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Abstract

Purpose

To compare the effects of endurance exercise performed in the morning and evening on

inflammatory cytokine responses in young men.

Methods

Fourteen healthy male participants aged 24.3 ± 0.8 years (mean ± standard error) per-

formed endurance exercise in the morning (0900–1000 h) on one day and then in the even-

ing (1700–1800 h) on another day with an interval of at least 1 week between each trial. In

both the morning and evening trials, the participants walked for 60 minutes at approximately

60% of the maximal oxygen uptake ( _VO2max) on a treadmill. Blood samples were collected to

determine hormones and inflammatory cytokines at pre-exercise, immediately post exer-

cise, and 2 h post exercise.

Results

Plasma interleukin (IL)-6 and adrenaline concentrations were significantly higher immedi-

ately after exercise in the evening trial than in the morning trial (P < 0.01, both). Serum free

fatty acids concentrations were significantly higher in the evening trial than in the morning

trial at 2 h after exercise (P < 0.05). Furthermore, a significant correlation was observed

between the levels of IL-6 immediately post-exercise and free fatty acids 2 h post-exercise

in the evening (r = 0.68, P < 0.01).
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Conclusions

These findings suggest that the effect of acute endurance exercise in the evening enhances

the plasma IL-6 and adrenaline concentrations compared to that in the morning. In addition,

IL-6 was involved in increasing free fatty acids, suggesting that the evening is more effective

for exercise-induced lipolysis compared with the morning.

Introduction
Hormonal changes, including increases in the plasma concentrations of several hormones (e.g.,
adrenaline and cortisol), occur in response to exercise and are known to have immunomodula-
tory effects [1,2]. In humans, several studies have reported that the secretion of interleukin
(IL)-6 is possibly stimulated by catecholamines during exercise [3,4]. In addition, the effect of
acute exercise on leukocytes is mediated by catecholamines [5,6]. The reduction of lympho-
cytes post exercise is also mediated by both catecholamines and cortisol [6]. These findings
suggest that exercise stimulates immunoendocrine responses, with its effects on the inflamma-
tory response in particular being mediated by activation of the sympathetic nervous system,
and the hypothalamic-pituitary-adrenal axis [7].

The circadian system influences all aspects of physiological functions, including the endo-
crine, nervous, and immune systems [8–10]. Recently, inflammatory cytokines, including the
tumor necrosis factor (TNF)-α, IL-6, and IL-1β, have been shown to exhibit diurnal variation
in humans [11,12]. Moreover, increased plasma IL-6 has been reported to increase substrate
metabolism [13]. In a previous study, an increase in the plasma concentration by an IL-6 infu-
sion was shown to promote lipolysis and lipid oxidation [13]. In addition, catecholamines and
cortisol concentrations are increased by acute endurance exercise, but the responses are differ-
ent for morning and evening exercise [8,14–16]. Catecholamines are known to be involved in
the secretory stimulation or inhibition of IL-6 [17–19]. Therefore, this response can be consid-
ered to have different possibilities depending on whether acute endurance exercise is per-
formed in the morning or evening.

For the aforementioned reasons outlined, hormonal responses at different times of day
may contribute to altering the inflammatory cytokine responses through acute endurance
exercise. However, to the best of our knowledge, little is known about the effect of acute
endurance exercise on inflammatory cytokine responses at a particular time of day. Moreover,
a previous study showed that moderate-intensity exercise stimulates the immune system and
may be somewhat responsible for exercise-related reduction in disease [20]. Therefore, further
research is needed to investigate the role of acute endurance exercise on inflammatory cyto-
kine responses at different times of day. The purpose of this study was to compare the effects
of endurance exercise, performed either in the morning or evening, on inflammatory cytokine
responses.

Method

Participants
Fourteen healthy males aged 21–30 years with no regular exercise training participated in this
study after providing written informed consent. This study was conducted according to the
guidelines laid down in the Declaration of Helsinki and was approved by the ethics committee
of Waseda University (2011–906). Participants were recruited only if they met the following
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criteria: non-smoker, no known history of cardiovascular disease, body mass index (BMI)<30
kg/m2, and did not have any condition or take any medication known to affect inflammation.

Preliminary measurements
On the subjects’ first visit to the laboratory, their height, weight, heart rate, and body fat per-
centage were measured by the same researcher. Participants initially performed an incremental
exercise test to exhaustion on a treadmill (MAT-2700, Fukuda Denshi) to determine the maxi-

mal oxygen uptake ( _VO2max) as previously described [21]. During exercise, a 12-lead electrocar-
diogram was recorded (Stress Test System ML-6500; Fukuda Denshi), and heart rate was
derived from the R-R interval. In addition, ratings of perceived exertion were determined at the
end of each min of exercise. Breath-by-breath measurements were recorded throughout the

exercise to monitor oxygen uptake ( _VO2) and carbon dioxide output ( _VCO2) by using an auto-
mated gas analysis system (AE-300S; Minato Medical Science, Osaka, Japan). The gas analyzers
were calibrated with an O2 (15.3%), CO2 (5.1%) and N2 balance gas mixture, and the volume
transducer was calibrated with a 2-L calibration syringe. Maximum effort was determined

based on achieving a plateau of _VO2 despite increasing workloads of meeting at least two of the
following criteria: (1) a rating of perceived exertion>18, (2) attaining an age-predicted maxi-
mal heart rate (220 − age [in years]), and (3) achieving a high respiratory exchange ratio>1.15

[22]. Data from the maximal exercise test were used to determine 60% of _VO2max for each sub-
ject. Furthermore, the slope and speed of adjustment were calculated as the oxygen uptake of

60% _VO2max within 10 min from the start of exercise.

Main trials
A randomized cross-over design was used. Each participant underwent two laboratory-based
trials in random order: (1) morning trial (0900–1000 h), and (2) evening trial (1700–1800 h).

The interval between trials was at least 1 wk. Each participant walked at 60% _VO2max on a tread-
mill for 60 min. On the day of the trials, all participants ate the same diet 3 h before exercise.
The meal was 2,430 kJ, and energy was derived from 34.4% fat, 59.9% carbohydrates, and 5.7%
protein. All subjects were instructed to maintain their usual daily dietary, sleep, and physical
activity patterns during the entire study, and they repeated their dietary intake, sleep, and phys-
ical activity patterns during the day before each trial. Subjects were also instructed to abstain
from transitory strenuous physical exercise and alcohol intake for at least 2 days before each
trial.

Blood collection and analysis
Venous blood samples were collected from each participant before and immediately after exer-
cise, as well as at 2 h after exercise. Blood samples were collected in a 6-mL tube containing
thrombin and a heparin-neutralizing agent, a 7-mL tube containing ethylenediaminetetraacetic
acid (EDTA)-Na2, and a 2-mL tube containing EDTA-Na2. Hemoglobin and hematocrit were
determined on EDTA-treated venous blood using an automatic blood cell counter (pocH-100i,
Sysmex). Remaining tubes were centrifuged at 3,500 rpm at 10 min after collection, and plasma
and serum were stored at -80°C until the assay. Plasma TNF-α, IL-6, and IL-1β were measured
using commercial solid-phase, enzyme-linked immunosorbent assay (High sensitivity, Quanti-
kine, R&D System, Minneapolis, MN). Plasma adrenaline and noradrenaline concentrations
were measured using high-performance liquid chromatography. Plasma concentrations of cor-
tisol were measured by radioimmunoassay. Serum C-reactive protein (CRP) concentrations
were measured by latex turbidimetric immunoassay. Serum free fatty acids concentrations

Time of Day and Cytokine during Exercise

PLOS ONE | DOI:10.1371/journal.pone.0137567 September 9, 2015 3 / 10



were analyzed using an enzymatic colorimetric method. Plasma adrenaline, noradrenaline, cor-
tisol, and serum CRP were analyzed by SRL, Inc. (Tokyo, Japan). Changes in plasma volume
during the acute bout of exercise were calculated using the method outlined by Dill and Costill,
and were used for the collection of blood markers [23].

Statistical analysis
All data were presented as a mean ± standard error. All blood parameters were tested for nor-
mal distribution using the Kolmogorov-Smirnov test. The distribution of these parameters did
not differ significantly from normal. To compare changes in plasma hormones, plasma IL-6,
TNF-α, IL-1β, and serum CRP concentrations between trials over time, two-way repeated mea-
sures analysis of variance was used with the trial and time as factors. When significant main or
interaction effects were detected, we used the Bonferroni Method for post-hoc comparisons.
Pearson’s product-moment correlation coefficient was calculated to determine the relationship
between IL-6 and free fatty acid. All statistical significance was set at P< 0.05. Data analysis
was performed using PASW Statistics 18 software (SPSS Japan Inc.).

Results

Participants’ characteristics
The participants’ characteristics are shown in Table 1.

Plasma hormone responses
Significant trial × time interactions were found for changes in plasma adrenaline, noradrena-
line, and cortisol concentrations (P< 0.01, P< 0.05, and P< 0.05, respectively). Plasma adren-
aline concentrations were significantly higher immediately after exercise in the evening trial
than in the morning trial (P< 0.01). However, plasma noradrenaline concentrations were not
significantly different between the trials. The plasma cortisol concentration was significantly
higher before exercise in the morning trial than in the evening trial (P< 0.05) (Fig 1).

Plasma inflammatory cytokines and serum CRP
Significant trial × time interactions were found for changes in plasma IL-6 and TNF-α
(P< 0.05, both). Plasma IL-6 concentrations were significantly higher immediately after exer-
cise in the evening trial than in the morning trial (P< 0.01) (Fig 1d). Conversely, plasma TNF-
α concentrations were significantly higher pre-exercise in the morning trial than in the evening
trial (P< 0.05, both). There was no significant trial × time interaction for changes in the
plasma IL-1β and serum CRP concentrations (Table 2).

Table 1. Baseline physical characteristics (N = 14).

Mean ± SE

Age 24.3 ± 0.8

Height (cm) 174.8 ± 1.7

Body mass (kg) 71.6 ± 2.7

BMI (kg/m2) 23.4 ± 0.7

%fat 17.5 ± 1.3

_VO2max
48.7 ± 2.2

Value are mean ± SE, BMI, body mass index.

doi:10.1371/journal.pone.0137567.t001
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Fig 1. Changes in plasma hormone and IL-6 duringmorning and evening of acute endurance exercise. Plasma concentrations of adrenaline (a),
noradrenaline (b), cortisol (c) and interleukin-6 (d) before (Pre), immediately after (Post), and 2 h after (Post 2 h) exercise. Data represent the
mean ± standard error. * P < 0.05, ** P < 0.01, and *** P < 0.001, compared with values at pre-exercise. † P < 0.05, †† P < 0.01, and ††† P < 0.001, compared
with values immediately after exercise. # P < 0.05 and ## P < 0.01, significant difference between the morning and evening values.

doi:10.1371/journal.pone.0137567.g001

Table 2. Change in plasma cytokines and serumCRP in the morning and evening (N = 14).

Morning Evening

Pre Post Post 2h Pre Post Post 2h

TNF-α (pg/ml) 0.59 ± 0.14 # 0.56 ± 0.13 0.60 ± 0.12 0.52 ± 0.12 0.60 ± 0.12 0.62 ± 0.14

IL-1β (pg/ml) 0.18 ± 0.05 0.14 ± 0.03 0.14 ± 0.02 0.14 ± 0.02 0.19 ± 0.04 0.16 ± 0.03

CRP (mg/dl) 0.04 ± 0.01 0.04 ± 0.01 0.04 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 0.05 ± 0.01

Value are mean ± SE, TNF-α, Tumor necrosis factor-alpha; IL-1β, Interleukin-1β; CRP, C-reactive protein.
#P < 0.05 compared with level (Pre) in the Evening trial.

doi:10.1371/journal.pone.0137567.t002
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Lipid metabolism
Serum free fatty acids concentrations were significantly higher in the evening trial than in the
morning trial at 2 h after exercise (P< 0.05). Furthermore, a significant correlation was
observed between levels of IL-6 immediately post exercise and free fatty acids 2 h post exercise
in the evening (r = 0.68; P< 0.01) (Fig 2).

Discussion
This study is one of the first to examine the effects of acute endurance exercise on inflamma-
tory cytokine responses at different times of day. The unique aspects of our study are as follows.
First, in 60-min periods of acute endurance exercise in the morning and evening, the concen-
trations of plasma IL-6 were significantly higher in the evening trial than in the morning trial
immediately after exercise. Second, plasma adrenaline concentrations were significantly higher
immediately after exercise in the evening trials than in the morning trials. Third, free fatty
acids after exercise, which were shown to be associated with IL-6, were more enhanced in the
evening trials. These findings show that inflammatory cytokine and hormone responses to
acute endurance exercise are more enhanced in the evening than in the morning, and this has
been suggested to influence the difference between morning and evening lipolytic responses.

One of the interesting findings in this study was that a 60-min period of acute endurance
exercise induced a significantly higher increase in concentrations of plasma adrenaline and IL-
6 in the evening trials in comparison with the morning trials. Adrenaline increases the concen-
tration of IL-6 [17,18]. However, noradrenaline affects IL-6 release in both inhibition and acti-
vation [19]. In addition, catecholamine responses to exercise differ in the morning and
evening, with it being reported that they are higher in the evening than in the morning [8,14].
Plasma adrenaline concentrations in this study were significantly higher immediately after
exercise in the evening than in the morning, which matches previous studies [8,14]. However,
plasma noradrenaline concentrations were not significantly different between the trials. In this
study, differences in adrenaline concentrations could have been seen due to differences in
blood flow in the morning and evening during the trials of acute endurance exercise [24]. How-
ever, an explanation for the different adrenaline responses to acute endurance exercise in the
morning and evening remains elusive. IL-6 is a multifunctional cytokine that plays an impor-
tant role in immune regulation and inflammation, depending on factors such as exercise inten-
sity and duration, which are increased during and post exercise [25]. IL-6 is secreted from
adipose tissue and muscle cells by the contraction of skeletal muscles during exercise, and it
contributes to substrate metabolism through the effect of autocrine and paracrine action
[26,27]. In previous studies, an increase in IL-6 has been reported to enhance lipolysis and
increase free fatty acids concentrations [28,29]. Furthermore, the enhancement of lipolysis has
been shown to be maintained up to 2 h after injection of IL-6 [28,29]. In this study, free fatty
acids were observed to have significantly higher concentrations in the evening compared to the
morning after a period of exercise for 2 h. Additionally, a significant correlation was observed
between levels of IL-6 immediately post exercise and free fatty acids 2 h post exercise in the
evening. However, no significant correlation was observed with the immediate post exercise
period of the morning trial. Therefore, contributions to the enhanced lipolysis of the increased
plasma IL-6 due to acute endurance exercise is considered to be higher in the evening com-
pared to the morning. In addition, increases in the plasma concentrations of IL-6 due to acute
endurance exercise is not dependent on the inflammatory cascade of TNF-α, and it has been
shown to be produced by skeletal muscle contraction [30]. In fact, there were no significant
changes in the TNF-α response during the morning and evening trials of acute endurance exer-
cise in the present study. Thus, it can be presumed that the IL-6 response to acute endurance
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Fig 2. The relationship between the free fatty acids and IL-6 duringmorning and evening of acute endurance exercise. Serum concentrations of free
fatty acids (a) before (Pre), immediately after (Post), and 2 h after (Post 2 h) exercise. Data represent the mean ± standard error. *** P < 0.001, compared
with values at pre-exercise. † P < 0.05, compared with values immediately after exercise. # P < 0.05, significant difference between the morning and evening
values. The relationship between levels of interleukin-6 immediately post exercise and free fatty acids 2 h post exercise in the evening (r = 0.68, P < 0.01) (b).

doi:10.1371/journal.pone.0137567.g002

Time of Day and Cytokine during Exercise

PLOS ONE | DOI:10.1371/journal.pone.0137567 September 9, 2015 7 / 10



exercise is partly attributed to skeletal muscle contraction. From these findings, the concentra-
tions of plasma adrenaline and IL-6 to acute endurance exercise in the morning and evening
were significantly higher in the evening than in the morning, which suggests that adrenaline
may be involved in the changes of IL-6. Moreover, plasma IL-6 increases resulting from acute
endurance exercise have been suggested to influence increased lipolysis.

It is meaningful that the elevated plasma IL-6 observed in the present study enhanced lipol-
ysis after exercise. Plasma IL-6 increased immediately after exercise in the present study by an
extent equivalent to observations in previous research [26]. IL-6 has a lipid metabolism-
enhancing action [26,27]. However, the injection of recombinant human IL-6 has often been
used in research [13,31], and it is not clear how lipid metabolism is affected by fluctuations in
IL-6 caused by exercise. With exercise in the present study, plasma IL-6 increased modestly,
suggesting that lipolysis after exercise is enhanced.

Differences were not seen in the response of plasma cortisol during the morning and even-
ing trials of acute endurance exercise. Cortisol has been shown to be a major factor in the neu-
roendocrine regulation of the immune system, having an anti-inflammatory effect, and it has
been reported to be negatively correlated with the production of a number of inflammatory
cytokines [32]. In addition, the response of cortisol to exercise has been reported to be higher
in the morning in comparison with the evening [16]. However, there were no significant differ-
ences in the responses of cortisol between the trials in the current study. The response of corti-
sol to exercise has been shown to be effected by factors such as exercise intensity, duration, and
diet [33,34]. In previous studies, it was considered that food, which had not been controlled,
affected the cortisol response. However, the present study controlled food as well as the exercise
duration and intensity pre-exercise. Therefore, our study findings suggest that the response of
cortisol to acute endurance exercise may not be affected by the time of day such as the morning
and evening.

There are several limitations to this study. First, subjects in our study were healthy young
men. Our findings do not apply to other individuals such as obese men and women, or popula-
tions with low-grade inflammation. Second, it is impossible to rule out that the hormone and
cytokine response during morning and evening exercise was impacted by the circadian rhythm,
thus it would be necessary to set conditions without morning and evening exercise and more
stringently investigate the impact with respect to morning and evening exercise. However,
regarding the hormone and cytokine response in the present study, the response from morning
and evening exercise was greater than the magnitude of variation that is observed due to the
circadian rhythm, and therefore the conclusions of the present study are believed to be valid.
Finally, the pre-experiment diet was regulated throughout the present study so there was no
precise assessment of the sleep time on the day before the experiment. A lack of sleep can
potentially impact metabolism or the immune response so further investigation needs to be
performed along with regulating sleep.

Conclusions
In conclusion, our study findings demonstrated that acute endurance exercise in the evening
enhanced more plasma IL-6 and adrenaline concentrations in comparison with that in the
morning. Plasma IL-6 also functions as a hormone that acts on the enhancement of lipolysis,
and it has been indicated to increase the blood levels of free fatty acids 2 h after exercise. From
these findings, the effects of exercise in the evening on enhanced lipolysis seem to be more ben-
eficial than exercise in the morning.

Time of Day and Cytokine during Exercise

PLOS ONE | DOI:10.1371/journal.pone.0137567 September 9, 2015 8 / 10



Author Contributions
Conceived and designed the experiments: MTMK SN SS HKK. Performed the experiments:
MT NE HT KS HKK. Analyzed the data: MT HT HKK. Contributed reagents/materials/analy-
sis tools: MT KS HKK. Wrote the paper: MTMK SKL YHK KS SS HKK.

References
1. Gagnon DD, Gagnon SS, Rintamäki H, Törmäkangas T, Puukka K, Herzig K-H, et al. The Effects of

Cold Exposure on Leukocytes, Hormones and Cytokines during Acute Exercise in Humans. PLoS
One. 2014; 9: e110774. PMID: 25338085

2. Gleeson M. Immune function in sport and exercise. J Appl Physiol. 2007; 103: 693–699. PMID:
17303714

3. Papanicolaou DA, Petrides JS, Tsigos C, Bina S, Kalogeras KT, Wilder R, et al. Exercise stimulates
interleukin-6 secretion: inhibition by glucocorticoids and correlation with catecholamines. Am J Physiol.
1996; 271: E601–605. PMID: 8843757

4. Giraldo E, Garcia JJ, Hinchado MD, Ortega E. Exercise intensity-dependent changes in the inflamma-
tory response in sedentary women: role of neuroendocrine parameters in the neutrophil phagocytic pro-
cess and the pro-/anti-inflammatory cytokine balance. Neuroimmunomodulation. 2009; 16: 237–244.
doi: 10.1159/000212384 PMID: 19365147

5. Steensberg A, Toft AD, Schjerling P, Halkjær-kristensen J, Pedersen BK, Schjer P, et al. Plasma inter-
leukin-6 during strenuous exercise: role of epinephrine. Am J Physiol Cell Physiol. 2001; 281: C1001–
1004. PMID: 11502577

6. Pedersen BK, Adam P, Keller P, Keller C, Fischer C, Hiscock N, et al. Muscle-derived interleukin-6:
lipolytic, anti-inflammatory and immune regulatory effects. Eur J Physiol. 2003; 446: 9–16.

7. Martín-Cordero L, García JJ, Hinchado MD, Ortega E. The interleukin-6 and noradrenaline mediated
inflammation-stress feedback mechanism is dysregulated in metabolic syndrome: effect of exercise.
Cardiovasc Diabetol. BioMed Central Ltd; 2011; 10: 1–9. doi: 10.1186/1475-2840-10-42

8. Scheer FAJL, Hu K, Evoniuk H, Kelly EE, Malhotra A, Hilton MF. Impact of the human circadian system,
exercise, and their interaction on cardiovascular function. Proc Natl Acad Sci U S A. 2010; 107: 20541–
20546. doi: 10.1073/pnas.1006749107 PMID: 21059915

9. Shephard RJ, Shek PN. Interactions between sleep, other body rhythms, immune responses, and exer-
cise. Can J Appl Physiol. 1997; 22: 95–116. PMID: 9140665

10. Trine MR, MorganWP. Influence of time of day on psychological responses to exercise. A review.
Sports Med. 1995; 20: 328–37. PMID: 8571006

11. Born J, Lange T, Hansen K, Mölle M, Fehm HL. Effects of sleep and circadian rhythm on human circu-
lating immune cells. J Immunol. 1997; 158: 4454–4464. PMID: 9127011

12. Rahman SA, Castanon-Cervantes O, Scheer FAJL, Shea SA, Czeisler CA, Davidson AJ, et al. Endog-
enous circadian regulation of pro-inflammatory cytokines and chemokines in the presence of bacterial
lipopolysaccharide in humans. Brain Behav Immun. 2015; 47: 4–13. doi: 10.1016/j.bbi.2014.11.003
PMID: 25452149

13. Petersen EW, Carey a L, Sacchetti M, Steinberg GR, Macaulay SL, Febbraio Ma, et al. Acute IL-6 treat-
ment increases fatty acid turnover in elderly humans in vivo and in tissue culture in vitro. Am J Physiol
Endocrinol Metab. 2005; 288: E155–E162. PMID: 15383370

14. Kim HK, Takahashi M, Konishi M, Tabata H, Endo N, Numao S, et al. The effects of acute endurance
exercise performed either in the morning or evening on metabolic and hormone responses. Japanese
Soc Clin Sport Med. 2014; 22: 497–505 (In Japanese).

15. Dimitriou L, Sharp NCC, Doherty M. Circadian effects on the acute responses of salivary cortisol and
IgA in well trained swimmers. Br J Sports Med. 2002; 36: 260–264. doi: 10.1136/bjsm.36.4.260 PMID:
12145115

16. Zelazowska EB, Singh A, Raybourne RB, Sternberg EM, Gold PW, Deuster PA. Lymphocyte subpopu-
lation expression in women: effect of exercise and circadian rhythm. Med Sci Sports Exerc. 1997; 29:
467–473. PMID: 9107628

17. Helge JW, Stallknecht B, Pedersen BK, Galbo H, Kiens B, Richter E. The effect of graded exercise on
IL-6 release and glucose uptake in human skeletal muscle. J Physiol. 2003; 546: 299–305. PMID:
12509497

18. Keller P, Keller C, Robinson LE, Pedersen BK. Epinephrine infusion increases adipose interleukin-6
gene expression and systemic levels in humans. J Appl Physiol. 2004; 97: 1309–1312. PMID:
15180973

Time of Day and Cytokine during Exercise

PLOS ONE | DOI:10.1371/journal.pone.0137567 September 9, 2015 9 / 10

http://www.ncbi.nlm.nih.gov/pubmed/25338085
http://www.ncbi.nlm.nih.gov/pubmed/17303714
http://www.ncbi.nlm.nih.gov/pubmed/8843757
http://dx.doi.org/10.1159/000212384
http://www.ncbi.nlm.nih.gov/pubmed/19365147
http://www.ncbi.nlm.nih.gov/pubmed/11502577
http://dx.doi.org/10.1186/1475-2840-10-42
http://dx.doi.org/10.1073/pnas.1006749107
http://www.ncbi.nlm.nih.gov/pubmed/21059915
http://www.ncbi.nlm.nih.gov/pubmed/9140665
http://www.ncbi.nlm.nih.gov/pubmed/8571006
http://www.ncbi.nlm.nih.gov/pubmed/9127011
http://dx.doi.org/10.1016/j.bbi.2014.11.003
http://www.ncbi.nlm.nih.gov/pubmed/25452149
http://www.ncbi.nlm.nih.gov/pubmed/15383370
http://dx.doi.org/10.1136/bjsm.36.4.260
http://www.ncbi.nlm.nih.gov/pubmed/12145115
http://www.ncbi.nlm.nih.gov/pubmed/9107628
http://www.ncbi.nlm.nih.gov/pubmed/12509497
http://www.ncbi.nlm.nih.gov/pubmed/15180973


19. Nance DM, Sanders VM. Autonomic innervation and regulation of the immune system (1987–2007).
Brain, Behavior, and Immunity. 2007. pp. 736–745. doi: 10.1016/j.bbi.2007.03.008 PMID: 17467231

20. Ploeger HE, Takken T, de Greef MHG, Timmons BW. The effects of acute and chronic exercise on
inflammatory markers in children and adults with a chronic inflammatory disease: a systematic review.
Exerc Immunol Rev. 2009; 15: 6–41. PMID: 19957870

21. Takagi S, Sakamoto S, Midorikawa T, Konishi M. Determination of the exercise intensity that elicits
maximal fat oxidation in short-time testing. J Sports Sci. 2014; 32: 175–182. doi: 10.1080/02640414.
2013.815360 PMID: 24015928

22. Midgley AW, Mcnaughton LR, Polman R, Marchant D. Criteria for Determination of Maximal Oxygen
Uptake A Brief Critique and Recommendations for Future Research. Sports Med. 2007; 37: 1019–
1028. PMID: 18027991

23. Dill DB, Costill DL. Calculation of percentage changes in volumes of blood, plasma, and red cells in
dehydration. J Appl Physiol. 1974; 37: 247–248. PMID: 4850854

24. Stallknecht B, Simonsen L, Bülow J, Vinten J, Galbo H. Effect of training on epinephrine-stimulated
lipolysis determined by microdialysis in human adipose tissue. Am J Physiol. 1995; 269: E1059–1066.
PMID: 8572197

25. Petersen AMW, Pedersen BK. The anti-inflammatory effect of exercise. J Appl Physiol. 2005; 98:
1154–1162. doi: 10.1152/japplphysiol.00164.2004 PMID: 15772055

26. Fischer CP. Interleukin-6 in acute exercise and training: What is the biological relevance? Exerc Immu-
nol Rev. 2006; 12: 6–33. PMID: 17201070

27. Pedersen BK, Febbraio MA. Muscles, exercise and obesity: skeletal muscle as a secretory organ. Nat
Rev Endocrinol. 2012; 8: 457–465. doi: 10.1038/nrendo.2012.49 PMID: 22473333

28. Wolsk E, Mygind H, Grøndahl TS, Pedersen BK, Van Hall G. IL-6 selectively stimulates fat metabolism
in human skeletal muscle IL-6 selectively stimulates fat metabolism in human skeletal muscle. Am J
Physiol Endocrinol Metab. 2010; 299: E832–E840. doi: 10.1152/ajpendo.00328.2010 PMID: 20823453

29. Hall GVAN, Steensberg A, Sacchetti M, Fischer C, Keller C, Schjerling P, et al. Interleukin-6 Stimulates
Lipolysis and Fat Oxidation in Humans. J Clin Endocrinol Metab. 2003; 88: 3005–3010. PMID:
12843134

30. Keller C, Hellsten Y, Steensberg A, Klarlund Pedersen B. Differential regulation of IL-6 and TNF-α via
calcineurin in human skeletal muscle cells. Cytokine. 2006; 36: 141–147. PMID: 17197194

31. Wolsk E, Mygind H, Grøndahl TS, Pedersen BK, van Hall G. IL-6 selectively stimulates fat metabolism
in human skeletal muscle. Am J Physiol Endocrinol Metab. 2010; 299: E832–E840. doi: 10.1152/
ajpendo.00328.2010 PMID: 20823453

32. Hermann C, von Aulock S, Dehus O, Keller M, Okigami H, Gantner F, et al. Endogenous cortisol deter-
mines the circadian rhythm of lipopolysaccharide—but not lipoteichoic acid—inducible cytokine
release. Eur J Immunol. 2006; 36: 371–379. PMID: 16453387

33. Brandenberger G, Follenius M, Hietter B. Feedback frommeal-related peaks determines diurnal
changes in cortisol response to exercise. J Clin Endocrinol Metab. 1982; 54: 592–596. PMID: 7199057

34. Davies CT, Few JD. Effects of exercise on adrenocortical function. J Appl Physiol. 1973; 35: 887–891.
PMID: 4765828

Time of Day and Cytokine during Exercise

PLOS ONE | DOI:10.1371/journal.pone.0137567 September 9, 2015 10 / 10

http://dx.doi.org/10.1016/j.bbi.2007.03.008
http://www.ncbi.nlm.nih.gov/pubmed/17467231
http://www.ncbi.nlm.nih.gov/pubmed/19957870
http://dx.doi.org/10.1080/02640414.2013.815360
http://dx.doi.org/10.1080/02640414.2013.815360
http://www.ncbi.nlm.nih.gov/pubmed/24015928
http://www.ncbi.nlm.nih.gov/pubmed/18027991
http://www.ncbi.nlm.nih.gov/pubmed/4850854
http://www.ncbi.nlm.nih.gov/pubmed/8572197
http://dx.doi.org/10.1152/japplphysiol.00164.2004
http://www.ncbi.nlm.nih.gov/pubmed/15772055
http://www.ncbi.nlm.nih.gov/pubmed/17201070
http://dx.doi.org/10.1038/nrendo.2012.49
http://www.ncbi.nlm.nih.gov/pubmed/22473333
http://dx.doi.org/10.1152/ajpendo.00328.2010
http://www.ncbi.nlm.nih.gov/pubmed/20823453
http://www.ncbi.nlm.nih.gov/pubmed/12843134
http://www.ncbi.nlm.nih.gov/pubmed/17197194
http://dx.doi.org/10.1152/ajpendo.00328.2010
http://dx.doi.org/10.1152/ajpendo.00328.2010
http://www.ncbi.nlm.nih.gov/pubmed/20823453
http://www.ncbi.nlm.nih.gov/pubmed/16453387
http://www.ncbi.nlm.nih.gov/pubmed/7199057
http://www.ncbi.nlm.nih.gov/pubmed/4765828

