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Abstract

Purpose: The capacity of whole blood cultures to produce cytokines in response
to endotoxin (LPS) was studied in athletes before, 30 min after, 3 h after and 24 h
after a half-marathon run. Methods: Eight well trained men and 8 well trained
women (6 of them in the late luteal phase of their cycle) participated. EDTA
blood was incubated with or without LPS for 1 h, and cytokine concentration and
gene expression were determined. To quantify LPS-dependent release on a per
monocyte basis (LDR), the mean values of the difference (delta) between
cytokine concentration in stimulated and unstimulated cultures, normalized to
monocyte numbers, were calculated. Results: LDR of TNF-α was significantly
reduced by exercise with identical kinetic in men and women. TNF-α mRNA
expression was slightly down-regulated following exercise (P<0.05), but signifi-
cantly so only in women. LDR of IL-6 was also reduced, but with a faster kinetic
in women than in men. Similarly, 30 min post-exercise; LDR and spontaneous
release of IL-1ra were significantly less in women than men. Concomitantly, IL-
1ra mRNA was significantly elevated in unstimulated and in stimulated cultures
in men only. IL-10 and IL-10 mRNA were significantly induced 30 min following
exercise in absence of any detectable LDR. Women showed significantly lower
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levels than men. LDR and spontaneous release of IL-8 was enhanced in men and
TGF-β1 in women. A significant up-regulation was seen in unstimulated IL-8
mRNA for women and LPS-stimulated IL-8 mRNA expression for men following
exercise. Conclusion: Altogether, LPS-dependent ex vivo cytokine release was
strongly influenced by exercise and these changes could only in part be attributed
to changes in messenger RNA. Results for IL-1ra, IL-6 and IL-10 pointed to a
less pronounced anti-inflammatory response in women as compared with men.
Our results also indicate an early production of IL-10 by peripheral blood cells in
response to exercise.

Key words: Lipopolysaccharide; Endotoxin; Ex vivo; Cytokine; Sex differences,
Menstrual cycle;

Introduction

Several authors have theorized that the magnitude of change in immunity that
occurs after each bout of prolonged exhaustive exercise in athletes has more clini-
cal significance than training-induced alterations in resting immunity (21, 32).
Indeed, prolonged intensive exercise in athletes is associated with impaired
immune function. These changes during early recovery from exercise would
appear to weaken the potential immune response to pathogens and have been sug-
gested to provide an “open window” for infection (URTI), representing the most
vulnerable time period for an athlete in terms of their susceptibility to contracting
an infection (20, 32). Several investigations with animal models have provided
important support of the “open window” theory. Davis et al. (6), for example,
have shown that in mice alveolar macrophage anti-viral resistance is suppressed 8
h following prolonged strenuous exercise to fatigue, an effect due in part to
increase circulating catecholamines. Investigations clearly linking the intensity of
the post-exercise immunosuppression to the frequency of infections are however
missing.

While numerous studies have investigated individual aspects of immune function
after intense endurance exercise, the overall picture of the immunological changes
in elite athletes is not clarified in detail. It has been documented that prolonged
strenuous exercise not only induces pyrogenesis but also elicits mobilization and
augmentation of neutrophil function and also some aspects of monocyte function,
whereas it suppresses other parts of cellular immunity leading to increased sus-
ceptibility to infections. As mediators and regulators of these phenomena,
cytokines released into the circulation, became a natural focus of attention (26,
29, 40). Reviews of several studies that have been performed on the cytokine
reaction to strenuous exercise are available (28, 38). For example, increases in
different cytokines, like interleukin (IL)-6, IL-8, IL-10 and IL-1 receptor antago-
nist (IL-1ra) and occasionally traces of TNF-α and IL-1β have been observed
after prolonged, exhaustive endurance exercise in plasma or urine of athletes (29,
44), with levels falling back to normal on the following day. Data on exercise-
induced changes in plasma cytokines describes the situation in the circulation but
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do not necessarily characterize the effect of exercise on the cellular components
of the immune system (9). In particular, IL-6 has been shown to be produced and
released by contracting muscle cells (30, 33).

On the other hand, the capacity of leukocytes to produce cytokines upon adequate
challenge is an interesting question with potentially far reaching consequences for
the entire functional capacity of the immune system. It is highly likely to reflect
the capacity of an individual to defend itself against intruding microorganisms.
The influence of exercise on the cytokine production capacity can be measured by
investigating the in vitro cytokine response to mitogens, antigens or endotoxin
(LPS) in blood cell cultures set up before, and after exercise. LPS is a cell wall
component of gram-negative bacteria which strongly activates toll-like receptor
(TLR)-4 in mammals, resulting in release of tumour necrosis factor (TNF)-α, IL-
1, IL-6 and an array of regulatory factors like IL-1ra, IL-10 and TGF-β (3). In this
study we used LPS stimulation of whole blood cultures before, 30 min, 3 h, and
24 after a half-marathon and compared cytokine release to that of unstimulated
control cultures. The supernatants of the latter thus represent mainly plasma levels
plus eventual spontaneous production during the (short) culture period. This
model probably comes closest to the natural environment avoiding artefacts from
preparation and allowing natural interactions and also fast, stringent kinetics. Fur-
ther, in contrast to previous studies we used a relatively short incubation time (1
h), investigated a wide spectrum of cytokines and evaluated the potential differ-
ences in cytokine reaction between sexes. Recent studies had shown that exercise
induced gene expression differs in women – especially in their luteal phase - as
compared to men (27). We hypothesized that in agreement with the literature we
would find reduced TNF-α production following the half-marathon, but in addi-
tion changes in the capacity to produce anti-inflammatory cytokines, and differ-
ences in cytokine responses between sexes.

Methods and Materials

Subjects

Eight well-trained male athletes [34.8 ± 9.4 yr, body mass index (BMI) 23.4 ± 2.2
kg/m2] and eight well-trained female athletes [38.5 ± 5.7 yr, body mass index
(BMI)] 21.9 ± 1.0 kg/m2] participated in the study. The individuals had been
engaged in specific endurance training for at least 2 yr (52.2 km ± 25.5 km/week,
running) (Table 1). None of the athletes suffered from acute or chronic diseases or
reported intake of medication, including antioxidants and nicotine abuse.
Informed written consent was obtained from each subject, and the study was
approved by the University Ethics Committee. All were experienced athletes with
normal dietary habits. The women included in the study had regular menstrual
cycles and did not use oral contraception. We did not aim to select our female sub-
jects from special menstrual cycle phase, but to know in which phase of menstru-
al cycle they are, the individual questionnaire was used and hormonal status of
women was determined by measuring estrogen, progesterone, LH, and FSH using
the ADVIA Centaur immunoassay system (Siemens Healthcare Diagnostics, Fer-
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nwald, Germany). Interestingly, 6 of 8 female athletes were in the luteal phase of
their menstrual cycle, and 2 other female subjects were on contraceptive use.

Preliminary Testing

One week before participating in the main study, the athletes performed an incre-
mental exercise test on a treadmill (Saturn, HP Cosmos, Traunstein, Germany) to
determine the running velocity (VIAT) at the individual anaerobic threshold (IAT).
Capillary blood for lactate measurement (EBIO, Eppendorf, Hamburg, Germany)
was obtained from the earlobe after every stage and heart rate was monitored con-
tinuously using a heart rate monitor (Polar Electro, Finland). VIAT was calculated
by the method of Dickhuth et al (1991) (8) using a PC-routine.

Exercise program

All the athletes performed an official half marathon run under competition condi-
tions (21.1 km). The run started at 10:00 AM on a cool and humid December day
(1°C) and took place on a hilly and demanding terrain.

Blood sampling

Venous blood samples were drawn from the antecubital vein in a sitting position
and collected into endotoxin-free K3-EDTA tubes (Vacuette, Greiner bio-one-
Frickenhausen, Germany). Samples (a total of 20 ml whole blood) were obtained
from each subject at times before (t0), 30 min after (t1), 3 h after (t2) and 24 h (t3)
after the exercise run. Leukocyte numbers and differential counts before and after
the run were determined using an automated Abbott Ruby Coulter counter.

In vitro stimulation of whole blood with LPS

Sixteen ml whole blood was cultured using a whole-blood culture system as
developed in our laboratory. Briefly, 2 × 8-ml tubes containing K3-EDTA were
drawn. One blood sample of each athlete was stimulated with lipopolysaccharide
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(LPS) (Escherichia coli serotype 055:B5; Sigma, St Louis, MO, USA; final con-
centration 10 ng/ml). The other tube (spontaneous) was incubated after the addi-
tion of 8 µl PBS. Immediately after incubation of samples for 1 h at 37°C and
slow rotation, both tubes were centrifuged at 1000 g for 10 min to obtain platelet-
poor plasma. Aliquots were stored at -70°C until assay. The rest of the blood
including cells was used to extract RNA.

Measurement of Blood Inflammatory Protein Markers

Plasma of stimulated and spontaneous (unstimulated) blood samples was ana-
lyzed for TNF-α; IL-1β, -1ra, -6, -8, -10, -12p40, -12p70; interferon (IFN)-γ;
granulocyte-macrophage colony stimulating factor (GM-CSF) and MCP-1 at
baseline (t0), 30 min after (t1), 3 h after (t2), and 24 h after (t3) the strenuous
exercise using a multiplex bead-based assay (Human Multiplex Antibody Bead
Kits for Millipore) according to the manufacturer’s recommendations. The sam-
ples were measured using the antibody bead mix in duplicate with a biotinylated
detection antibody followed by streptavidin-phycoerythrin. The plate was read
using the Luminex XYP platform (Luminex, Austin, TX), and data were collected
for 100 beads per cytokine from each well. The raw data (mean fluorescent inten-
sity) were processed on Masterplex Quantitation software (MiraiBio, Alameda,
CA) to obtain concentration values.

Measurement of plasma TGF-β1

The concentration of TGF-β1 in plasma of both stimulated and nonstimulated
blood cultures was measured using a Quantikine human TGF-β1 enzyme-linked
immunosorbent assay (ELISA) kit (R & D systems, Minneapolis, MN, USA).
Briefly, standards, controls and samples (50 µl) were pipetted into the pre-coated
wells and any TGF-β1present was bound by the immobilized antibody. After
washing away any unbound substances, an enzyme linked polyclonal antibody
specific for TGF-β1 was added to the wells to sandwich the TGF-β1 immobilized
during the first incubation. Following a wash to remove any unbound antibody-
enzyme reagent, a substrate solution was added to the wells and color developed
in proportion to the amount of TGF-β1 bound in the initial step. The color devel-
opment was stopped by adding stop solution, and the absorbance at 450 nm was
detected via the use of a plate reader. The final concentration of the samples was
extrapolated from the standard curve.

Total RNA isolation and cDNA synthesis

LPS-stimulated and unstimulated samples (2.5 ml/tube, 2 tubes/ subject) from
male and female athletes were transferred into two PaxGene Blood RNA Tubes
(PreAnalytix/Switzerland). Total RNA was isolated using the PaxGene Blood
RNA kit (PreAnalytix/Switzerland) according to the manufacturer’s protocol,
with minor modifications. The concentration of the extracted RNA was meas-
ured spectrophotometrically (Nanodrop 1000/Thermo Scientific) and the quality
was assessed by a lab-on-a-Chip-System on the Bioanalyzer 2100 (Agi-
lent/Germany) to ensure that samples with intact 18s and 28s ribosomal RNA
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peaks and low degradation factor were used for quantitative real-time PCR
analysis. Five hundred nanograms (ng) of total RNA were used as a template for
cDNA synthesis using the Transcriptor First-Strand cDNA Synthesis kit
(Roche/Germany) with random hexamer primers. Reverse Transcription was per-
formed at initial 25°C for 10 min, 50°C for 60 min, and 85°C for 5 min, followed
by a quick chilling on ice. The cDNA was stored at -20°C and diluted 1:10
before PCR amplification.

Quantitative real-time PCR

The relative expression analysis for marker-specific mRNA was performed by
quantitative real-time PCR (qRT-PCR). The PCR amplifications were detected
using the 2x QuantiTect SYBR Green PCR Master Mix (Qiagen/Germany) and
the Primers for the cytokines TNF-α, IL-1ra, IL-6, IL-8, IL-0, TGF-β1 and house-
keeping genes were designed with QuantPrime, Primer3 or PrimerBlast Software
and synthesized by Metabion (Germany) (Table 2). The PCR reactions were per-

formed in triplicates on a 384-well plate (Biozym Scientific GmbH, Oldendorf,
Germany) and the amplifications were measured on the Light Cycler 480 instru-
ment (Roche/Germany) with following parameters: initial hot start at 95°C for
15min, followed by 45 cycles of 95°C for 20 s, 58°C for 40 s, and 72°C for 20 s,
with SYBR green fluorescence reading. A melting curve analysis was generated
and a single melting peak was observed for each sample, validating that only one
product was present. PCR efficiency was acquired by 5-fold serial dilutions of a
mixture of sample cDNAs and calculated by the equation: E=10(-1/slope). Human
GAPDH, β-Actin and USP34 served as reference genes and were selected accord-
ing to their M-values and used for normalization of the qRT-PCR analysis. The
relative expression of each Gene of interest was determined by transferring the Ct
values to the REST 2009 Software (developed by M.Pfaffl and Qiagen) in order
to calculate the fold changes.
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Table 2. Primer sequences for qRT-PCR



Statistical analysis

Statistical analysis was performed using GraphPad Prism software. Data are pre-
sented as means ± SEM. Student`s t-test was used to compare data from control
and treated whole blood at each time point. ANOVA was used to compare haema-
tology data across samples. Cytokine measures and were analyzed using 2 (Con-
trol and LPS) × 4 (times of measurement) repeated-measures ANOVA. If P<0.05
for the group × time interaction, the change from baseline for the 30 min post-
exercise, 3-h post-exercise and 24-h post-exercise values was compared between
groups using Student`s t-tests. For these two multiple comparisons across groups,
a Bonferroni post-hoc test was used. These same statistical procedures were used
to compare the pattern of change in cytokine mRNA and between genders. A
value of P<0.05 was considered as significant.

Results

Table 1 summarizes individual characteristics of the male and female runners.
Groups did not differ significantly in any of the training and fitness parameters
measured. The 16 runners can be characterized as elite and highly experienced
and committed to half-marathon running. Although 6 of 8 female athletes were
clearly in luteal phase, the other 2 subjects which were on contraceptive use
showed, interestingly, very similar pattern of kinetics, therefore, we did not
exclude any subject from our study and the data was reported for all the female
athletes.

Exercise

The runners completed the half-marathon race (21.1 km) in an average running
time of 95.5 ± 8 min for men and 114 ± 12 for women. All athletes completed the
race.
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Table 3. Changes in peripheral blood leukocyte numbers [× 109 cells/l] before, 30 min after,
3 h after and 24 h after exhaustive exercise
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Plasma samples (means ± SEM) for the following were measured at baseline (t0), 30 min after (t1),  3h after (t2), and 24 h after (t3) the 
exhaustive exercise using a multiplex bead-based assay and analyzed by ANOVA for time effect: tumor necrosis factor (TNF)-�; TGF-�1;     
interleukin (IL)-1�, -1ra, -6, -8, -10, -12 p40, -12 p70; interferon (IFN)-�; granulocyte-macrophage colony stimulating factor (GM-CSF), 
monocyte chemotactic protein (MCP)-1. NS represent not significant. ND represent not detected. * Significantly different between LPS and CON 
values p< 0.0001., § significantly different from pre-exercise values p <0.001., # represents significant difference between genders p <0.001 

Table 4. Cytokine concentration (pg/ml) in stimulated (LPS) and unstimulated (CON) whole
blood cultures after exhaustive exercise



Leukocyte numbers

The effect of half-marathon running on total leukocyte, granulocyte, lymphocyte
and monocyte counts is illustrated in Table 3. Total leukocyte counts were
increased significantly 30 min after exercise. Throughout the 3 h recovery period,
the total white cell count remained significantly elevated (P<0.0001). The pro-
longed exercise bout induced a pronounced granulocytosis, which was largely
responsible for the changes in total white cell count. Changes were significant at
30 min (P<0.0001) and remained elevated at 3 h post-exercise (P<0.0001). The
circulating monocyte count also rose mildly but significantly after exercise at the
same time points as granulocytes. Circulating total lymphocyte counts decreased
30 min after exercise and remained attenuated for at least 3 h post-competition
(P<0.0001). The total leukocyte, granulocyte, monocyte and lymphocyte counts
reached pre-exercise levels at 24 h post-exercise (Table 3). No significant gender
differences were observed in counts of white blood cells at any time points.

Cytokine concentrations in stimulated and unstimulated whole blood

Results for all markers tested are summarized in Table 4. Mean values for evaluat-
ed cytokines are depicted in Figure 1 A-H. LPS-depended release per 1000 mono-
cytes (LDR) was calculated by normalizing the raw data to monocyte numbers
and subtracting the values of control cultures from the values of LPS-stimulated
cultures. Mean values are presented in Figure 2 A-H. IL-1β and GM-CSF concen-
trations were undetectable in both unstimulated and stimulated cultures of ath-
letes at either time point.

In unstimulated cultures, the concentrations of IL-10, IL-1ra, IL-6, MCP-1 and
IL-8 were elevated significantly following exercise (P<0.0001), peaking at 30
min post-run for IL-10, MCP-1, and IL-6, and peaking at 3 h post-run for IL-1ra
and IL-8 (Figure 1, Table 4). The concentration of TGF-β1 was increased signifi-
cantly in men and borderline significantly in women at 30 min post-run. Twenty
four hours after the half-marathon, pre-run levels for all cytokines were reached.
We could not detect an effect of exercise on plasma concentrations of IFN-γ, IL-
12p40 and IL-12p70 at either time point (Table 4).

As expected, LPS induced pronounced alterations in cytokine concentrations in
cultured whole blood of athletes (Table 4). Before exercise, ex vivo LPS-stimulat-
ed production of TNF-α, IL-8, IL-6, and IL-1ra was substantial and highly signif-
icant as compared to unstimulated cultures in both sexes (P<0.0001) (Figure 1,
Table 4). Following exercise there was a significant suppression in LDR of TNF-
α, as compared to pre-run values (P<0.001)(Figure 2-A), whereas LDR of IL-8,
IL-1ra, and TGF-β1 were increased significantly at least in one of the sexes
(P<0.001)(Figure 2). Interestingly the suppression of TNF-α LDR was still sig-
nificant 24 h after exercise. LDR of IL-6 was reduced following exercise in both
sexes, with more rapid reduction in women (P<0.001) (Figure 2-C). There was no
LPS-dependent release (LDR) of IL-10 and MCP-1 before and after exhaustive
exercise (Figure 2. G-H).
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Figure 1. Cytokine concentration in stimulated (+ LPS) and Unstimulated (- LPS) whole blood cul-
tures in male and female athletes after exhaustive exercise. * Significantly different between LPS
and CON values P< 0.0001.
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Figure 2. LPS-dependent release per 1000 monocyte (LDR) of cytokines (concentration in stimulat-
ed cultures minus concentration in un-stimulated cultures). LPS-dependent release of IFN-γ was
normalized to 1000 lymphocytes. Data represent the means ± SE of the values. M represents men
and W represents women. * Significant change from before to after exercise in men, § Significant
change from before to after exercise in women, # Significant difference between men and women.



Sex differences in cytokine release

No significant difference was observed between sexes in LDR and unstimulated
levels of TNF-α and MCP-1 at either time point (P>0.05) (Figure 2, Table 4).
Men showed significantly higher LDR of IL-6 and IL-1ra and also significantly
higher unstimulated levels of IL-10 at 30 min post race. As compared to women,
men showed significantly higher LDR of IL-8 at 3 h post-run (P<0.001) (Figure
2). In contrast, the LDR of TGF-β1 was greater in women than in men at 30 min
post-run (P<0.001) (Figure 2-E). The unstimulated levels of IL-12p40 and IL-
12p70 were significantly greater in men and levels of TGF-β1 were greater in
women at baseline (P<0.001) (Table 4).

Cytokine mRNA relative expression in stimulated and unstimulated whole blood

As expected, most of the cytokines except IL-10 and TGF-β1 showed a signifi-
cant elevation of mRNA expression for LPS-stimulated cultures in relation to
unstimulated cultures. Cytokine mRNA expression of TNF-α, IL-1ra, IL-6, IL-8,
IL-10, and TGF-β1 is depicted in Figure 3 A-F.

A slight down-regulation of TNF-α mRNA expression was seen in both stimulat-
ed and unstimulated whole blood 30 min post-exercise in relation to pre-exercise
values (t0 =1) for men and women. This was only significant in women (P<0.05),
reaching a factor of 0.28-fold and 0.42-fold for unstimulated and LPS-stimulated
samples, respectively (Figure 3-A). It is necessary to note that due to cell shifts,
there were only 5% monocytes at t1 in contrast to 8% at t0 which amounts to a
factor of 0.64 in both sexes. IL-1ra mRNA expression increased (P<0.05) 1.8- to
2.83-fold for unstimulated men`s blood and 2- to 2,48-fold for LPS-stimulated
men`s blood and 1.52- to 1.82-fold for unstimulated women’s blood and 1.31- to
1.98-fold for LPS-stimulated women`s blood 30 min-24 h post-exercise relative
to pre-exercise, with the peak at 3 h post-run for both sexes. LPS-induced IL-1ra
mRNA expression remained significantly elevated in men 24 h post-exercise (2.2-
fold and P<0.05) (Figure 3-B). There was no significant change in IL-6 mRNA
expression in the 24 h following exercise (Figure 3-C). However, in accordance
with protein data men and women showed a different trend of LPS-induced IL-6
response in mRNA level. While men showed a slight increase in IL-6 mRNA
(2.36-fold), women exhibited a trend to decrease 0.80 to 0.46-fold 30 min-24 h
post-exercise in relation to pre-exercise values. This remained suppressed for 24 h
post-exercise in women. There was no significant change in unstimulated IL-8
mRNA expression for men following exercise, however LPS-induced mRNA
expression increased (P<0.05) 2,13-fold at 3 h post-exercise and remained elevat-
ed (2.8-fold P<0.05) for 24 h post-exercise in relation to pre-exercise (Figure 3-
D). An increase in unstimulated IL-8 mRNA expression 2.91- to 4.22-fold was
seen in women 30 min-3 h post-race, with peak expression at 3 h post-exercise.
This was significantly different from men in both time points (2.66-fold for t1 and
4.77-fold for t2)(P<0.05). A tendency toward up-regulation in LPS-induced IL-8
mRNA expression in women at post- exercise compared to pre-exercise was not
significant, but there was still a significant up-regulation (1.72-fold) in relation to
men at 30 min post-exercise (P<0.05). As mentioned above there was no signifi-
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Figure 3. The changes in LPS-stimulated and unstimulated whole blood cytokine mRNA expression at
before (t0), 30 min after (t1), 3 h after (t2) and 24 h after exercise (t3) in both sexes. CO represents
unstimulated control cultures and LPS represents LPS-stimulated cultures.WOM represents women. *
Represents significant change from before to after exercise in men, ‡ Represents Significant change
from before to after exercise in women, # Represents significant difference between men and women.



cant difference between LPS-stimulated and unstimulated IL-10 mRNA expres-
sion following exercise for both genders (Figure 3-E). A significant up-regulation
in IL-10 gene expression was seen only in men at 30 min post-race compared to
pre-race (9.48-fold and 9.29-fold for unstimulated and LPS-stimulated IL-10
gene expression, respectively) (P<0.05). Women showed only a trend toward up-
regulation following exercise. By 3 h post-exercise there was still a significant
difference between sexes in IL-10 mRNA expression (P<0.001). TGF-β1 mRNA
showed only minimal changes, although there was a trend toward up-regulation in
men at t2 (P<0.05) (Figure 3-F).

Discussion

The major aim of the study was to further clarify the capability of human blood
cells to respond to challenge with endotoxin by producing cytokines, in relation to
previous exercise. Cytokines are important mediators governing the immune
response, and their regulation or enhancement may yield valuable information
pertinent to questions like transient post-exercise immunosuppression, beneficial
anti-inflammatory (e.g., anti-atherosclerotic) effects of cytokines, and/or exercise-
induced asthma.

Some previous studies including our group’s work have followed a similar
approach (9, 10, 44). This study is unique in so far as it uses a very short pulse (1
hour) of challenge (LPS), focusing on the early events of stimulation. We argued
that this may lead to miss some of the reactions seen in studies with long term
stimulation (e.g. 24 h) but may also allow a more differentiated picture for others.
We also included cytokines which have not been evaluated until now (TGF-β1)
and, importantly, also looked for possible differences in the cytokine responses
between sexes. Previous studies from our group using microarray analysis had
pointed to a more inflammation prone reaction of female athletes in the luteal
phase of their menstrual cycle as compared to women in follicular phase or men
immediately after 1 h aerobic exercise (27).

The rationale to prefer whole blood stimulation over cultivation of mononuclear
cell fractions has been outlined in the introduction and relates to our aim to ana-
lyze the early events as tightly and precisely as possible and to allow cytokine
production in an environment which is as close as possible to the natural one.
Accordingly, unstimulated whole blood cultures had to be chosen as adequate
controls. Supernatants from these unstimulated (control) cultures thus reflect
plasma values plus possible unstimulated “spontaneous” production of cytokines
during the 1 hour culture period. Normally, unstimulated cultures of healthy sub-
ject`s resting blood do not produce measurable cytokines. The lack of plasma val-
ues for comparison makes it impossible to determine, if there was any measurable
spontaneous production in culture post-exercise. Cytokines appearing in plasma
in vivo are, at least in part, produced outside of the blood (e.g, IL-6 and IL-8)
(33). Thus, although our approach does not yield information about the exact ori-
gin of cytokines in our control cultures, it serves as an unequivocal means to
determine endotoxin-induced production of cytokines by blood leukocytes (in
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relation to exercise) by using the delta values between stimulated and unstimulat-
ed cultures.

To properly quantify the effect of exercise and sexes on LPS-inducible production
(LDR) of the cytokines under evaluation, cell numbers needed to be considered in
addition to plasma values (which may also reflect production outside of the
blood-see above). To deal with this, we calculated the mean values of the delta
between cytokine concentration in stimulated and unstimulated cultures, normal-
ized to monocytes (except IFN-γ) as presumed producer cells, although some of
the measured cytokines are produced also by other cell types, including T cells
(IL-6, IL-10, TNF-α, TGF-β), muscle cells (IL-6, IL-8), and endothelial cells (IL-
8). This LPS-dependent release per 1000 monocytes (LDR) of cytokines was
compared to corresponding changes in mRNA accumulation in the same cultures.
Here, also, the different cell composition needs to be acknowledged. We could not
normalize the data, but for interpretation it should be kept in mind, that the per-
centage of monocytes was lower at 30 min and 3 h post-exercise (~ 5%) than pre-
exercise (~ 8%). Messenger RNA of cytokines which are predominantly or exclu-
sively monocyte-derived (e.g. TNF-α) was therefore estimated too low at 30 min
and 3 h post-exercise when considered on a per monocyte basis. The pattern of
cytokine concentrations obtained in supernatants from our unstimulated cultures
is largely in accordance with the pattern of plasma cytokines described in many
previous studies using similar settings (22-24, 31, 39, 40).

Tumor necrosis factor-alpha (TNF-α). In accordance with the literature there
was no induction of TNF-α through exercise (10, 40). By contrast, LDR of
TNF-α was strongly reduced shortly after exercise (t1), which is comparable
with the results of other investigators (9, 10, 42, 44). Surprisingly, it was still
significantly reduced even at 24 h post-exercise, suggesting a longer lasting
effect of exercise. This has not been found previously. It is of interest to note
that there was no difference in LPS-induced production of TNF-α between
sexes. Real time PCR results showed that LPS-stimulated and unstimulated
TNF-α gene expression were both slightly down-regulated 30 min after exer-
cise, but (borderline) significantly so only in women. We further have to realize
that the percentage of monocytes was lower in samples drawn post-exercise (~
5%) than in samples drawn before exercise (~ 8%) (see above).Together, this
supports the concept that suppression of LPS-induced TNF-α release post-exer-
cise cannot be sufficiently explained by changes in messenger RNA, but must be
related mainly to post-translational modification (e.g., degradation of pro-
tein)(19, 42).

Interleukin-1 receptor antagonist. IL-1ra release in unstimulated and LPS-stimu-
lated cultures was significantly increased following exercise, peaking at 3 h post-
exercise for both sexes. This is in agreement with the results of Drenth et al
(1998), who reported a similar pattern following a 5km run in recreationally
trained athletes (men and women) (9). In our study, men produced moderately
higher amounts of LPS-induced IL-1ra per monocyte (LDR) at rest (t0) and sig-
nificantly higher amounts at t1, as compared with women. When comparing the
IL-1ra release curves of women and men, the conclusion is warranted that during
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the first 3 h after exercise, men produced substantially more IL-1ra in total. Twen-
ty four hours post-exercise, men showed a significantly lower LDR of IL-1ra in
relation to pre-exercise values. IL-1ra protein and gene expression showed a simi-
lar pattern of kinetics from t0-t2. The significant drop in LPS-induced protein
production at t3 in men is, however, not paralleled by gene expression, and may
thus be due to post-translational modifications. The up-regulation of IL-1ra gene
expression through exhaustive exercise has been reported previously (9, 23, 24,
30, 47). In contrast, the significant difference between sexes in LDR of IL-1ra
shortly after exercise has not been described so far. They are, however, compatible
with our previous finding that following 1 h aerobic exercise, several anti-inflam-
matory genes including IL-1ra were down-regulated in women in their luteal
phase, but not in women in follicular phase or men (27). Given that 6 of 8 women
included in this study were also in the luteal phase of their menstrual cycle, our
results confirmed that sex and probably menstrual cycle play a role in early phase
of the immune response to exercise. Others have demonstrated that luteal phase
has inflammatory bias compared to follicular phase (4, 46). Lynch EA et al (1994)
showed greater amount of IL-1ra production in follicular phase as compared with
luteal phase (18). Changes in phenotype and secretary activity of some leukocytes
to a more pro-inflammatory, pro-migratory profile during luteal phase have also
been reported (16,36).

Interleukin-6. IL-6 concentrations in our unstimulated cultures perfectly reflect
the usual rise in plasma IL-6 during and sometime after endurance exercise which
has been documented many times since discovered in the early 1990s (26, 28).
Later, it was shown that IL-6 mRNA was not significantly induced in peripheral
blood by exercise, and that the observed plasma levels of IL-6 are probably pro-
duced in muscle and play an important role in the energy supply chain (34). In the
present study we also found no IL-6 mRNA induction by exhaustive exercise,
which is consistent with the finding of previous studies (19, 23, 24). Apart from
energy metabolism IL-6 plays a major role in the immunological network, and
most of its pleiotropic effects are anti-inflammatory or restorative (35). LPS-
induced IL-6 – a model for immunologically induced IL-6 – was only mildly
reduced after prolonged-exhaustive exercise as opposed to the massive suppres-
sion of TNF-α and IFN-γ which are both clearly pro-inflammatory cytokines (9,
44). In our study, sex differences in the effect of exercise on LPS-induced IL-6
release became visible, with women showing a faster kinetics in suppression of
IL-6 LDR. Although we found no significant exercise-dependent changes in LPS-
induced IL-6 messenger RNA, the observed sex difference in the protein pattern
was confirmed in trend by mRNA: while men even showed an increase of LPS-
induced IL-6 mRNA after exercise, women showed a mild decrease. Differential
regulation between sexes of IL-6 induction and release after exercise is a new
finding but not entirely unexpected, since previous studies using microarrays had
pointed to a less prominent anti-inflammatory response to exercise in women in
the luteal phase (see above). General consensus for spontaneously produced IL-6
demonstrates that female sex hormones, especially estrogen, decrease plasma IL-
6 concentration. Decreased plasma IL-6 in luteal phase compared with follicular
has been reported by Angstwurm et al (1). Schwarz et al (2000) reported a lower
level of LPS-stimulated IL-6 in healthy women during luteal phase, as compared
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with women in follicular phase and healthy men (41). The observed pattern of IL-
6 resembles the behaviour of IL-1ra.

IL-10. Of the various cytokines measured in this study, IL-10 was most strongly
influenced by exercise. In unstimulated control cultures the concentration of IL-
10 showed a sharp, significant peak at t1 which was accompanied by a concomi-
tant peak of IL-10 mRNA at the same time point. These are in agreement with the
findings of previous studies (23, 24). However, LPS stimulation did not cause any
increase in IL-10 levels, nor did it change IL-10 mRNA levels significantly. Obvi-
ously, the 1 h incubation with LPS was not long enough to influence IL-10 con-
centrations in our cultures. According to the literature, the alteration of IL-10 in
LPS-stimulated cultures is secondary to the release of pro-inflammatory
cytokines and begins only 3-5 h after exposure to the LPS (15). It is of interest to
note that exercise-induced IL-10 levels and mRNA expression were considerably
and significantly higher in men as compared with women at 30 min post-exercise.
We see these results in parallel with the results for IL-1ra and IL-6. Independent
of these sex-related differences, mRNA elevation seems high enough to possibly
enable a substantial contribution of peripheral leukocytes to the appearance of IL-
10 in plasma after exercise. In this light, the lack of any effect of 1 h incubation
with LPS may add a new facet to our understanding of IL-10 modulation by exer-
cise, suggesting that induction of IL-10 by exercise alone may work through
entirely different pathways than LPS-stimulated induction. The exact pathways
remain however unknown.

Interleukin-8 and TGF-β1. The production and expression of IL-8 and TGF-β1
may be discussed together. TGF-β1 is a pleiotropic multifunctional cytokine and
has a broad spectrum of effects, with prominent anti-inflammatory facets (43, 45).
TGF-β1, for example, can block NK cell proliferation and cytotoxicity as well as
inhibit induction of IL-12 and NK cell IFN-γ production (2). It does, however,
also have clearly pro-inflammatory effects (45) and these are largely overlapping
with effects of IL-8: both are chemotactic for granulocytes and boost their phago-
cytic and bactericidal functions (17). Improvement of granulocyte functions by
exercise has been described (31, 37). In the present study, unstimulated levels of
IL-8 rose significantly following exercise but remained in a relatively low range,
which is in agreement with previous reports (22, 24, 25, 40). It has been suggest-
ed that this may represent a spillover from IL-8 production in muscle (33). Inter-
estingly, in our study, this post-exercise rise in unstimulated levels of IL-8 was
accompanied by a significant up-regulation of IL-8 mRNA in women only while
in men there was even a mild decrease.

We do not know if this relates to the fact that most of the women were in luteal
phase of their menstrual cycle. We also do not know if it signifies that there was
IL-8 production in peripheral blood cells in female athletes or if there was post
transcriptional protein suppression. In agreement with the results of Degerstrøm
(7), there was a significant exercise related increase in IL-8 LDR. This was, how-
ever, more pronounced and significant in men only (3 h post-exercise). IL-8
mRNA in LPS stimulated cultures showed an exercise related up-regulation in
both sexes however it was only significant in men. At 24 h post-exercise, mRNA
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remained up-regulated while protein was decreased to pre-exercise levels, sug-
gesting post-translation modifications.

Unstimulated levels of TGF-β1 were elevated at 30 min post-exercise in both
sexes, but became significant only in men. Mild elevation of TGF-β1 by exercise
in circulation and tissues has been reported previously (5, 12, 13), and like IL-8,
may result from spillover in skeletal muscle or tendons (13, 14). In contrast to IL-
8, TGF-β1 release was only mildly increased by LPS stimulation in the present
study, and exercise caused a significant increase in TGF-β1 LDR at 30 min post-
exercise in women only. This was not paralleled by messenger RNA changes
which remained minimal at all times in both sexes. Thus, in the early hours after
exercise, both sexes showed a peak in LPS-induced release of one of the granulo-
cytotropic cytokines (IL-8 at 3 h post-exercise for men and TGF-β1 at 30 min
post-exercise for women), which could be related to the known improvement of
functionality of granulocytes by exercise. Of course, any clinical significance of
our observations is not easy to prove and would require confirmation in future
studies. Still it cannot be excluded either, and may mean that the antibacterial
response in both sexes is augmented by exercise albeit by different means. In any
case, booster effects of exercise on LPS-inducible IL-8 or TGF-β1 release were
gone 24 h post-exercise, even if, in males, IL-8 message remained up-regulated.

Other cytokines. Like IL-10, MCP-1 showed significant induction by exercise in
unstimulated control cultures in both sexes. This is in agreement with the findings
of Garcia et al (11), who reported increased circulating MCP-1 concentrations
following one session of cycling (1 h at ~70% of VO2max). There was no LPS
effect on MCP-1 protein level in stimulated cultures, suggesting that 1 h incuba-
tion is not long enough to induce MCP-1. For technical reasons, we could not
determine MCP-1 mRNA in our samples. We also couldn’t find any change in
IFN-γ and IL-12p70 levels. In contrast to Suzuki et al (40) and Peake et al (31) we
could not even find changes in IL-12p40 in our control supernatants. IL-12p40 is
antagonistic to IL-12p70, and therefore to IFN-γ and other type 1 cytokines. The
reason for this discrepancy remains unclear so far. Possibly it might be related to
the different exercise challenges (marathon vs. half-marathon) (39,40).

In summary, the cytokine response to the bacterial stimulus LPS was dramatically
changed in samples drawn 30 min and 3 h post-exercise. When calculated on a per
monocyte basis, LPS-dependent release (LDR) of TNF-α was significantly reduced by
exercise with the same kinetic for men and women. LDR of IL-6 was likewise reduced,
but with a faster kinetic in women. Both sexes presented a sharp peak of unstimulated
levels of IL-10 at 30 min post-exercise accompanied by upregulation of IL-10 mRNA.
IL-10 and IL-10 mRNA were both significantly higher in men than women. Due to the
short incubation time, LPS stimulation was not associated with any additional release
of IL-10. These results also indicate an early production of IL-10 by peripheral blood
cells in response to exercise. LDR of IL-8 was enhanced in men and TGF-β1 LDR in
women. Thirty minutes after exercise women showed significantly less LDR of IL-1ra
than men. Altogether, changes in cytokine release could only in part be attributed to
changes in mRNA. Results for IL-1ra, IL-6 and IL-10 pointed to a less pronounced
anti-inflammatory response in women as compared with men.

Exhaustive exercise and LPS-dependent cytokine release • 25

EIR 19 2013



Acknowledgments

We would like to thank the volunteers who participated in the present study. We
also wish to thank Prof. Schleicher and his colleagues in Central Laboratory
(UKT, Tübingen) for hormone analyzing. This work was supported by a grant
from the Bundesinstitut für Sportwissenschaften (Bonn, Germany, KZIIA1-
070108/08-09).

References

1. Angstwurm MW, Gartner R, Ziegler-Heitbrock HWL: Cyclic plasma IL-6 levels
during normal menstrual cycle. Cytokine 1997; 9: 370–374.

2. Bellone G, ste-Amezaga M, Trinchieri G, et al. Regulation of NK cell functions by
TGF-beta 1. J Immunol. 1995;155:1066-73.

3. Beutler B. Endotoxin, toll-like receptor 4, and the afferent limb of innate immunity.
Curr Opin Microbiol. 2000;3:23-8.

4. Bouman A, Moes H, Heineman MJ, de Leij LFMH, Faas MM: The immune
response during the luteal phase of the ovarian cycle: increasing sensitivity of human
monocytes to endotoxin. Fertil Steril. 2001; 76: 555–559.

5. Czarkowska-Paczek B, Bartlomiejczyk I, Przybylski J. The serum levels of growth
factors: PDGF, TGF-beta and VEGF are increased after strenuous physical exercise.
J Physiol Pharmacol. 2006;57:189-97.

6. Davis JM, Kohut ML, Colbert LH, et al. Exercise, alveolar macrophage function,
and susceptibility to respiratory infection. J Appl Physiol. 1997;83:1461-6.

7. Degerstrøm J ØB. Increased inflammatory response of blood cells to repeated bout
of endurance exercise. Med Sci Sports Exerc. 2006;38:1297-303.

8. Dickhuth HH, Huonker M, Münzel T, Drexler H, Berg A, Keul J. Individual
anaerobic threshold for evaluation of competitive athletes and patients with left ven-
tricular dysfunction. In: Advances in Ergometry, edited by N.Bachl TEGHLe.
Berlin: Springer, 1991, p. 73-79.

9. Drenth JP, Krebbers RJ, Bijzet J, et al. Increased circulating cytokine receptors and
ex vivo interleukin-1 receptor antagonist and interleukin-1beta production but
decreased tumour necrosis factor-alpha production after a 5-km run. Eur J Clin
Invest. 1998;28:866-72.

10. Drenth JP, Van Uum SH, Van DM, et al. Endurance run increases circulating IL-6
and IL-1ra but downregulates ex vivo TNF-alpha and IL-1 beta production. J Appl
Physiol. 1995;79:1497-503.

11. Garcia JJ, Bote E, Hinchado MD, et al. A single session of intense exercise improves
the inflammatory response in healthy sedentary women. J Physiol Biochem.
2011;67:87-94.

12. Gavin TP, Spector DA, Wagner H, et al. Effect of captopril on skeletal muscle angio-
genic growth factor responses to exercise. J Appl Physiol. 2000;88:1690-7.

13. Heinemeier K, Langberg H, Kjaer M. Exercise-induced changes in circulating levels
of transforming growth factor-beta-1 in humans: methodological considerations. Eur
J Appl Physiol. 2003;90:171-7.

26 • Exhaustive exercise and LPS-dependent cytokine release

EIR 19 2013



26. Furusawa K, Tajima F, TanakaY, Ide M and Ogata H. Short-term attenuation of nat-
ural killer cell cytotoxic activity in wheelchair marathoners with paraplegia.
Arch.Phys.Med.Rehabil. 79: 1116-1121, 1998.

27. Furusawa K, Tajima F, UmezuY, Ueta M, Ide M, Mizushima T and Ogata H. Activa-
tion of natural killer cell function in recreational athletes with paraplegia during a
wheelchair half-marathon race. Arch.Phys.Med.Rehabil. 84: 706-711, 2003.

28. Garshick E, Stolzmann KL, Gagnon DR, Morse LR and Brown R. Systemic inflammation
and reduced pulmonary function in chronic spinal cord injury. PM R. 3: 433-439, 2011.

29. Garstang SV and Miller-Smith SA. Autonomic nervous system dysfunction after
spinal cord injury. Phys.Med.Rehabil.Clin.N.Am. 18: 275-96, vi-vii, 2007.

30. Gleeson M, Bishop NC, Stensel DJ, Lindley MR, Mastana SS and Nimmo MA. The
anti-inflammatory effects of exercise: mechanisms and implications for the preven-
tion and treatment of disease. Nat.Rev.Immunol. 11: 607-615, 2011.

31. Gold JR and Gold MM. Access for all: the rise of the Paralympic Games.
J.R.Soc.Promot.Health. 127: 133-141, 2007.

32. Goosey-Tolfrey V. Physiological profiles of elite wheelchair basketball players in
preparation for the 2000 Paralympic Games. Adapt.Phys.Activ Q. 22: 57-66, 2005.

33. Goosey-Tolfrey VL, Foden E, Perret C and Degens H. Effects of inspiratory muscle
training on respiratory function and repetitive sprint performance in wheelchair bas-
ketball players. Br.J.Sports Med. 44: 665-668, 2010.

34. Guerrero AR, Uchida K, Nakajima H, Watanabe S, Nakamura M, Johnson WE and
Baba H. Blockade of interleukin-6 signaling inhibits the classic pathway and pro-
motes an alternative pathway of macrophage activation after spinal cord injury in
mice. J.Neuroinflammation 9: 40, 2012.

35. Held KS, Steward O, Blanc C and Lane TE. Impaired immune responses following
spinal cord injury lead to reduced ability to control viral infection. Exp.Neurol. 226:
242-253, 2010.

36. Hettinga FJ, Valent L, Groen W, van Drongelen S, de Groot S and van der Woude
LH. Hand-cycling: an active form of wheeled mobility, recreation, and sports.
Phys.Med.Rehabil.Clin.N.Am. 21: 127-140, 2010.

37. Huang TS, Wang YH, Lee SH and Lai JS. Impaired hypothalamus-pituitary-adrenal
axis in men with spinal cord injuries. Am.J.Phys.Med.Rehabil. 77: 108-112, 1998.

38. Hullemann KD, List M, Matthes D, Wiese G and Zika D. Spiroergometric and tele-
metric investigations during the XXI International Stoke Mandeville Games 1972 in
Heidelberg. Paraplegia 13: 109-123, 1975.

39. Ibarra A, Jimenez A, Cortes C and Correa D. Influence of the intensity, level and
phase of spinal cord injury on the proliferation of T cells and T-cell-dependent anti-
body reactions in rats. Spinal Cord 45: 380-386, 2007.

40. Iversen PO, Hjeltnes N, Holm B, Flatebo T, Strom-Gundersen I, Ronning W,
Stanghelle J and Benestad HB. Depressed immunity and impaired proliferation of
hematopoietic progenitor cells in patients with complete spinal cord injury. Blood
96: 2081-2083, 2000.

41. Jonsdottir IH. Special feature for the Olympics: effects of exercise on the immune
system: neuropeptides and their interaction with exercise and immune function.
Immunol.Cell Biol. 78: 562-570, 2000.

42. Kappel M, Tvede N, Galbo H, Haahr PM, Kjaer M, Linstow M, Klarlund K and Ped-
ersen BK. Evidence that the effect of physical exercise on NK cell activity is mediat-
ed by epinephrine. J.Appl.Physiol. 70: 2530-2534, 1991.

160 • Spinal cord injury and exercise immunology

EIR 19 2013



43. Kawashima N, Nakazawa K, Ishii N, Akai M andYano H. Potential impact of orthot-
ic gait exercise on natural killer cell activities in thoracic level of spinal cord-injured
patients. Spinal Cord 42: 420-424, 2004.

44. Keller SE, Weiss JM, Schleifer SJ, Miller NE and Stein M. Stress-induced suppres-
sion of immunity in adrenalectomized rats. Science 221: 1301-1304, 1983.

45. Kjaer M, Secher NH, Bangsbo J, Perko G, Horn A, Mohr T and Galbo H. Hormonal
and metabolic responses to electrically induced cycling during epidural anesthesia in
humans. J.Appl.Physiol. 80: 2156-2162, 1996.

46. Kliesch WF, Cruse JM, Lewis RE, Bishop GR, Brackin B and Lampton JA. Restora-
tion of depressed immune function in spinal cord injury patients receiving rehabilita-
tion therapy. Paraplegia 34: 82-90, 1996.

47. Klokker M, Mohr T, Kjaer M, Galbo H and Pedersen BK. The natural killer cell
response to exercise in spinal cord injured individuals.
Eur.J.Appl.Physiol.Occup.Physiol. 79: 106-109, 1998.

48. Kouda K, Furusawa K, Sugiyama H, Sumiya T, Ito T, Tajima F and Shimizu K. Does
20-min arm crank ergometer exercise increase plasma interleukin-6 in individuals
with cervical spinal cord injury? Eur.J.Appl.Physiol. 112: 597-604, 2011.

49. Krassioukov A. Autonomic function following cervical spinal cord injury.
Respir.Physiol.Neurobiol. 169: 157-164, 2009.

50. Landmann RM, Muller FB, Perini C, Wesp M, Erne P and Buhler FR. Changes of
immunoregulatory cells induced by psychological and physical stress: relationship
to plasma catecholamines. Clin.Exp.Immunol. 58: 127-135, 1984.

51. Leicht CA, Bishop NC and Goosey-Tolfrey VL. Mucosal immune responses during
court training in elite tetraplegic athletes. Spinal Cord 50: 760-765, 2012.

52. Leicht CA, Bishop NC and Goosey-Tolfrey VL. Mucosal immune responses to
treadmill exercise in elite wheelchair athletes. Med.Sci.Sports Exerc. 43: 1414-1421,
2011.

53. Leicht CA, Bishop NC, Paulson TAW, Griggs KE and Goosey-Tolfrey VL. Salivary
immunoglobulin A and upper respiratory symptoms during five months of training
in elite tetraplegic athletes. Int.J.Sports Physiol.Perform. 2011.

54. Lucin KM, Sanders VM, Jones TB, Malarkey WB and Popovich PG. Impaired anti-
body synthesis after spinal cord injury is level dependent and is due to sympathetic
nervous system dysregulation. Exp.Neurol. 207: 75-84, 2007.

55. Lucin KM, Sanders VM and Popovich PG. Stress hormones collaborate to induce
lymphocyte apoptosis after high level spinal cord injury. J.Neurochem. 110: 1409-
1421, 2009.

56. McHale NG and Thornbury KD. Sympathetic stimulation causes increased output of
lymphocytes from the popliteal node in anaesthetized sheep. Exp.Physiol. 75: 847-
850, 1990.

57. Moynihan J, Kruszewska B, Madden K and Callahan T. Sympathetic nervous system
regulation of immunity. J.Neuroimmunol. 147: 87-90, 2004.

58. Nagao F, Suzui M, Takeda K,Yagita H and Okumura K. Mobilization of NK cells by
exercise: downmodulation of adhesion molecules on NK cells by catecholamines.
Am.J.Physiol.Regul.Integr.Comp.Physiol. 279: R1251-6, 2000.

59. Nash MS. Immune dysfunction and illness susceptibility after spinal cord injury: an
overview of probable causes, likely consequences, and potential treatments. J.Spinal
Cord Med. 23: 109-110, 2000.

Spinal cord injury and exercise immunology • 161

EIR 19 2013



60. Nash MS. Known and plausible modulators of depressed immune functions follow-
ing spinal cord injuries. J.Spinal Cord Med. 23: 111-120, 2000.

61. Nash MS. Immune responses to nervous system decentralization and exercise in
quadriplegia. Med.Sci.Sports Exerc. 26: 164-171, 1994.

62. Nielsen S and Pedersen BK. Skeletal muscle as an immunogenic organ.
Curr.Opin.Pharmacol. 8: 346-351, 2008.

63. Olive JL, Dudley GA and McCully KK. Vascular remodeling after spinal cord
injury. Med.Sci.Sports Exerc. 35: 901-907, 2003.

64. Paulson TAW, Goosey-Tolfrey VL, Lenton JP, Leicht CA and Bishop NC. Spinal cord
injury level and the circulating cytokine response to strenuous exercise. Medicine and
Science in Sports and Exercise 2013 DOI: 10.1249/MSS.0b013e31828f9bbb

65. Pavlov VA and Tracey KJ. Neural regulators of innate immune responses and
inflammation. Cell Mol.Life Sci. 61: 2322-2331, 2004.

66. Paynter DE, Tipton CM and Tcheng TK. Response of immunosympathectomized
rats to training. J.Appl.Physiol. 42: 935-940, 1977.

67. Pedersen BK. Muscles and their myokines. J.Exp.Biol. 214: 337-346, 2011.
68. Pedersen BK and Febbraio MA. Muscle as an endocrine organ: focus on muscle-

derived interleukin-6. Physiol.Rev. 88: 1379-1406, 2008.
69. Proctor GB and Carpenter GH. Regulation of salivary gland function by autonomic

nerves. Auton.Neurosci. 133: 3-18, 2007.
70. Proctor GB, Carpenter GH and Garrett JR. Sympathetic decentralization abolishes

increased secretion of immunoglobulin A evoked by parasympathetic stimulation of
rat submandibular glands. J.Neuroimmunol. 109: 147-154, 2000.

71. Proctor GB, Garrett JR, Carpenter GH and Ebersole LE. Salivary secretion of
immunoglobulin A by submandibular glands in response to autonomimetic infusions
in anaesthetised rats. J.Neuroimmunol. 136: 17-24, 2003.

72. Pyne DB, Gleeson M, McDonald WA, Clancy RL, Perry C,Jr and Fricker PA. Train-
ing strategies to maintain immunocompetence in athletes. Int.J.Sports Med. 21
Suppl 1: S51-60, 2000.

73. SchmidA, Huonker M, Barturen JM, Stahl F, Schmidt-Trucksass A, Konig D, Grath-
wohl D, Lehmann M and Keul J. Catecholamines, heart rate, and oxygen uptake dur-
ing exercise in persons with spinal cord injury. J.Appl.Physiol. 85: 635-641, 1998.

74. Schmid A, Huonker M, Stahl F, Barturen JM, Konig D, Heim M, Lehmann M and
Keul J. Free plasma catecholamines in spinal cord injured persons with different
injury levels at rest and during exercise. J.Auton.Nerv.Syst. 68: 96-100, 1998.

75. Smith BM, Evans CT, Kurichi JE, Weaver FM, Patel N and Burns SP. Acute respira-
tory tract infection visits of veterans with spinal cord injuries and disorders: rates,
trends, and risk factors. J.Spinal Cord Med. 30: 355-361, 2007.

76. Soden RJ, Walsh J, Middleton JW, Craven ML, Rutkowski SB and Yeo JD. Causes
of death after spinal cord injury. Spinal Cord 38: 604-610, 2000.

77. Spence L, Brown WJ, Pyne DB, Nissen MD, Sloots TP, McCormack JG, Locke AS
and Fricker PA. Incidence, etiology, and symptomatology of upper respiratory ill-
ness in elite athletes. Med.Sci.Sports Exerc. 39: 577-586, 2007.

78. Starkie RL, Rolland J and Febbraio MA. Effect of adrenergic blockade on lympho-
cyte cytokine production at rest and during exercise. Am.J.Physiol.Cell.Physiol. 281:
C1233-40, 2001.

79. SteensbergA, Fischer CP, Keller C, Moller K and Pedersen BK. IL-6 enhances plasma IL-
1ra, IL-10, and cortisol in humans. Am.J.Physiol.Endocrinol.Metab. 285: E433-7, 2003.

162 • Spinal cord injury and exercise immunology

EIR 19 2013



80. Steensberg A, Toft AD, Schjerling P, Halkjaer-Kristensen J and Pedersen BK. Plas-
ma interleukin-6 during strenuous exercise: role of epinephrine.
Am.J.Physiol.Cell.Physiol. 281: C1001-4, 2001.

81. Steinberg LL, Lauro FA, Sposito MM, Tufik S, Mello MT, Naffah-Mazzacoratti
MG, Cavalheiro EA and Silva AC. Catecholamine response to exercise in individu-
als with different levels of paraplegia. Braz.J.Med.Biol.Res. 33: 913-918, 2000.

82. Stolzmann KL, Gagnon DR, Brown R, Tun CG and Garshick E. Risk factors for
chest illness in chronic spinal cord injury: a prospective study.
Am.J.Phys.Med.Rehabil. 89: 576-583, 2010.

83. Tonnesen E, Christensen NJ and Brinklov MM. Natural killer cell activity during
cortisol and adrenaline infusion in healthy volunteers. Eur.J.Clin.Invest. 17: 497-
503, 1987.

84. Ueta M, Furusawa K, Takahashi M, Akatsu Y, Nakamura T and Tajima F. Attenua-
tion of natural killer cell activity during 2-h exercise in individuals with spinal cord
injuries. Spinal Cord 46: 26-32, 2008.

85. Van Houtte S, VanlandewijckY and Gosselink R. Respiratory muscle training in per-
sons with spinal cord injury: a systematic review. Respir.Med. 100: 1886-1895,
2006.

86. Vissing J, Wilson LB, Mitchell JH and Victor RG. Static muscle contraction reflexly
increases adrenal sympathetic nerve activity in rats. Am.J.Physiol. 261: R1307-12,
1991.

87. Walsh NP, Gleeson M, Shephard RJ, Gleeson M, Woods JA, Bishop NC, Fleshner
M, Green C, Pedersen BK, Hoffman-Goetz L, Rogers CJ, Northoff H, Abbasi A and
Simon P. Position statement. Part one: Immune function and exercise.
Exerc.Immunol.Rev. 17: 6-63, 2011.

88. Wheeler G, Cumming D, Burnham R, Maclean I, Sloley BD, Bhambhani Y and
Steadward RD. Testosterone, cortisol and catecholamine responses to exercise stress
and autonomic dysreflexia in elite quadriplegic athletes. Paraplegia 32: 292-299,
1994.

89. Yamanaka M, Furusawa K, Sugiyama H, Goto M, Kinoshita T, Kanno N, Takaoka K
and Tajima F. Impaired immune response to voluntary arm-crank ergometer exercise
in patients with cervical spinal cord injury. Spinal Cord 48: 734-739, 2010.

90. Zeitzer JM, Ayas NT, Shea SA, Brown R and Czeisler CA. Absence of detectable
melatonin and preservation of cortisol and thyrotropin rhythms in tetraplegia.
J.Clin.Endocrinol.Metab. 85: 2189-2196, 2000.

Spinal cord injury and exercise immunology • 163

EIR 19 2013




