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Abstract The aim of this study was to determine the
timecourse of recovery of immunoendocrine responses fol-
lowing prolonged cycling. With the approval of the Ethics
Committee, ten healthy men (age 21.6 § 0.9 years, height
1.77 § 0.01 m, body mass 66.9 § 1.8 kg, VO2max 54.2 §
2.0 ml kg¡1 min¡1; means § SEM) performed either a 2 h
cycling trial at 55% peak aerobic power or a resting control
trial in a counterbalanced order, separated by at least
6 days. No food was consumed, though water ingestion was
allowed ad libitum, until trials were completed. Venous
blood samples were collected at pre-exercise, post-exercise,
and at 1, 3, 6 and 9 h post-exercise. Haematological analy-
sis was performed using an automated cell counter. Plasma
concentrations of hormones were determined using ELISA
kits. Neutrophil degranulation (bacteria-stimulated) and
oxidative burst (formyl-methionyl-leucyl-phenylalanine-
induced) were measured using an ELISA kit and a chemilu-
minescence assay, respectively. Results were analyzed
using two-factor repeated measures ANOVA with post hoc
Tukey tests and paired t tests applied where appropriate.
The main Wndings of this study were that, compared with
the resting trial, an acute single bout of prolonged exercise
(1) decreased plasma glucose concentrations but increased
circulating leukocyte, neutrophil, and monocyte counts for
9 h; (2) increased plasma cortisol concentrations but sup-
pressed neutrophil function on a per cell basis for 6 h. In
conclusion, the Wndings of this study suggest that the
impact of a single bout of prolonged cycling on immunoen-

docrine responses would be recovered around 9 h post-
exercise at fasted status.

Keywords Recovery interval · Leukocyte traYcking · 
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Introduction

Regular exercise has been indicated to enhance resistance
to infectious diseases (Mackinnon 2000; Matthews et al.
2002; Suzuki and Machida 1995). However, epidemiologi-
cal information showed that elite endurance athletes are
more susceptible to upper respiratory tract infection (URTI)
than sedentary counterparts within two weeks after strenu-
ous training and/or competition (Nieman et al. 1997, 1990;
Peters and Bateman 1983; Peters et al. 1993). This relation-
ship between amount of exercise and risk of URTI is mod-
eled as a J-shape curve (Nieman 1994), which suggests that
the regular engagement in moderate exercise training may
decrease the risk, whereas an excessive amount of strenu-
ous exercise may increase the risk, compared with seden-
tary individuals.

Although the eVects of exercise on infection and immu-
nity are not fully understood, it can be stated that exercise
transiently impacts on various immune parameters, includ-
ing leukocyte redistribution (McCarthy and Dale 1988; Li
and Gleeson 2004a) and alteration of neutrophil functions
(Boyum et al. 2002; Davison and Gleeson 2006). Exercise
results in a biphasic mobilization of leukocyte subsets in
the circulation (McCarthy and Dale 1988), which includes
initial neutrophilia, lymphocytosis, and monocytosis, fol-
lowed by a delayed response of neutrophilia and lymphope-
nia. This exercise-induced mobilization is related to

T.-L. Li (&) · P.-Y. Cheng
Department of Sports and Leisure Studies, 
National Dong Hwa University,  Hualien 97401, Taiwan
e-mail: leej@mail.ndhu.edu.tw
123



540 Eur J Appl Physiol (2007) 101:539–546
elevated plasma concentrations of stress hormones (Bens-
chop et al. 1996). Neutrophils are matured in the bone mar-
row (Smith and Pyne 1997) and perform the “killing phase”
of phagocytosis by both oxygen-dependent (release of reac-
tive oxygen species, ROS) and oxygen-independent
(release of proteases) mechanisms (Fukatsu et al. 1996;
Johnson et al. 1998). Exercise-induced neutrophilia may be
partly caused by the inXux of band neutrophils from the
bone marrow into the circulation (Nakagawa et al. 1998;
Toft et al. 1994), which may increase the circulating num-
ber of younger neutrophils with a lower capacity (Berkow
and Dodson 1986) to respond to bacterial stimulation
in vitro on a per cell basis within 3 h after strenuous exer-
cise (Boyum et al. 2002; Li and Gleeson 2004b, 2006,
2005).

For peak performance, daily routine training programs
of elite athletes commonly include several bouts of inten-
sive exercise. Repeated bouts of strenuous exercise with-
out suYcient recovery in between may induce chronic
fatigue, underperformance and further depression of
immune function (Gleeson et al. 2001; Halson et al. 2003).
Recently, few studies have investigated the eVects of
repeated bouts of strenuous exercise on immunoendocrine
responses (Li and Gleeson 2004a, 2004b, 2005; Ronsen
et al. 2001a, b, 2002a, b). The results showed that the
repeated exercise bouts appeared to induce a large impact,
probably negative, on immune system function for a short
interval (between 3 and 18 h) post-exercise and the second
exercise bout elicited more pronounced immunoendocrine
perturbation than the identical Wrst exercise bout. The
mechanisms of the alterations may be due, at least in part,
to the energy crisis in the working muscle, which subse-
quently enhances the activations of the sympathetic ner-
vous system (SNS) and hypothalamic-pituitary-adrenal
(HPA)-axis, insuYcient recovery, and carryover eVect
from the previous exercise session (Li and Gleeson 2004b;
Ronsen et al. 2001a, b).

Pedersen et al. (1998) hypothesized that severe immuno-
suppression may occur when athletes initiate new bouts of
exercise without suYcient recovery. An impaired immune
system may increase the susceptibility to infection in
stressed athletes. To date, only few studies have investi-
gated the alterations of immunoendocrine responses and
neutrophil functions during a recovery period of >6 h after
an acute prolonged strenuous exercise (Robson et al. 1999).
It is also unclear for how long these eVects last. Therefore,
the aim of this study was to determine the timecourse of the
recovery of immunoendocrine and neutrophil responses
following a 2 h cycling bout at 55% peak aerobic power.
We hypothesized that the impact of the acute single bout of
prolonged exercise on circulating leukocyte redistribution,
stress hormones, and neutrophil functions would be recov-
ered within 9 h post-exercise.

Methods

Subjects

Ten healthy men (age 21.6 § 0.9 years, height 1.77 § 0.01 m,
body mass 66.9 § 1.8 kg, VO2max 54.2 § 2.0 ml kg¡1 min¡1;
means § SEM), who were recreationally active and familiar
with cycling, participated in the study. After receiving
written information and passing a Health Questionnaire
screen, subjects gave written informed consent. Subjects
were requested to complete a dietary record sheet on the
day prior to Trial 1 and then repeat the same diet according
to the dietary record before Trial 2. Subjects were also
asked not to perform any strenuous exercise or consume
alcohol or medication for 2 days before each trial. The
protocol was approved by the Ethics Committee of our
university before the study began.

Preliminary measurements

Maximal oxygen uptake was estimated by means of a con-
tinuous incremental exercise test on a cycle ergometer
(Monark 874E, Monark Exercise AB, Sweden) to volitional
exhaustion. Subjects began cycling at 70 W with incre-
ments of 35 W every 3 min. The cadence was maintained at
70 rev·min¡1 and heart rate was monitored using radiote-
lemetry. Expired gas was continuously analyzed via an
automated gas analyser (K4b2, Cosmed, Italy) for determi-
nation of VO2 and VCO2.

Experimental procedures

Subjects performed 2 h cycling (started at 09:00) at 55%
peak aerobic power (143 § 4 W) or a separate resting con-
trol trial in a counterbalanced order after an overnight fast,
separated by at least 6 days. No food was consumed,
though water ingestion was allowed ad libitum, until the tri-
als Wnished at 20:00. Heart rate was recorded continuously
during exercise by radiotelemetry. Ratings of perceived
exertion (RPE) were obtained at 15 min intervals. Venous
blood samples were collected at pre-exercise (Pre-EX),
immediately post-exercise (Post-EX), and at 1 (1 h-P-EX),
3 (3 h-P-EX), 6 (6 h-P-EX) and 9 (9 h-P-EX) hours post-
exercise. The laboratory temperature and relative humidity
were 20.2 § 1.0°C and 65 § 5%, respectively.

Blood collection and analysis

Venous blood samples were taken from an antecubital vein
by venepuncture, and were collected into three Vacutainer
tubes (Becton Dickinson, Oxford, UK). Blood samples in
two K3EDTA vacutainers (4 ml) were used for haematologi-
cal analysis including haemoglobin, haematocrit, and total
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and diVerential leukocyte counts using an automated haema-
tology analyser (Sysmex SE-9000, Sysmex Corporation,
Japan) and to determine changes in the plasma concentra-
tions of stress hormones. Plasma volume changes were cal-
culated according to Dill and Costill (1974). From blood
taken into a lithium heparin vacutainer (7 ml), 1 ml was
immediately added to an eppendorf tube (1.5 ml capacity)
containing 50 �l of bacterial stimulant solution (Stimulant,
Sigma, Poole, UK). Blood and bacterial stimulant were
mixed by gentle inversion and then incubated for 1 h at 37°C,
with gentle mixing every 20 min. After incubation, the mix-
ture was centrifuged for 2 min at 15,000g. The supernatant
was immediately stored at ¡20°C prior to analysis of elas-
tase concentration within 2 months. The amount of elastase
released per neutrophil in response to bacterial stimulation
was calculated according to Robson et al. (1999).

A microplate luminometer cell activation kit (Knight Sci-
entiWc Limited, Plymouth, UK) was used to measure the
neutrophil oxidative burst activity. Sample analysis was per-
formed in duplicate as follows: 20 �l of K3EDTA whole
blood sample was added into a dilution tube with 2 ml of
blood dilution buVer (HBSS without calcium and magne-
sium but with 20 mM HEPES, pH 7.4). A 20 �l aliquot of
each diluted sample was then added into an opaque white
microplate well. A 90 �l reconstitution and assay buVer
(HBSS with 20 mM HEPES, pH 7.4) was then added into
each well followed by the addition of 20 �L reconstituted
Adjuvant-K™ and 50 �l Pholasin® (10 �g ml¡1). The
microplate was placed into a luminometer (Triad Multimode
plate readers, Dynex Technologies Limited, UK) after add-
ing 20 �l fMLP (formyl-methionyl-leucyl-phenylalanine)
into each well. After 20 s shaking and incubation at 37°C,
Pholasin®-enhanced chemiluminescence (CL) was recorded
as relative light units (RLU) at 20 s intervals for 6 min, and
the incremental area under the curve (IAUC) was calculated.
The oxidative burst activity per cell was calculated by divid-
ing the IAUC by the neutrophil count in each sample.

The remaining K3EDTA and heparinized whole blood
was spun at 3,000g for 10 min in a refrigerated centrifuge at
4°C within 10 min of sampling. The plasma obtained was
immediately stored at ¡20°C prior to analysis (analyzed
within 2 months). Plasma aliquots were analyzed to determine
the concentration of glucose using Glucose (HK) Assay Kit
(GAHK-20, Sigma, USA). Cortisol (DRG Instruments GmbH,
Germany), adrenaline (IBL GmbH, Hamburg, Germany),

and elastase (Merck, Lutterworth, UK) were determined
using enzyme-linked immunosorbant assay (ELISA) kits.
The intra-assay coeYcient of variation was 6.9, 12.7, and
3.9% for cortisol, adrenaline, and elastase, respectively.

Statistical analysis

All results are presented as mean values and standard errors
of the mean (§SEM). Data were checked for normality,
homogeneity of variance and sphericity before statistical
analysis, and where appropriate the Huynh–Feldt method
was applied for adjustment of degrees of freedom for the
F-tests. Data were analysed using a two-factor (trial £ time)
repeated measures ANOVA with post hoc Tukey and
paired t-tests, where appropriate. Statistical signiWcance
was accepted at P < 0.05.

Results

Physiological variables

The subjects’ average pre-weight, post-weight, and water
intake in the exercise trial were 66.5 § 1.8 kg, 65.6 § 1.8 kg,
and 0.79 § 0.09 l, respectively. The average heart rate and
RPE during the exercise trial are shown in Table 1.

Leukocyte counts

For the blood leukocyte and neutrophil counts, there were
signiWcant main eVects of trial (both P < 0.001), time (both
P < 0.001), and interaction between trial and time (both
P < 0.001), which were signiWcantly increased at Post-EX
and remained high until 9 h-P-EX compared with Pre-EX
in the exercise trial and same timepoints in the REST trial
(Fig. 1a, b).

There were signiWcant main eVects of time (P < 0.001) and
interaction between trial and time (P < 0.001) for the blood
lymphocyte counts, with higher value at Post-EX and lower
value at 3 h-P-EX than Pre-EX in the exercise trial (Fig. 1c).

For the blood monocytes counts, there were signiWcant
main eVects of trial (P = 0.005), time (P = 0.004), and
interaction between trial and time (P = 0.006), with higher
values from Post-EX to 6 h-P-EX than Pre-EX in the exer-
cise trial and same timepoints in the REST trial (Fig. 1d).

Table 1 The average heart rate and RPE during the exercise trial

Values are mean (§SEM, n = 10)

HR heart rate, RPE rating of perceived exertion

15 min 30 min 45 min 60 min 75 min 90 min 105 min 120 min

HR (beats min¡1) 147 § 4 149 § 4 153 § 3 154 § 4 162 § 3 155 § 5 159 § 5 166 § 3

RPE 12.5 § 0.7 13.9 § 0.4 15.1 § 0.4 15.5 § 0.5 16.1 § 0.5 16.7 § 0.5 18.1 § 0.6 18.5 § 0.4
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Glucose and stress hormones

There were signiWcant main eVects of trial (P = 0.045),
time (P = 0.001), and interaction between trial and time
(P = 0.002) for plasma glucose, which were lower at Post-
EX, 1 h-P-EX, 3 h-P-EX, 6 h-P-EX, and 9 h-P-EX than
Pre-EX in the exercise trial (Fig. 2a). Furthermore, the lev-
els of plasma glucose at 1 h-P-EX, 3 h-P-EX, 6 h-P-EX,
and 9 h-P-EX were signiWcantly lower in the exercise trial
compared with REST trial. There were signiWcant main
eVects of trial (P = 0.029), time (P < 0.001), and interac-
tion between trial and time (P < 0.001) for plasma concen-
tration of adrenaline, with higher levels at Post-EX
compared with Pre-EX in the exercise trial and the same
timepoint in the REST trial (Fig. 2b).

There were signiWcant main eVects of trial (P = 0.003)
and interaction between trial and time (P < 0.001) for
plasma concentration of cortisol, with higher levels at Post-
EX, 1 h-P-EX, 3 h-P-EX, and 6 h-P-EX in the exercise trial
than in the REST trial (Fig. 2c).

Neutrophil degranulation

For bacterially stimulated neutrophil elastase release in
total (Fig. 3a) and on a per cell basis (Fig. 3b), there were
signiWcant main eVects of trial (P < 0.001 and P = 0.004),
time (both P < 0.001), and interaction between trial and
time (P = 0.001 and P < 0.001), which were signiWcantly
increased in total elastase release but signiWcantly

decreased in elastase release per neutrophil at Post-EX
which remained the trends until 9 h-P-EX compared with
Pre-EX in the exercise trial. Furthermore, there were sig-
niWcant diVerences between trials at Post-EX, 1 h-P-EX,
3 h-P-EX, and 6 h-P-EX in neutrophil elastase release in
both total and on a per cell basis.

Neutrophil oxidative burst

For fMLP-stimulated neutrophil oxidative burst activity in
total (Fig. 4a) and on a per cell basis (Fig. 4b), there were
signiWcant main eVects of trial (P = 0.007 and P = 0.048),
time (both P < 0.001), and interaction between trial and
time (P = 0.014 and P < 0.016), which were also signiW-
cantly increased in total oxidative burst activity but signiW-
cantly decreased in oxidative burst activity per neutrophil at
Post-EX which remained the trends until 9 h-P-EX com-
pared with Pre-EX in the exercise trial. Furthermore, there
were signiWcant diVerences between trials at Post-EX, 1 h-
P-EX, and 3 h-P-EX in neutrophil oxidative burst activity
in both total and on a per cell basis.

Discussion

The main Wndings of this study were that, compared with
the same timepoints in the resting control trial, an acute sin-
gle bout of prolonged exercise (1) decreased plasma glu-
cose concentrations, which then remained lower during

Fig. 1 Changes in circulating counts of total leukocyte (a), neutrophil
(b), lymphocyte (c), and monocyte (d). Values are means § SEM
(n = 10). SigniWcantly diVerent from pre-EX in the exercise trial

(a P < 0.05, aa P < 0.01); signiWcantly diVerent between trials (* P < 0.05,
** P < 0.01)
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Fig. 2 Changes in plasma concentrations of glucose (a), adrenaline (b), and cortisol (c). Values are means § SEM (n = 10). SigniWcantly diVerent
from pre-EX in the exercise trial (aa P < 0.01); signiWcantly diVerent between trials (* P < 0.05, ** P < 0.01)
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Fig. 3 Changes in total bacterially stimulated elastase release (a) and
bacterially-stimulated elastase release per neutrophil (b). Values are
means § SEM (n = 10). SigniWcantly diVerent from pre-EX in the

exercise trial (aa P < 0.01); signiWcantly diVerent between trials
(* P < 0.05, ** P < 0.01)
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induced oxidative burst per neutrophil (b). Values are means § SEM
(n = 10). SigniWcantly diVerent from pre-EX in the exercise trial

(a P < 0.05, aa P < 0.01); signiWcantly diVerent between trials (* P < 0.05,
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recovery in the fasted state; (2) induced a substantial eleva-
tion of plasma adrenaline and cortisol concentrations and
the elevated trend in cortisol lasted for 6 h; (3) redistributed
total leukocytes, neutrophils, and monocytes among tissues
and this alteration did not fully return to baseline within 9 h
after exercise cessation; (4) decreased bacteria-stimulated
neutrophil degranulation and fMLP-induced oxidative burst
activity on a per cell basis and this tendency remained for
longer than 3 h post exercise.

In this study, plasma glucose concentrations were sig-
niWcantly decreased after 2 h cycling at 55% peak aerobic
power. According to Li and Gleeson (2004b), the intensity
of cycling at 55% peak aerobic power is equivalent to 60%
VO2max and a 2 h cycling at such intensity may oxidize
around 200g (>80% of the total available glycogen stores
after an overnight fast) of carbohydrate. Although glycogen
resynthesis is probably minimal under fasting conditions
(Satabin et al. 1989), it is still surprising to Wnd that the
plasma glucose concentrations remained lower than base-
line and the same timepoints in resting control trial for 9 h
after exercise in the present study. Exercise and the reduc-
tion in plasma glucose levels have been linked to activa-
tions of SNS and HPA-axis (Mitchell et al. 1990) and
induction of glucoregulatory hormone (Schwartz et al.
1987). During exercise, catecholamines (linearly with exer-
cise duration and exponentially with intensity) and gluco-
corticoids (in relation to exercise duration of above 1 h) are
released from the adrenal glands and sympathetic nerve ter-
minals (Kjaer 1989). Compared with the resting trial, sig-
niWcant higher plasma adrenaline concentrations were only
observed at immediately post-exercise, whereas signiW-
cantly elevated plasma cortisol concentrations were mea-
sured at immediately post-exercise and this tendency was
remained for 6 h post-exercise in this study. The discrepant
alterations between plasma concentrations of adrenaline
and cortisol may be attributable to the diVerent half-life
between catecholamines (<1 min) and cortisol (»70–
90 min) in the circulation (Parker and Rainey 2004). Thus,
the increased plasma concentration of catecholamines may
only exert an acute eVect on the immune system, whereas
the elevated plasma concentration of cortisol may exert a
longer eVect, with a time lag, to mediate the delayed lymp-
hopenia and neutrophilia during and/or after prolonged
exercise (Pedersen et al. 1998).

Adrenaline and exercise-induced haemodynamic shear
forces (Foster et al. 1986) work synergistically to mobilize
leukocytes from the marginal pools into the circulation,
inducing the initial neutrophilia, lymphocytosis, and mon-
ocytosis during exercise (Gannon et al. 2001). However,
after 90 min of exercise, its eVect is minimized by the rising
cortisol (Nieman 1997), which induces a further neutro-
philia from the spleen and the bone marrow into the circula-
tion (Toft et al. 1994) but redistributes lymphocytes from

the circulation into the bone marrow, lymphoid, skin and
injured tissue (Toft et al. 1992). In this study, the circulat-
ing numbers of total leukocytes, neutrophils, and mono-
cytes were found signiWcantly higher than the same
timepoints in the resting trial from exercise cessation until
9 h post-exercise. These Wndings are in line with previous
Wndings (Ronsen et al. 2002a; Li and Gleeson 2005), sug-
gesting that the eVect of prolonged exercise on leukocyte
redistribution did not return to resting values within 3 h.
The lasting elevation of blood leukocytes during the recov-
ery period could be mainly attributed to the inXuence of
cortisol since an insistent elevation of plasma cortisol levels
was observed in this study for 6 h and previous studies of
glucocorticoid administration have reported this to cause
neutrophilia together with lymphopenia (Cupps and Fauci
1982), reaching a maximal at 4–6 h (Calvano et al. 1992;
Fauci and Dale 1975).

Following exercise there was a signiWcant decrease in
neutrophil degranulation (the bacteria-stimulated elastase
release) and oxidative burst activity (fMLP-stimulated CL)
on a per cell basis and this tendency lasted for longer than
3 h after exercise in this study. The Wndings were consistent
with previous studies (Davison and Gleeson 2005, 2006; Li
and Gleeson 2004b, 2005; Walsh et al. 2000; Robson et al.
1999), which reported that neutrophil killing capacity was
decreased after prolonged strenuous exercise. Although
neutrophil functions are inXuenced by various parameters,
such as the levels of intracellular cAMP (Ottonello et al.
1997), phagocytic activity (Morozov et al. 2003), platelet-
neutrophil contacts (Losche et al. 1996), adrenaline (Tintin-
ger et al. 2001), glucocorticoids (Liles et al. 1995) and IL-6
(Johnson et al. 1998), one of the most inXuential factors
may be the redistribution of neutrophils among tissues.

Although a recent study reported that the decrease in
neutrophil degranulation after prolonged exercise was not
related to the alteration in neutrophil activation or maturity
(Laing et al. 2005), previous evidence indicated that the
younger neutrophils released from the bone marrow appear
to have a lower content of granular digestive enzymes
(Pyne 1994) and a lower activity of NADPH-dependent
oxidase to produce superoxide in response to in vitro stimu-
lation (Berkow and Dodson 1986) compared with fully
mature neutrophils. Strenuous exercise has been reported to
increase the proportion of band neutrophils in the circula-
tion by the inXux of younger neutrophils from bone marrow
(Nakagawa et al. 1998; Toft et al. 1994). This suggestion is
supported by the Wndings of this study and previous study
(Li and Gleeson 2006), which showed a coincidence
between the tendency of neutrophilia and the decline of
neutrophil killing capacity in the exercise trial.

In conclusion, an acute single bout of prolonged exercise
(1) decreased plasma glucose concentrations but increased
circulating leukocyte, neutrophil, and monocyte counts for
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9 h; (2) increased plasma cortisol concentrations but sup-
pressed neutrophil function on a per cell basis for 6 h. The
Wndings of the present study suggest that the impact of a 2 h
cycling bout at 55% peak aerobic power on immunoendo-
crine responses would be recovered around 9 h after exer-
cise in a fasted state. When competitive and/or training
schedules are congested, an optimum recovery interval will
be essential for maintaining athletes’ performance and
immune competence. Further research is required to inves-
tigate the inXuences of diVerent exercise intensities, exercise
durations, recovery types, and nutritional supplementations
on the timecourse of recovery of immunoendocrine responses
for determining the optimum recovery intervals of starting
a new bout of exercise.

Acknowledgments The study was funded by the National Science
Council (NSC94-2815-C-259-029-H) and supported by Hualien Men-
nonite Christian Hospital.

References

Benschop RJ, Rodriguez-Feuerhahn M, Schedlowski M (1996) Cate-
cholamine-induced leukocytosis: early observations, current
research, and future directions. Brain Behav Immun 10:77–91

Berkow RL, Dodson RW (1986) PuriWcation and functional evaluation
of mature neutrophils from human bone marrow. Blood 68:853–
860

Boyum A, Ronsen O, Tennfjord VA, Tollefsen S, Haugen AH, Opstad
PK, Bahr R (2002) Chemiluminescence response of granulocytes
from elite athletes during recovery from one or two intense bouts
of exercise. Eur J Appl Physiol 88:20–28

Calvano SE, Barber AE, Hawes AS, De Riesthal HF, Cole SM, Lowry
SF (1992) EVect of combined cortisol-endotoxin administration
on peripheral blood leukocyte counts and phenotype in normal
humans. Arch Surg 127:181–186

Cupps TR, Fauci AS (1982) Corticosteroid-mediated immunoregula-
tion in man. Immunol Rev 65:133–155

Davison G, Gleeson M (2005) InXuence of acute vitamin C and/or car-
bohydrate ingestion on hormonal, cytokine, and immune responses
to prolonged exercise. Int J Sport Nutri Exerc Metab 15:465–479

Davison G, Gleeson M (2006) The eVect of 2 weeks vitamine C sup-
plementation on immunoendocrine responses to 2.5 h cycling
exercise in men. Eur J Appl Physiol 97:454–461

Dill DB, Costill DL (1974) Calculation of percentage changes in vol-
umes of blood, plasma, and red cells in dehydration. J Appl Phys-
iol 37:247–248

Fauci AS, Dale DC (1975) The eVect of hydrocortisone on the kinetics
of normal human lymphocytes. Blood 46:235–243

Foster NK, Martyn JB, Rangno RE, Hogg JC, Pardy RL (1986) Leu-
kocytosis of exercise: role of cardiac output and catecholamines.
J Appl Physiol 61:2218–2223

Fukatsu K, Sato N, Shimizu H (1996) 50-mile walking race suppresses
neutrophil bactericidal function by inducing increases in cortisol
and ketone bodies. Life Sci 58:2337–2343

Gannon GA, Rhind SG, Shek PN, Shephard RJ (2001) DiVerential cell
adhesion molecule expression and lymphocyte mobilisation dur-
ing prolonged aerobic exercise. Eur J Appl Physiol 84:272–282

Gleeson M, Lancaster GI, Bishop NC (2001) Nutritional strategies to
minimise exercise-induced immunosuppresion in athletes. Can J
Appl Physiol 26:S23–S35

Halson SL, Lancaster GI, Jeukendrup AE, Gleeson M (2003) Immuno-
logical responses to overreaching in cyclists. Med Sci Sports
Exerc 35:854–861

Johnson JL, Moore EE, Tamura DY, Zallen G, BiZ WL, Silliman CC
(1998) Interleukin-6 augments neutrophil cytotoxic potential via
selective enhancement of elastase release. J Surg Res 76:91–94

Kjaer M (1989) Epinephrine and some other hormonal responses to
exercise in man: with special reference to physical training. Int J
Sports Med 10:2–5

Laing SJ, Blackwell J, Gwynne D, Walters R, Walsh NP (2005) Neu-
trophil degranulation response to 2 hours of exercise in a
30 degrees C environment. Aviat Space Environ Med 76:1068–
1073

Li TL, Gleeson M (2004a) The eVect of carbohydrate supplementation
during the recovery interval on immunoendocrine responses to a
repeated bout of prolonged cycling. Medicina Sportiva 8:65–75

Li TL, Gleeson M (2004b) The eVect of single and repeated bouts of
prolonged cycling on leukocyte redistribution, neutrophil degran-
ulation, IL—6 and plasma stress hormone responses. Int J Sport
Nutr Exerc Metab 14:501–516

Li TL, Gleeson M (2005) The eVects of carbohydrate supplementation
during the second of two prolonged cycling bouts on immunoen-
docrine responses. Eur J Appl Physiol 95:391–399

Li TL, Gleeson M (2006) The eVect of carbohydrate supplementation
during the Wrst of two prolonged cycling bouts on immunoendo-
crine responses. In: Landow MV (eds) Trends in dietary carbohy-
drates research. Nova Science Publishers, New York, pp 71–90

Liles WC, Dale DC, KlebanoV SJ (1995) Glucocorticoids inhibit apop-
tosis of human neutrophils. Blood 86:3181–3188

Losche W, Dressel M, Krause S, Redlich H, Spangenberg P, Heptin-
stall S (1996) Contact-induced modulation of neutrophil elastase
secretion and phagocytic activity by platelets. Blood Coagul
Fibrinolysis 7:210–213

Mackinnon LT (2000) Chronic exercise training eVects on immune
function. Med Sci Sports Exerc 32:S369–S376

Matthews CE, Ockene IS, Freedson PS, Rosal MC, Merriam PA, Hebert
JR (2002) Moderate to vigorous physical activity and risk of upper
respiratory tract infection. Med Sci Sports Exerc 34:1242–1248

McCarthy DA, Dale MM (1988) The leucocytosis of exercise: a review
and model. Sports Med 6:333–363

Mitchell J B, Costill DL, Houmard JA, Flynn MG, Fink WJ, Beltz JD
(1990) InXuence of carbohydrate ingestion on counterregulatory
hormones during prolonged exercise. Int J Sports Med 11:33–36

Morozov VI, Pryatkin SA, Kalinski MI, Rogozkin VA (2003) EVect of
exercise to exhaustion on myeloperoxidase and lysozyme release
from blood neutrophils. Eur J Appl Physiol 89:257–262

Nakagawa M, Terashima T, D’yachkova Y, Bondy GP, Van Eeden SF
(1998) Glucocorticoid-induced granulocytosis: Contribution of
marrow release and demargination of intravascular granulocytes.
Circulation 98:2307–2313

Nieman DC (1994) Exercise, infection, and immunity. Int J Sports
Med, 15:S131–S141

Nieman DC (1997) Immune response to heavy exertion. J Appl Physiol
82:1385–1394

Nieman DC, Johanssen LM, Lee JW, Arabatzis K (1990) Infectious
episodes in runners before and after the Los Angeles marathon.
J Sports Med Phys Fitness 30:316–328

Nieman DC, Fagoaga OR, Butterworth DE, Warren BJ, Utter A, Davis
JM, Henson DA, Nehlsen-Cannarelia SL (1997) Carbohydrate
supplementation aVects blood granulocyte and monocyte traYck-
ing but not function after 2.5 h of running. Am J Clin Nutr
66:153–159

Ottonello L, Barbera P, Dapino P, Sacchetti C, Dallegri F (1997)
Chemoattractant-induced release of elastase by lipopolysaccha-
ride (LPS)-primed neutrophils: inhibitory eVect of the anti-
inXammatory drug nimesulide. Clin Exp Immunol 110:139–143
123



546 Eur J Appl Physiol (2007) 101:539–546
Parker KL, Rainey WE (2004) The adrenal glands. In: GriYn JE, Oje-
da SR (eds) Textbook of endocrine physiology. Oxford Univer-
sity Press, Oxford, pp 319–348

Pedersen BK, Rohde T, Ostrowski K (1998) Recovery of the immune
system after exercise. Acta Physiol Scand 162:325–332

Peters EM, Bateman ED (1983) Ultramarathon running and upper
respiratory tract infections. An epidemiological survey. S Afr
Med J 64:582–584

Peters EM, Goetzsche JM, Grobbelaar B, Noakes TD (1993) Vitamin
C supplementation reduces the incidence of postrace symptoms of
upper-respiratory-tract infection in ultramarathon runners. Am J
Clin Nutr 57:170–174

Pyne DB (1994) Regulation of neutrophil function during exercise.
Sports Med 17:245–258

Robson PJ, Blannin AK, Walsh NP, Castell LM, Gleeson M (1999)
EVects of exercise intensity, duration and recovery on in vitro
neutrophil function in male athletes. Int J Sports Med 20:128–135

Ronsen O, Haug E, Pedersen BK, Bahr R (2001a) Increased neuroen-
docrine response to a repeated bout of endurance exercise. Med
Sci Sports Exerc 33:568–575

Ronsen O, Pedersen BK, Oritsland TR, Bahr R, Kjeldsen-Kragh J
(2001b) Leukocyte counts and lymphocyte responsiveness
associated with repeated bouts of strenuous endurance exercise.
J Appl Physiol 91:425–434

Ronsen O, Kjeldsen-Kragh J, Haug E, Bahr R, Pedersen BK (2002a)
Recovery time aVects immunoendocrine responses to a second
bout of endurance exercise. Am J Physiol Cell Physiol
283:C1612–C1620

Ronsen O, Lea T, Bahr R, Pedersen BK (2002b) Enhanced plasma IL-
6 and IL-1ra responses to repeated vs. single bouts of prolonged
cycling in elite athletes. J Appl Physiol 92:2547–2553

Satabin P, Bois-Joyeux B, Chanez M, Guezennec CY, Peret J (1989)
Post-exercise glycogen resynthesis in trained high-protein or
high-fat-fed rats after glucose feeding. Eur J Appl Physiol
58:591–595

Schwartz NS, Clutter WE, Shah SD, Cryer PE (1987) Glycemic thresh-
olds for activation of glucose counterregulatory systems are high-
er than the threshold for symptoms. J Clin Invest 79:777–781

Smith JA, Pyne DB (1997) Exercise, training, and neutrophil function.
Exerc Immunol Rev 3:96–116

Suzuki K, Machida K (1995) EVectiveness of lower-level voluntary
exercise in desease prevention of mature rats. I. Cardiovascular
risk factor modiWcation. Eur J Appl Physiol 71:240–244

Tintinger GR, Theron AJ, Anderson R, Ker JA (2001) The anti-inXam-
matory interactions of epinephrine with human neutrophils
in vitro are acheieved by cyclic AMP-mediated accelerated rese-
questration of cytosolic calcium. Biochem Pharmacol 61:1319–
1328

Toft P, Tonnesen E, Svendsen P, Pasmussen JW (1992) Redistribution
of lymphocytes after cortisol administration. APMIS 1000:154–
158

Toft P, Helbo-Hansen HS, Lillevang ST, Rasmussen JW, Christensen
NJ (1994) Redistribution of granulocytes during adrenaline infu-
sion and following administration of cortisol in healthy volun-
teers. Acta Anaesthesiol Scand 38:254–258

Walsh NP, Blannin AK, Bishop N, Robson PJ, Gleeson M (2000)
EVect of oral glutamine supplementation on human neutrophil
lipopolysaccharide-stimulated degranulation following prolonged
exercise. Int J Sport Nutr Exerc Metab 10:39–50
123


	Alterations of immunoendocrine responses during the recovery period after acute prolonged cycling
	Abstract
	Introduction
	Methods
	Subjects
	Preliminary measurements
	Experimental procedures
	Blood collection and analysis
	Statistical analysis

	Results
	Physiological variables
	Leukocyte counts
	Glucose and stress hormones
	Neutrophil degranulation
	Neutrophil oxidative burst

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


