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Abstract
Aim of the study: The purpose of this study was to examine the effect of carbohydrate

feeding during the recovery interval (REC) separating two 90-min cycling bouts (EX1 started at
09:00 and EX2 started at 13:30) at 60% ¦O2max on leukocyte redistribution, neutrophil degranu-
lation response to lipopolysaccharide (LPS) and plasma IL-6 and stress hormone responses to
EX2.

Methods: Subjects (n = 8) consumed a 10% w/v glucose or placebo beverage (22 mL·kg-1

body mass) during the first hour of REC in two experimental trials, which were completed in a
counterbalanced order and separated by at least 4 days. Venous blood samples were taken 5
min before exercise and immediately post-exercise for both trials.

Results: The main findings were that ingestion of carbohydrate compared with placebo du-
ring REC blunted the increase in the blood leukocyte count, plasma ACTH and cortisol concen-
trations, and total neutrophil degranulation response to LPS during EX2. Furthermore, EX2 evo-
ked significantly higher circulating numbers of leukocytes, neutrophils, lymphocytes and mono-
cytes, higher plasma concentrations of stress hormones, and total LPS-stimulated elastase rele-
ase.

Conclusions: These findings suggest that compared with placebo, carbohydrate ingestion
during REC between two bouts of prolonged exercise attenuates hypothalamic-pituitary-adrenal
axis activation; however, this has only a limited effect on perturbations of circulating leukocyte
subsets and neutrophil function during the second exercise bout. A second prolonged exercise
bout causes a greater disturbance in immunoendocrine responses than the first exercise bout on
the same day and this effect is not substantially attenuated by CHO supplementation during the
recovery interval.
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Introduction
Leukocyte trafficking between the cir-

culation and other compartments is crucial
for pathogen surveillance (7). Exercise has
been shown to induce a significant but re-
versible mobilisation of leukocyte subsets

into the circulation from marginated pools
and the bone marrow (16). This effect is
associated with rises in plasma levels of
stress hormones (1) and cytokines inclu-
ding interleukin (IL)-6 (28). The latter is
mainly produced by contracting skeletal
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muscles (39) and acts in a hormone-like
fashion to maintain plasma glucose home-
ostasis and stimulate lipolysis during exer-
cise (11, 15).

Neutrophils (50-60% of the blood leu-
kocytes) act as the first line of defence aga-
inst pathogens and are regarded as one of
the best phagocytes in innate immunity
(36). Following activation, neutrophils de-
stroy invading pathogens via two proces-
ses: oxygen-independent (release of pro-
teases) and oxygen-dependent (release of
reactive oxygen species, ROS) mechani-
sms (12, 19). Previous studies have demon-
strated that endurance training temporari-
ly blunts the activities of neutrophil pha-
gocytosis (4), degranulation (5) and oxi-
dative burst (13, 31). However, no study
to date has reported the effects of two suc-
cessive bouts of prolonged exercise on neu-
trophil degranulation or the possible mo-
difying effect of carbohydrate (CHO) in-
gestion during the recovery interval.

Numerous studies have been done to
examine the influence of an acute single
exercise bout on the immune system and
the results indicate that after intensive pro-
longed exercise, such as a marathon race,
cellular immunity is depressed for several
hours (23). During this so-called �open
window� period, pathogens may invade
and cause infections in stressed athletes
(27). The training regimens of many athle-
tes involve several bouts of exercise in a
day. Although a few studies have exami-
ned the effects of daily repeated exercise
bouts on immunoendocrine responses (33,
34), no study has investigated the influen-
ce of CHO ingestion during repeated bo-
uts of exercise on immunoendocrine re-
sponses.

During stressful periods of training in-
volving multiple exercises with short re-
covery intervals, it is particularly impor-
tant for athletes to maintain immunocom-
petence (14) and rapidly restore glycogen

(24) during recovery if they are to main-
tain training quality in subsequent bouts
of exercise. It has been suggested that in-
adequate nutrition may result in glycogen
depletion and subsequent elevation of
stress hormones with impairment of im-
mune cell function during prolonged exer-
cise, leading to an increased incidence of
infection (41). The ingestion of CHO com-
pared with placebo (PLA) in drinks con-
sumed during exercise appears to better
maintain plasma glucose concentration,
improve endurance exercise performance,
and attenuate the elevation of plasma
stress hormones and perturbation of cir-
culating counts of total leukocytes and
leukocyte subsets (17).

Price et al. (29) reported that the reco-
very of glycogen after glycogen depleting
exercise is biphasic: an initial rapid phase
(insulin-independent) of glycogen synthe-
sis (27 ± mmol·L-1·h-1, determined by 13C-
nuclear magnetic resonance spectroscopy)
lasting 30 - 60 min is followed by a slower
(insulin-dependent) phase (2.9 ± 0.8
mmol·L-1·h-1). If CHO is not provided du-
ring recovery, glucose availability will be
the limiting factor for glycogen synthesis
since gluconeogenesis would not be able
support the maximal rate of glycogen syn-
thesis (35). In the present study subjects
were provided with 2.2 g CHO · kg-1 body
mass during the first hour of the recovery
period, which was estimated to be equiva-
lent to the amount of CHO oxidised du-
ring the first exercise bout and is compara-
ble with the recommendation of Ivy et al.
(18), who suggested that the optimal stra-
tegy to restore glycogen is to consume ~1.5
g CHO · kg-1 body mass immediately after
exercise and similar amounts at 2 h inte-
rvals thereafter.

Therefore, the first aim of the present
study was to examine the effect of carbo-
hydrate supplementation during the reco-
very interval on leukocyte mobilisation,
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neutrophil degranulation response to lipo-
polysaccharide (LPS), plasma IL-6 and
stress hormone responses to a second bout
of prolonged exercise. The second aim was
to compare the magnitude of the immuno-
endocrine response between the first and
the second exercise bout. We hypothesi-
sed that carbohydrate ingestion may be
beneficial to blunt the perturbation of im-
munoendocrine responses during a subse-
quent exercise bout and that the second
exercise bout would evoke greater immu-
noendocrine responses compared with the
first bout.

Methods
Subjects

Eight male volunteers (age 29.8 ± 1.6
years, height 175 ± 2 cm, body mass 75.4
± 2.6 kg, ¦O

2
max 45.5 ± 2.2 mL·kg-1·min-1;

means ± S.E.M.), who were recreationally
active and familiar with cycling, participa-
ted in the study. After receiving written
information about this study and passing a
Health Questionnaire screen, subjects si-
gned an informed consent. Subjects were
requested to complete the dietary record
sheet on the day prior to Trial 1 and then
repeated it again before Trial 2. Subjects
were also asked not to perform any strenu-
ous exercise or consume alcohol or medi-
cation for 2 days before each trial. The pro-
tocol was approved by the Ethics Commit-
tee of Loughborough University before the
study began.

Preliminary Measurements
Maximal oxygen uptake ¦O

2
max was

estimated by means of a continuous in-
cremental exercise test on a cycle ergo-
meter (Monark 874E, Monark Exercise
AB, Sweden) to volitional exhaustion.
Subjects began cycling at 70 W with in-
crements of 35 W every 3 min. The ca-
dence was maintained at 70 rev·min-1 and
heart rate was monitored using radiote-

lemetry. During the third minute of each
work rate increment, expired gas was
collected in Douglas bags. An oxygen/
carbon dioxide analyzer (Servomax 1400B,
Crowborough, UK) was used along with a
dry gas meter (Harvard Apparatus, Eden-
bridge, UK) for determination of ¦O

2
 and

¦CO
2
. From the ¦O

2
-work rate relation-

ship, the work rate equivalent to 60%
¦O

2
max was interpolated.

Experimental Procedures
The subjects completed two trials in a

counterbalanced order, each separated by
at least 4 days. Subjects arrived at the la-
boratory at 08:30 after fasting from 23:00
the previous day and were asked to empty
the bladder before body mass was recor-
ded. Subjects then performed two bouts of
90 min cycling (EX1 started at 09:00 and
EX2 started at 13:30) at 60% ¦O

2
max at

70 rev·min-1 on the same ergometer used
to determine ¦O

2
max. Subjects consumed

a lemon flavoured 10% w/v CHO (gluco-
se) beverage or artificially sweetened pla-
cebo (22 mL·kg-1 body mass) during the
first hour of the recovery period (i.e. 10:30-
11:30). The amount of CHO ingested (~165
g) was approximately equivalent to the
amount of CHO oxidised during EX1 ba-
sed on measurements of respiratory gas
exchange. Heart rate was recorded conti-
nuously during exercise by radiotelemetry.
Ratings of perceived exertion (RPE) were
obtained at 15-min intervals. Venous blo-
od samples were taken 5 min before exer-
cise and immediately post-exercise. Water
ingestion was allowed ad libitum during the
exercise bouts. The laboratory temperatu-
re and relative humidity were 23.9 ± 0.1
oC and 31 ± 1%, respectively.

Blood Collection and Analysis
Venous blood samples were taken from

an antecubital vein by venepuncture, and
were collected into three Vacutainer tubes
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(Becton Dickinson, Oxford, UK). Blood
samples in two K

3
EDTA vacutainers (4

mL) were used for haematological analy-
sis including haemoglobin, haematocrit,
and total and differential leukocyte counts
using an automated haematology analyzer
(AC�TTM 5diff analyser, Beckman Coulter,
UK) and to determine changes in the pla-
sma concentrations of stress hormones and
interleukin-6. Plasma volume changes were
calculated according to Dill and Costill (9).
From blood taken into a lithium heparin
vacutainer (7 mL), 1 mL was immediately
added to an eppendorf tube (1.5 mL capa-
city) containing 50 mL of 10 mg·mL-1 bac-
terial lipopolysaccharide (LPS) solution
(Stimulant, Sigma, Poole, UK). Blood and
LPS were mixed by gentle inversion and
then incubated for 1 h at 37°C, with gentle
mixing every 20 min. After incubation, the
mixture was centrifuged for 2 min at 15000
g. The supernatant was immediately sto-
red at �80°C prior to analysis of elastase
concentration. The amount of elastase re-
leased per neutrophil in response to LPS
stimulation was calculated according to
Robson et al. (32).

The remaining K
3
EDTA and heparini-

zed whole blood was spun at 1500 g for
10 min in a refrigerated centrifuge at 4°C
within 10 min of sampling. The plasma
obtained was immediately stored at �80°C
prior to analysis. Plasma aliquots were
analyzed to determine the concentration
of glucose (GOD-PAP method, Randox,
Ireland) using an automatic photometric
analyzer (Cobas-Mira plus, Roche). Hu-
man growth hormone (GH), cortisol (both
DRG Instruments GmbH, Germany), ad-
renaline (IBL GmbH, Hamburg), interleu-
kin-6 (IL-6) (high sensitivity kit produ-
ced by Diaclone Research, France. Accor-
ding to the manufacturer, the minimum
detectable sample concentration is less
than 0.8 ng·L-1 and the intra-assay and in-
ter-assay CV% are 5.5 and 1.4, respecti-

vely, at the concentration of 2.7 ng � L-1)
and elastase (Merck, Lutterworth, UK)
were determined using enzyme-linked im-
munosorbant assay (ELISA) kits. The in-
tra-assay coefficient of variation based on
duplicate analyses in our laboratory was
1.3%, 2.4%, 6.9%, 12.7%, 1.6%, and 3.9%
for glucose, GH, cortisol, adrenaline, IL-
6, and elastase, respectively.

Statistical analysis
All results are presented as mean va-

lues and standard errors of the mean (±
SEM). Data were checked for normality,
homogeneity of variance and sphericity
before statistical analysis, and where ap-
propriate the Huynh-Feldt method was
applied for adjustment of degrees of fre-
edom for the F-tests. Comparisons of im-
munoendocrine responses during EX2
were analyzed using a two-factor (2 trials
× 2 time points) repeated measures ANO-
VA with post hoc t-tests.  Physiological
variables, RPE and comparisons of immu-
noendocrine responses between post-EX1
and post-EX2 were examined using pa-
ired t-tests. P, t, and adjusted F values are
presented and statistical significance was
accepted at P < 0.05.

Results
Physiological Variables and Ratings of

Perceived Exertion (RPE)
There was no difference between trials

in exercise intensity (%¦O
2
max), heart

rate, RPE, body mass loss, water intake and
the percentage change in plasma volume
(Table 1). However, the RPE response in
EX2 was significantly higher compared
with EX1 (t = 2.5, P = 0.048 for CHO and
t = 5.3, P = 0.002 for PLA). The exercise
intensity and the percentage of plasma vo-
lume change in EX2 were significantly hi-
gher compared with EX1 in the PLA trial
(t = 3.8, P = 0.007) and in the CHO trial (t
= 3.0, P = 0.019), respectively.
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compared with CHO. There was also a si-
gnificant main effect of time for the blood
leukocyte (F 

1, 7 
= 39.8, P < 0.001), lym-

phocyte (F 
1, 7

 = 105.7, P < 0.001) and
monocyte (F 

1, 7
 = 34.2, P = 0.001, Figure

1D) counts during EX2, with a higher va-

Leukocyte counts
There was a significant main effect of

trial for the blood counts of leukocytes (F

1, 7
 = 6.3, P = 0.040, Figure 1A) and lym-

phocytes (F 
1, 7

 = 6.0, P = 0.045, Figure
1C), which showed higher values in PLA

Table 1. The exercise intensity and its effect on heart rate (HR), ratings of perceived exertion (RPE),
body mass loss, water intake, and percentage change in plasma volume

Values are mean (± SEM, n = 8). Significantly different from EX1 (*P < 0.05, **P < 0.01). a  Measurements made in
last 15 min of exercise. b After correction for water intake. c Immediately post-EX compared with pre-EX.

CHO PLA

EX1 EX2 EX1 EX2

% ¦O2max 59.6 (1.3) 62.0 (1.3) 60.2 (1.2) 63.1 (1.0)**

HR (beats·min-1) a 140 (3) 146 (3) 142 (4) 148 (3)

RPE a 13.1 (0.4) 15.0 (0.5)* 13.4 (0.3) 15.1 (0.2)**

Body mass loss (kg) b 1.19 (0.15) 1.23 (0.19) 1.26 (0.18) 1.22 (0.13)

Water intake (mL) 686 (127) 833 (99) 800 (129) 808 (51)

Plasma volume change (%) c - 4.0 (0.5) - 3.0 (0.4)* - 3.9 (0.7) - 3.3 (0.5)

Figure 1. Changes in circulating counts of total leukocytes (1A), neutrophils (1B), lymphocytes (1C), and monocytes
(1D). Values are means ± SEM (n = 8). Significantly different from pre-EX2 in CHO (aa P < 0.01) and PLA (bb P <
0.01); significantly different between trials (* P < 0.05, ** P < 0.01).
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lue at post-EX2 in both trials. Although
there was no main effect of trial or time for
circulating neutrophils, a significant inte-
raction between trial and time was obse-
rved during EX2 (F 

1, 7
 = 8.3, P = 0.024,

Figure 1B).
EX2 induced a greater leukocytosis (t

= 9.6, P < 0.001 for CHO and t = 7.7, P <
0.001 for PLA), neutrophilia (t = 5.9, P =
0.001 for CHO and t = 5.6, P = 0.001 for
PLA), lymphocytosis (t = 6.4, P < 0.001
for CHO and t = 11.2, P < 0.001 for PLA)
and monocytosis (t = 6.8, P < 0.001 for
CHO and t = 5.7, P = 0.001 for PLA) com-
pared with EX1.

Stress Hormones
There was a significant main effect of

trial for plasma concentrations of ACTH

(F 
1, 7

 = 8.0, P = 0.026, Figure 2B) and cor-
tisol (F 

1, 7
 = 8.0, P = 0.026, Figure 2C),

which showed higher values in PLA com-
pared with CHO. There was also a signifi-
cant main effect of time for plasma con-
centrations of ACTH (F 

1, 7
 = 14.3, P =

0.007), cortisol (F 
1, 7

 = 33.9, P = 0.001)
and GH (F 

1, 7
 = 14.1, P = 0.007, Figure

2D), with higher levels at post-EX2 than
pre-EX2 in both CHO and PLA trials.

EX2 induced a larger rise in plasma ad-
renaline concentration (t = 3.8, P = 0.007
for CHO and t = 5.0, P = 0.002 for PLA;
Figure 2A), ACTH (t = 2.6, P = 0.035 for
CHO and t = 3.4, P = 0.011 for PLA), corti-
sol (t = 2.7, P = 0.032 for CHO and t = 6.9,
P < 0.001 for PLA) and GH (t = 2.7, P =
0.032 for CHO and t = 4.3, P = 0.003 for
PLA) compared with EX1 at post-exercise.

Figure 2. Changes in plasma concentrations of adrenaline (2A), ACTH (2B), cortisol (2C), and growth hormone (2D).
Values are means ± SEM (n = 8). Significantly different from pre-EX2 in CHO (a P < 0.05) and PLA (b P < 0.05);
significantly different between trials (* P < 0.05).



71
REPEATED EXERCISE AND IMMUNOENDOCRINE RESPONSES

Glucose and IL-6
There was a significant main effect of

time for concentrations of plasma glucose
(F 

1, 7
 = 19.2, P = 0.003, Figure 3A) and

IL-6 (F 
1, 7

 = 21.5, P = 0.002, Figure 3B),
with lower plasma glucose, but higher pla-
sma IL-6, at post-EX2 compared with pre-
EX2 in both trials. EX2 significantly de-
creased plasma glucose concentrations (t
= 4.0, P = 0.005 for CHO and t = 6.3, P <
0.001 for PLA) compared with post-EX1
but only marginally increased plasma IL-6
levels in PLA (t = 3.0, P = 0.019 for PLA
and t = 1.5, P = 0.174 for CHO).

Neutrophil Degranulation
There were significant main effects of

trial (F 
1, 7

 = 8.1, P = 0.025) and time (F 
1, 7

= 5.7, P = 0.049) and an interaction betwe-

en trial and time (F 
1, 7

 = 9.9, P = 0.016) for
total LPS-stimulated elastase release,
which was higher at post-EX2 in PLA com-
pared with pre-EX2 and post-EX2 in CHO
(Figure 4A). There was no difference in
LPS-stimulated elastase release per neutro-
phil in both trials during EX2 (Figure 4B).
At post-EX2, the total LPS-stimulated ela-
stase release was significantly higher than
post-EX1 in both trials (t = 3.6, P = 0.009
for CHO and t = 4.6, P = 0.002 for PLA).
However, there was no difference betwe-
en post-EX2 and post-EX1 for LPS-stimu-
lated neutrophil degranulation expressed on
a per cell basis.

Discussion
The main findings of the present study

were that ingestion of CHO compared with

Figure 4. Changes in total LPS-stimulated elastase release (4A) and LPS-stimulated elastase release per neutrophil
(4B). Values are means ± SEM (n = 8). Significantly different from pre-EX2 in PLA (b P < 0.05); significantly different
between trials (** P < 0.01).

Figure 3. Changes in plasma concentrations of glucose (3A) and plasma IL-6 (3B). Values are means ± SEM (n = 8).
Significantly different from pre-EX2 in CHO (aa P < 0.01) and PLA (b P < 0.05, bb P < 0.01).
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PLA during the recovery interval blunted
the increase in blood total leukocyte co-
unts, plasma ACTH and cortisol concen-
trations, and total neutrophil degranulation
during EX2 but did not affect the changes
in plasma glucose concentration, neutro-
phil degranulation on per cell basis, circu-
lating counts of neutrophils, lymphocytes
and monocytes, and plasma concentrations
of adrenaline, GH and IL-6 during EX2.
Furthermore, EX2 evoked significantly
higher circulating numbers of leukocytes,
neutrophils, lymphocytes and monocytes,
higher plasma concentrations of adrenali-
ne, ACTH, cortisol, GH, higher total LPS-
stimulated elastase release, and lower pla-
sma glucose levels compared with EX1 in
both CHO and PLA trials.

CHO supplementation during the first
hour of the recovery interval was intended
to replace previously depleted hepatic and
muscle glycogen stores to enhance the
CHO availability during the subsequent 90
min bout of cycling. Although CHO inge-
stion did not attenuate the decrease of pla-
sma glucose concentration compared with
PLA in this study, no hypoglycaemia was
found throughout the experimental proto-
col in either trial. This suggests that endo-
genous CHO availability was still sufficient
in PLA throughout two bouts of 90 min
cycling at 60%¦O

2
max.

The alterations in plasma ACTH and
cortisol, but not adrenaline and GH, during
EX2 were blunted by CHO ingestion. Exer-
cise has been recognised as a stressor to
physiological homeostasis (37) and distur-
bance of homeostasis subsequently activa-
tes the sympathetic nervous system (SNS)
and the hypothalamic-pituitary-adrenal
(HPA) axis, resulting in the elevated pla-
sma concentrations of catecholamines and
glucocorticoids (10). However, CHO sup-
plementation before and during exercise
can blunt HPA activation (25) and the CHO
ingestion in the present study was at least

partly effective in attenuating HPA activa-
tion.

Circulating counts of neutrophils, lym-
phocytes and monocytes were significant
increased after EX2; however, there were
no differences between CHO and PLA
trials. The result may be mainly attributa-
ble to the higher plasma stress hormone
responses during EX2. Previous infusion
studies have consistently demonstrated that
adrenaline mobilises leukocytes from mar-
ginated pools into the circulation in a bi-
phasic manner, starting with an initial lym-
phocytosis within 10 min, peaking at 30
min, and followed by a neutrophilia with
relative lymphopenia, peaking at 2 to 4 h
(1). Kappel et al. (20) also reported a cir-
culating neutrophilia after an intravenous
GH injection. Although plasma cortisol
also plays a prominent role in the regula-
tion of leukocyte redistribution (6, 8), it
does not appear to dominate until after 90
min of exercise (26). Thus, the circulating
neutrophilia, lymphocytosis, and monocy-
tosis during both bouts of 90 min cycling
is probably mainly attributable to the in-
fluence of plasma adrenaline and GH. We
also found a profound increase in blood
counts of leukocyte subsets and concen-
trations of plasma stress hormones at post-
EX2 compared with post-EX1. This obse-
rvation agrees with the findings of our re-
cent study (22) and other previous studies
(33, 34), which showed that the second
exercise bout on the same day evokes more
pronounced changes in leukocyte subsets
and stress hormones compared with the
first bout of identical exercise on the same
day.

In the present study, we did not find a
significant difference in plasma IL-6 levels
at post-EX2 between CHO and PLA. Ho-
wever, this is not surprising because IL-6
is not produced in large amounts by con-
tracting muscle until glycogen is nearly
depleted (11). The relative low IL-6 con-
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centrations (only about 1.65 ng·L-1) at post-
EX2 in this study were similar to the results
of previous studies (21, 38), which showed
the values of IL-6 between 1-3 ng � L-1 at simi-
lar workloads and may indicate that subjects
did not deplete their muscle glycogen after
two bouts of 90 min cycling at
60%VO2max. Although IL-6 has been sug-
gested to maintain glucose homeostasis and
stimulate lipolysis during exercise (15), the
relatively low plasma concentrations of IL-
6 in this study may not exert significant
metabolic effects because the criterion le-
vel for initiating acute metabolic responses
may be as high as 25-65 ng·L-1 (40).

After EX2, significantly higher levels
of total LPS-stimulated elastase release
were found in PLA compared with CHO.
However, no difference was apparent after
dividing by blood neutrophil counts to
express the neutrophil degranulation re-
sponse on a per cell basis. LPS-stimulated
elastase release per neutrophil was not si-
gnificantly decreased until 3 h after EX1
in both trials and there was no further dec-
line during EX2 and no difference betwe-
en CHO and PLA throughout the experi-
mental protocol. This finding was similar
to previous studies of single bouts of pro-
longed exercise, which have reported a re-
duced response of neutrophil degranulation
to LPS stimulation in vitro on per cell ba-
sis (32, 42) and found that CHO ingestion
did not blunt the decline of LPS-stimula-
ted elastase release per neutrophil during
exercise (2, 3). The delayed decline of LPS-
stimulated elastase release per neutrophil
may be due to the influence of plasma cor-
tisol because cortisol is known to induce
delayed neutrophilia with less mature neu-
trophils entering the circulation from the
bone marrow (30). We observed significan-
tly higher counts of circulating neutrophils
at pre-EX2 compared with post-EX1,
which coincides with the decreased neu-
trophil degranulation responses to LPS.

In conclusion, the findings of the pre-
sent study suggest that carbohydrate inge-
stion during the recovery interval between
two bouts of prolonged exercise attenuates
HPA activation; however, this has only a
limited effect on attenuating the perturba-
tions of circulating leukocyte subsets and
neutrophil function during the second exer-
cise bout. A second prolonged exercise
bout causes a greater immunoendocrine
response than the first exercise bout on the
same day but this is not substantially in-
fluenced by carbohydrate supplementation
during the recovery interval.
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