compromise host
defence against respiratory infections.

Another interesting finding of the current study is that
antigen-stimulated IL-6 production was inhibited 2 h after
exercise. It is well recognised that IL-6 is released from
contracting skeletal muscle resulting in elevated plasma con-
centrations following exercise [54, 55]. This is in accordance
with a significant (𝑃 < 0.001) exercise-induced increase in
IL-6 in unstimulated culture in the current study, with these

values primarily reflecting plasma concentrations, plus any
spontaneous release during the culture period. However, the
results of the current study indicate that the capacity of
immune cells to produce IL-6 in response to antigen chal-
lenge is inhibited following prolonged exercise. The results
of previous studies investigating changes in stimulated IL-6
release following endurance exercise are inconsistent. Smits
et al. [45] reported suppressed postexercise IL-6 production
in response to in vitro stimulation with LPS. Weinstock et
al. [41] found that although total LPS-induced IL-6 release
appeared unchanged by exercise, when corrected for the
number of monocytes in the culture, IL-6 production per cell
was significantly lower compared with preexercise. However,
Baum et al. [39] found no significant changes in IL-6
production from whole blood cultured with LPS, and Starkie
et al. [46] reported no exercise-induced changes in IL-6
production from monocytes, although it is worth noting
that the exercise protocol used in that study was not of
sufficient intensity to stimulate an increase in plasma cortisol.
Haarh et al. [56] reported an increase in IL-6 production 2 h
after exercise in response to incubation of PBMCs with LPS.
These inconsistencies can likely be explained by variations in
exercise protocols and training status of participants, as well
as the immunological stimulant, duration of cell culture [57],
and culture technique used (e.g., PBMCs versus whole blood
culture). Well-regulated cytokine responses are critical for
host defence [58], and IL-6 plays a keymultifunctional role in
orchestrating the acute phase reaction and various immune
responses [59], eliciting both pro- and anti-inflammatory
effects [60]. The observed exercise-induced inhibition of IL-
6, coupled with an enhanced anti-inflammatory cytokine
response, may therefore be indicative of somewhat compro-
mised host-defence to viral infection.

It is well-documented that prolonged exercise results in
changes in the total and differential numbers of circulating
leukocytes along with changes in lymphocyte subsets [61,
62]. Depending on the cytokine and its principal cellular
source, shifts in cell numbers will have clear implications
for total cytokine production. However, a weakness of the
current study was that, since the principal cellular source of
IL-10 and IL-6 in antigen-stimulated culture is not known,
it was not possible to correct absolute production for such
changes. As well as major cell types, shifts in circulating cell
(e.g., lymphocyte) subsets with exercise [61] may also have
contributed towards changes in total cytokine production, as
it is well established that different subsets also vary in their
proclivity to secrete different cytokines [63].

The observed changes in cytokine production can likely
in part be explained by the exercise-induced elevation in
plasma cortisol. A glucocorticoid released from the adrenal
cortex in response to stress; cortisol has immunosuppressive
and anti-inflammatory effects [64], acting to mediate the
recovery from immune activation early in the stress response,
thus preventing an “overshoot” of the immune reaction [65].
Cortisol acts to suppress the production of proinflammatory
cytokines [29], as well as upregulating the expression of
certain anti-inflammatory cytokines [66], thus functioning
as a negative feedback mechanism protecting against exces-
sive inflammation. Studies on the effect of elevated plasma
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cortisol on stimulated cytokine production are somewhat
inconsistent. However, elevations in plasma cortisol within
the physiological range, such as achieved during strenuous
exercise, appear to suppress LPS-induced TNF-𝛼, IL-1𝛽, and
IFN-𝛾 production, but interestingly not IL-6 production [29,
67]. In the current study therewas no effect of fluid restriction
on plasma cortisol. This is somewhat unexpected as heart
rate and RPE data suggest that exercise in DH was more
physiologically stressful than in the EU condition. Bishop et
al. [68] found that fluid ingestion during prolonged exercise
attenuated the cortisol response. Mitchell et al. [69], on the
other hand, found that although hypohydration resulted in
elevated plasma cortisol when exercise was performed in
the heat, there was no effect of hydration status on cortisol
concentration, total or differential leukocyte numbers, or
lymphocyte function when exercising in temperate ambient
conditions. The relatively modest level of hypohydration
induced in the current study appeared insufficient to influ-
ence the plasma cortisol response to exercise at 21∘C and sub-
sequently had no significant effect on the measured immune
variables. Although it was beyond the scope of the current
study to measure multiple hormones, it is worth noting that,
in addition to cortisol, several other hormones known to
increase with exercise also have immunomodulatory effects,
notably adrenaline, noradrenaline, growth hormone, and
prolactin [70].

Induction of cytokine production by antigen challenge
proceeds with a slower kinetic than that associated with
powerful T-cell mitogens used in a number of previous
studies and induces lymphocyte responses more directly
than LPS challenge. Strength of the current study is that
the cytokine response to the multiantigen vaccine used as
stimulant can be considered closer to the natural response to
such opportunistic infections as may be encountered during
the recovery from exercise. It is acknowledged thatmeasuring
cytokine production from whole blood culture rather than a
known number of PBMCs may be confounded by changes
in numbers and proportions of circulating lymphocytes and
monocytes with exercise. However, a disadvantage of isolat-
ing PBMCs is that this insulates the cells from the influence
of other cells, hormones, and cytokines, while whole blood
culture more closely replicates the natural milieu. Although
changes in leukocyte subsets with exercise will alter the
number of cells in whole blood culture and thereby influence
total cytokine production, changes in absolute cytokine
production in response to an immune challenge are likely to
have implications for disease susceptibility, regardless of the
underlying mechanism. A weakness of the current study is
that very large individual variations in cytokine responses,
although perhaps an interesting finding in itself, somewhat
limit the interpretation of results. Future studies examining
cytokine responses to antigen-challenge may benefit from
larger sample sizes in order to improve statistical power.

5. Conclusion

Contrary to our hypothesis, moderate hypohydration elicited
by a 24 h fluid restriction protocol does not appear to influ-
ence plasma cortisol levels, or exacerbate exercise-induced

immune disturbances. However, the effects of more severe
levels of hypohydration on such immune markers remain
unclear. The current study does, however, provide further
evidence of a temporal shift towards a more type 2 dominant
cytokine response to immune challenge, perhaps indicative
of compromised host-defence to viral infection following
prolonged exercise. Although the clinical significance of the
magnitude of changes observed are not clear, these results
may further contribute towards explaining the apparent
“open-window” of infection that is evident during short-term
recovery from endurance exercise.
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