
EIR 27 2021

67 Anti-inflammatory status correlated with clock genes modifications was observed in master athletes
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ABSTRACT

Purpose: Ageing is associated with alterations in the immune 
system as well as with alterations of the circadian rhythm. 
Immune cells show rhythmicity in execution of their tasks. 
Chronic inflammation (inflammaging), which is observed in the 
elderly, is mitigated by lifelong exercise. The aimed this study 
was to determine the acute effect of a maximal exercise test on 
clock genes, regulatory proteins and cytokine expression, and 
evaluate the effect of lifelong exercise on the expression of clock 
genes in subpopulations of effector-memory (EM) CD4+ and 
CD8+T cells and the association of these processes with the 
inflammatory profile. Therefore, this study aimed to investigate 
the expression of clock genes in subpopulations of effector 
memory (EM) CD4+ and CD8+ T cells in master athletes 
and healthy controls and further associate them with systemic 
inflammatory responses to acute exercise. 
Methods: The study population comprised national and 
international master athletes (n = 18) involved in three 
sports (athletics, swimming and judo). The control group  
(n = 8) comprised untrained healthy volunteers who had not 
participated in any regular and competitive physical exercise 
in the past 20 years. Anthropometric measurements and blood 
samples were taken before (Pre), 10 min after (Post) and 1 h after 
(1 h Post) a maximal cycle ergometer test for the determination 
of maximum oxygen consumption (VO2 max). The subpopulations 
of EM CD4+ and CD8+ T cells were purified using fluorescence-
activated cell sorting. RNA extraction of clock genes (CLOCK, 
BMAL1, PER1, PER2, CRY1, CRY2, REV-ERBα, REV-ERBβ, 
RORa, RORb and RORc) in EM CD4+ and EM CD8+ T cells 
as well as regulatory proteins (IL-4, IFN-γ, Tbx21, PD-1, Ki67, 
NF-kB, p53 and p21) in EM CD4+ T cells was performed. The 
serum concentration of cytokines (IL-8, IL-10, IL-12p70 and  
IL-17A) was measured. 
Results: The master athletes showed better physiological 
parameters than the untrained healthy controls (P<0.05). The 
levels of cytokines increased in master athletes at Post compared 
with those at Pre. The IL-8 level was higher at 1 h Post, whereas

the IL-10 and IL-12p70 levels returned to baseline. There was 
no change in IL-17A levels (P< 0.05). The clock genes were 
modulated differently in CD4+ T cells after an acute session of 
exercise in a training status-dependent manner. 
Conclusion: The synchronization of clock genes, immune 
function and ageing presents new dimensions with interesting 
challenges. Lifelong athletes showed modified expression 
patterns of clock genes and cytokine production associated with 
the physical fitness level. Moreover, the acute bout of exercise 
altered the clock machinery mainly in CD4+ T cells; however, 
the clock gene expressions induced by acute exercise were 
different between the master athletes and control group.
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INTRODUCTION

The decline in numerous physiological processes due to ageing, 
widely reported in previous studies, results in increased vulner-
ability to infectious and inflammatory diseases(1). Ageing also 
induces perturbations of the circadian rhythm (2), including dis-
ruption of the sleep/wake cycle, body temperature, food intake 
and metabolism, secretion of hormones, glucose homeostasis, 
cell cycle regulation  and immune response(3). The circadian 
rhythm is controlled by a central (suprachiasmatic nucleus) and 
peripheral clocks (organs and tissues)(3). At the cellular level, 
the circadian rhythm is controlled by a set of genes known as 
clock genes, which are transcriptional regulators that maintain 
rhythmic expression of their target genes over approximately 
24-h cycles(4).

As a master regulator, CLOCK (circadian locomotor 
output cycles kaput) is a transcription factor that forms het-
erodimers with BMAL1 (brain and muscle Arnt-like protein), 
forming a transcriptional activator complex that stimulates 
the transcription of the Period (PER1, PER2 and PER3) and 
Cryptochrome (CRY1 and CRY2) genes (negative feedback) 
in various tissues, cells and subsets of immune cells. In turn, 
the cytoplasmic PERs and CRYs proteins migrate to the nucle-
us after dimerization to inhibit the transcription of CLOCK-
BMAL1. The regulation of the circadian cycle occurs with the 
degradation of PER/CRY complexes in the proteasome, which 
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withdraws the inhibition of CLOCK and BMAL1, as well as 
the restart of this feedback loop (5–7). Another regulatory 
mechanism is induced by the CLOCK/BMAL1 heterodimeric 
complex that activates the transcription of orphan nuclear re-
ceptors (REV-ERB and ROR) (8–10).  REV-ERB (α and β) 
and ROR (a, b and c) subsequently compete for ROREs (reti-
noic acid-related orphan receptor response elements), present 
in the BMAL1 promoter. ROR activates BMAL1 transcription 
(10–12), whereas REV-ERB suppresses it (8,12). Therefore, 
BMAL1 circadian oscillations are both positively and nega-
tively regulated by RORs and REV-ERBs.

Organisms present either a constant circadian rhythm or an 
endogenous rhythm. The environment operates only as a syn-
chronizing agent (Zeitgeber)(13). Some environmental condi-
tions adjust the oscillators that generate circadian rhythm, re-
sulting in a continuous cycle. These external factors also serve 
as indicators of time and they are thus referred to as Zeitgeber 
(synchronizers). Daily light which restarts the central clock is 
the most important Zeitgeber. Therefore, the central clock in 
collaboration with other peripheral clocks, ensures the mainte-
nance of the circadian cycle and can be modified by external 
factors such as light, social activities, diet (14,15) and physical 
exercise (16–18).

The rhythmic expression of clock genes has been previ-
ously described in innate and adaptive immune cells, including 
macrophages (19–21), microglia (22), monocytes (23), mast 
cells (24,25), dendritic cells (DCs) (21), B cells (21), natural 
killer cells (26), neutrophils (27), eosinophils (24) and CD4+ 
and CD8+ T cells (28,29). Furthermore, the disruption of clock 
gene signalling induces chronic inflammation or increases the 
severity of symptoms in the elderly (30). 

Apart from circadian rhythm, clock genes are implicated 
in inflammatory response through activation of NF-κB signal-
ling in response to various immunomodulators that are regu-
lated by CLOCK, which is capable of regulating NF-κB-me-
diated transcription in the absence of BMAL1. Moreover, 
BMAL1 counteracts the CLOCK-mediated activation of 
NF-κB responsive genes. To substantiate this, Spengler et al. 
demonstrated the anti-inflammatory role of BMAL-1, and the 
activation of pro-inflammatory cytokines by CLOCK (31).

Interestingly, Nobis et al. (2019) demonstrated that clock 
genes in CD8+T cells modulate the response to vaccination by 
programming the transcriptional activities of these cells, mak-
ing them more prone to efficient activation and proliferation 
depending on the time of day. However, deletion of BMAL1 
in DCs or CD8 lymphocytes abrogated the circadian rhythm 
response to vaccination (32).

It is established that the ability to generate and maintain 
memory T cells is critical for lifelong immune health. Upon 
antigen encounter (after infection or vaccination), the number 
of antigen-specific T cells increase by several magnitudes and 
they differentiate into effector cells. While most of these ef-
fector cells die after the peak of their response, a subset of the 
subpopulation survives as memory cells that are long-lived and 
thereby providing protection against reinfection (33). Howev-
er, the generation and maintenance of these memory T cells are 
compromised with ageing (33,34).

Chronic exercise may alter the profile and expression of 
the circadian rhythm clock genes (17). Programmed exercise 
has been demonstrated to alter behavioural rhythms in mam-
mals kept in constant darkness. Previous studies highlighted 

that voluntary exercise influences how quick an animal syn-
chronises a new phase of a light/dark cycle (35,36).

Physical inactivity, sedentary lifestyle and poor nutrition in-
duce a disruption of the circadian rhythm, promoting an increase 
in the levels of pro-inflammatory factors and leading to chronic 
low-grade inflammation (37,38). Physical exercise is known to 
decrease TNF-α expression levels, reduce pro-inflammatory adi-
pokine levels, and lower the expression of Toll-like receptors on 
monocytes and macrophages, and increase the circulating levels 
of anti-inflammatory cytokines in healthy populations (38–41).

Evidence has shown that the practice of lifelong regular ex-
ercise may decelerate the ageing process (42–48). Cellular se-
nescence is a physiological process that occurs throughout life 
and is characterized by shortening of telomeres, damage to nu-
clear and mitochondrial DNA and, on immune cells, it induces 
the secretion of pro-inflammatory cytokines (49).

In terms of the immune system, lifelong athletes with 
consistent and regular years (≥20 years) of exercise practice 
(42,43,50,51) show reduced senescent T cell numbers and in-
creased plasma levels of anti-inflammatory cytokines, with IL-
10 levels similar to those of young adults (42–44).

A recent study demonstrated that sleep deprivation induc-
es a robust modification in the transcriptome of cytokine and 
interleukin pathways as well as in clock genes (52), thereby 
instigating the need to clarify the inter-relationship between 
immunosenescence (declining of the immune system function 
observed during ageing) exercise and clock genes. Therefore, 
we hypothesised that lifelong training can be useful as a low 
cost intervention to improve quality of life and promote healthy 
ageing by reducing the number of senescent cells through reg-
ulation of the circadian rhythm. This study aimed to determine 
the acute effect of a maximal exercise test on clock genes, reg-
ulatory proteins and cytokine expression and evaluate the effect 
of lifelong exercise on the expression of clock genes in subpop-
ulations of effector-memory (EM) CD4+ and CD8+ T cells and 
the association of these processes with the inflammatory profile.

METHODS

Participants

Eighteen master athletes (MA) (53.56±9.25 years) and a control 
group (CG) of eight untrained middle-aged adults (52.88±5.64 
years) consented to participate in this study. All participants 
were healthy, non-smokers without any form of illness, as deter-
mined by a health and medical questionnaire. The inclusion and 
exclusion criteria for both groups were as previously described 
(42). Briefly, MA are athletes who currently participate in com-
petitive sports and have done so for more than >20 years. We did 
not include athletes who trained or competed sporadically and/
or older competitors who resumed training after a long period 
of physical inactivity. The MA group comprised athletes cur-
rently participating in national and international competitions in 
three sports (athletics, swimming and judo). Participants in the 
CG had not participated in regular physical training for the past 
20 years, as determined by a questionnaire. All participants pro-
vided their written, informed consent to participate in the study, 
which was approved by the Ethics and Human Subjects Review 
Board at the Faculty of Sports Science and Physical Education, 
University of Coimbra.
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Study Flowchart

Anthropometric measures

The stature and body mass of each participant was determined 
using a Harpenden stadiometer model 98,603 (Holtain Limit-
ed) and a calibrated digital scale Seca model 770 (Seca, Bir-
mingham, UK), respectively. Measurements of weight and 
height were used to calculate the body mass index.

Determination of VO2max

The physiological response to an incremental exercise test was 
determined by a maximal progressive exercise on a cycle er-
gometer (Lode, Groningen, Netherlands). In brief, participants 
began cycling with a 75 W load for 3 min (warm-up stage) 
followed by increments of 25 W every 3 min until volition-
al exhaustion. The participants cycled at a constant rate of  
80 - 85 rpm. 

Breath-by-breath measurements of O2  and CO2  were 
continuously recorded throughout cycling using a gas analy-
ser with a breath by breath recording system (Quark CPET, 
COSMED, Rome, Italy). Participants breathed continuously 
through a facemask. The O2 and CO2 analysers were calibrat-
ed with known gases following the manufacturer’s guidelines 
(COSMED, Rome, Italy). The adopted criterion to define if 
VO2max was attainted was previously describe (53). Heart rate 
was monitored throughout the cycling by short-wave teleme-
try (COSMED, Rome, Italy).

Collection of blood samples

Venous blood samples (16 ml) were obtained through 
venepuncture in the antecubital vein and collected before 
exercise (Pre), 10 min after exercise (Post) and 1h after 
exercise (1h Post). The blood samples were collected in tubes 
containing EDTA and in a serum collection tube. EDTA tubes 
were used for flow cytometry and cell separation (cell sorting). 
The blood samples were centrifuged at 2000 rpm (4°C) for  
10 min. Serum and plasma after the centrifugation were stored 
at −80°C until use.

Isolation of purified CD4+ and CD8+ T-cells

Highly purified CD4+ and CD8+ T cells were isolated by fluo-
rescence-activated cell sorting using a FACSAria II cell sorter 

(BD). A five-colour combination of fluorochrome-conjugat-
ed monoclonal antibodies was used:CD3-PB (Pacific blue, 
clone UCHT1, Pharmingen, San Diego, CA EUA); CD4-APC 
(allophicocyanin, Clone 13B8.2, Beckman Coulter, Mi-
ami, FL, EUA); CD8-KO (Krome Orange, Clone 5MZ.332, 
Beckman Coulter, Miami, FL, USA); CD27-PECy5 (phy-
coerythrin-cyanine 5, clone R.8.01, Beckman Coulter) and 
CD45RA-PECy7 (phycoerythrin-cyanine 7, clone L48, BD 
Bioscience). This labelling enabled the identification EM 
CD4+ T cells (CD3+CD4+ CD27-CD45RA) and EM CD8+ 
T cells (CD3+CD8+CD27-CD45RA-). Furthermore, mRNA 
was extracted from EM CD4+ and EM CD8+ T cells.

RNA extraction of purified cells

The purified cells were transferred into a 1.5mL Eppen-
dorf tube and centrifuged at 300g for 5 min; the pellet was 
resuspended in 350μL of RLT lysis buffer (Qiagen, Hilden,  
Germany).

The RNA was reverse transcribed into complementary 
DNA (cDNA) using reverse transcriptase. The iScriptTM Re-
verse Transcription Supermix for RT-qPCR kit (BIO-RAD) 
was used for reverse transcription of total mRNA.

The RT-qPCR SYBR® green method was used for cDNA 
synthesis. In brief, this method uses a fluorochrome SYBR® 
green which binds to the amplification product (that is, be-
tween the double strands of cDNA) and emits fluorescence 
that is proportional to the amplification product. This enables 
the monitoring of the kinetics and efficiency of the amplifi-
cation process. Gene expression was determined using re-
al-time PCR (54) using LightCycler® 480 apparatus (Roche 
Diagnostics, Rotkreuz, Switzerland) and SYBER green as a 
fluorescent marker. Quantification of gene expression was 
performed using the comparative Ct method (Ct = threshold 
cycle; number of cycles in which the PCR product reaches a 
detection threshold). Glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) expression was used as the internal standard 
(55). Table 1 shows the sequences of the genes analysed.
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Serum cytokine levels

Quantification of the levels of cytokines including IL-10,  
IL-12p70, IL-17A and IL18 were performed using LEGEND-
plexTM multiplex kit (Human Inflammation Panel 1 Mix and 
Match Subpanel LEGENDplexTM - 5-plex; Biolegend) ac-
cording to the manufacturer’s instructions. The assays were 
performed in duplicates. Analysis was performed using BD 
FACSCalibur ™ flow cytometer. Data obtained were analysed 
using Legendplex V8.0 software (Biolegend) and the results 
were expressed as pg/mL.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 
version 8.4.2 for windows (GraphPad Software, San Diego, 
California USA). The significance level was set at P<0.05. 
Descriptive statistics were presented as mean±standard 
deviation. Sequential changes in acute exercise at the different 
time points (Pre, Post, 1h Post) were analysed using repeated-
measures analysis of variance or mixed-effects analysis 

followed by Tukey’s post hoc test. Correlations between 
parameters and between changes in variables were analysed 
using Spearman’s rank correlation. To estimate the strength 
of the exercise, Cohen’s effect size was calculated and 
categorised by convention as small (d=0.2), medium (d=0.5) 
and large effect (d=0.8) using G*Power version 3.1.9.2.

RESULTS

The anthropometric data and physiological parameters are 
summarised in Table 2. As expected, MA showed better phys-
iological parameters in response to maximal exercise than 
CG, as well as a higher value for the time test (min; P=0.005), 
maximum power produced by the test (watts; P=0.005),  
maximum ventilation (VE, ml/min; P=0.03), maximum oxy-
gen consumption (VO2max, ml/min and ml/min/Kg; p=0.003 
and P=0.021, respectively) and carbon dioxide production  
(VCO2 max, ml/min; P=0.006) (Table 2).

Table 1. List of primers for the clock genes 266 

 267 

Genes Forward sequence Reverse sequence 
CLOCK AGACCCTTCCTCAACACCAA TGATGACCTTCTTTGCACCA 

BMAL1-ARNTL GCAGCTCCACTGACTACCAAG TGTGAGCTTCCCTTGCATTT 
PER1 TCTGCCGTATCAGAGGAGGT CCCGGATCTTGGTCACATA 

PER2 AGCTGCTTGGACAGCGTCATCA CCTTCCGCTTATCACTGGACCT 

CRY1 TGTTGAAGCAAGGAAGAAGC TGCTCTGTCTCTGGACTTTAGG 

CRY2 GGGGACTACATCAGGCGATAC ATGCACTTGGCTGCCTTCT 

REV-ERBα CCCCAATGACAACAACACCT CATAGGACATGCCAGCAGAAC 

REV-ERBβ ATGTCAGCAATGTCGCTTCA CACGCTTAGGAATACGACCAA 

RORa AGGCTGCAAGGGCTTTTT GCAGCGGTTTCTACTGGTTC 

RORb ATCAAAGCAAGTCCAGGGAAG TGCAAACTCCACCACGTATT 
RORc GTCCCGAGATGCTGTCAAGT TGGTTCCTGTTGCTGCTGTT 

P21 TCCTCTTGGAGAAGATCAGCCG TCCTCTTGGAGAAGATCAGCCG 

IL-2 AGAACTCAAACCTCTGGAGGAAG GCTGTCTCATCAGCATATTCACAC 

IL-4 CCGTAACAGACATCTTTGCTGCC GAGTGTCCTTCTCATGGTGGCT 

P53 CCTCAGCATCTTATCCGAGTGG TGGATGGTGGTACAGTCAGAGC 

IFN-gamma GAGTGTGGAGACCATCAAGGAAG TGCTTTGCGTTGGACATTCAAGTC 

TBX21 ATTGCCGTGACTGCCTACCAGA GGAATTGACAGTTGGGTCCAGG 

PD1 AAGGCGCAGATCAAAGAGAGCC CAACCACCAGGGTTTGGAACTG 
NF-kB p65 TGAACCGAAACTCTGGCAGCTG CATCAGCTTGCGAAAAGGAGCC 

Ki67 (MKI67) GAAAGAGTGGCAACCTGCCTTC GCACCAAGTTTTACTACATCTGCC 

GAPDH AGAAGGCTGGGGCTCATTT GGTTCACACCCATGACGAAC 

 268 

Serum cytokine levels 269 

 270 

Quantification of the levels of cytokines including IL-10, IL-12p70, IL-17A 271 

and IL18 were performed using LEGENDplexTM multiplex kit (Human 272 

Inflammation Panel 1 Mix and Match Subpanel LEGENDplexTM - 5-plex; 273 

Biolegend) according to the manufacturer's instructions. The assays were 274 

performed in duplicates. Analysis was performed using BD FACSCalibur ™ flow 275 

cytometer. Data obtained were analysed using Legendplex V8.0 software 276 

(Biolegend) and the results were expressed as pg/mL. 277 

 278 

Statistical analysis 279 

 280 

Table 1. List of primers for the clock genes
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The proportion of total lymphocytes, T cells, CD4+ and 
CD8+ T cells and EM CD4+ and CD8+ T cells in MA and CG in 
response to a maximum effort protocol is summarised in Figure 
1. At baseline, there were no significant differences between 
the total lymphocyte population and subsets (T cells, CD4+ 
and CD8+ T cells and EM CD4+ and CD8+ T cells) in MA 
and in untrained individuals. The percentage of lymphocytes 
increased at Post only in MA, indicating that lymphocytosis is 
dependent of intensity and duration of exercise as opposed to 

the CG, whose exercise test duration was much lower. Subsets 
of EM CD4+ and EM CD8+ T cells were also mobilised, with 
a higher response in MA, as substantiated by a high percentage 
of EM CD4+ and EM CD8+ T cells at Post (P=0.000 and 
P=0.007, respectively), whereas only EM CD4+T cells in the 
CG were increased at Post(P =0.023) (Figure 1; Suppl. Table 
1).

rank correlation. To estimate the strength of the exercise, Cohen’s effect size was 280 

calculated and categorised by convention as small (d=0.2), medium (d=0.5) and 281 

large effect (d=0.8) using G*Power version 3.1.9.2. 282 

Results 283 

The anthropometric data and physiological parameters are summarised in 284 

Table 2. As expected, MA showed better physiological parameters in response 285 

to maximal exercise than CG, as well as a higher value for the time test (min; 286 

P=0.005), maximum power produced by the test (watts; P=0.005), maximum 287 

ventilation (VE, ml/min; P=0.03), maximum oxygen consumption (VO2max, 288 

ml/min and ml/min/Kg; p=0.003 and P=0.021, respectively) and carbon dioxide 289 

production (VCO2 max, ml/min; P=0.006) (Table 2). 290 

 291 
Table 2. Participants characteristics at baseline. 292 

 

Master Athletes 

(n = 18)  

Control group 

(n = 8) p value 
Effect 

size (r) 

 

Mean (SD) Mean (SD) 

Age (years) 53.56 (9.25) 52.88 (5.64) 0.849 0.08 

Weight (kg) 75.45 (15.90) 72.03 (13.65) 0.602 0.22 

Height (cm) 171.4 (5.31) 169.3 (0.07) 0.438 0.47 

Body Mass Index (kg/m2) 25.62 (4.78) 24.99 (3.53) 0.743 0.14 

Time of test 17.06 (5.38) 11.04 (2.08) 0.005 1.29 

Power (watts) 209.7 (44.67) 156.3 (29.12) 0.005 1.31 

VE (ml/min) 111.9 (28.90) 85.13 (23.10) 0.030 0.98 

VO2max (ml/min) 2997 (638.20) 2198 (362.4) 0.003 1.40 

VO2max (ml/min/Kg) 40.89 (10.79) 30.98 (5.14) 0.021 1.04 

VCO2max (ml/min) 3335 (632.2) 2614 (337.0) 0.006 1.28 

VE/VO2max 37.55 (6.19) 39.36 (6.85) 0.595 0.28 

VE/VCO2max 33.51 (5.25) 32.48 (6.85) 0.679 0.18 

FCmax 160.4 (15.53) 160.1 (15.84) 0.968 0.02 

Note: Unpaired t test. Data are Mean (SD). Values of significance (p < 0.05) are 293 
highlighted in bold. Large effect size (r > 0.8) are highlighted in bold.  294 

 295 

Table 2. Participants characteristics at baseline.
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 311 

Figure 1. Proportion of total lymphocytes, T-cells, CD4+ and CD8+ T-cells, and effector-memory 312 
subpopulations in master athletes and control groups in response to a maximum effort protocol. Data 313 
represent the mean ± standard error of the mean. * p <0.05; *** p <0.001. Proportion of total lymphocytes 314 
(% total cells) (A), T-cells (% total lymphocytes) (B), CD4+ T-cells (% of T-cells) (C), effector-memory CD4+ 315 
T-cells (% of CD4+ T-cells) (D), CD8+ T-cells (% of T-cells) (E), effector-memory CD8+ T-cells (% of CD8+ T-316 
cells) (F). Concentrations before (white columns = Pre), 10 min after (grey columns = Post), and 1h after 317 
(black columns = 1h Post) the exercise protocol in Control Group and Master Athletes group. Sequential 318 
changes in acute exercise at the different time points (Pre, Post, 1h Post) were analysed using repeated-319 
measures analysis of variance or mixed-effects analysis followed by Tukey’s post hoc test. 320 

 321 

There was no effect of lifelong training on the level of pro-inflammatory 322 

cytokines (IL-12p70 and IL-17A), anti-inflammatory cytokine (IL-10) and 323 

regulatory cytokine (IL-8) at Pre (Figure 2; Suppl. Table 2). However, the levels 324 

of these cytokines were increased in MA at Post compared with that at Pre. The 325 

IL-8 level remained high at 1h Post, whereas the IL-10 and IL-12p70 levels 326 

returned to their baseline value. The IL-17A levels showed no statistical 327 
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differences at 1h post compared with that at baseline and Post (P<0.05, Figure 328 

2; Suppl. Table 2). 329 

 330 

 331 

Figure 2. Differences in Cytokine levels in master athletes and control groups in response to a maximum 332 
effort protocol. Data are presented as mean with standard error of mean (SEM) bars. *p < 0.05 and **p < 333 
0.01 compared to Pre; Y p < 0.05 compared to Post. (A) Interleukin 8; (B) Interleukin 10, (C) Interleukin 334 
12p70; (D) Interleukin 17A. Concentrations before (white columns = Pre), 10 min after (grey columns = Post), 335 
and 1h after (black columns = 1h Post) the exercise protocol in Master Athletes group and Control Group. 336 
Sequential changes in acute exercise at the different time points (Pre, Post, 1h Post) were analysed using 337 
repeated-measures analysis of variance or mixed-effects analysis followed by Tukey’s post hoc test. 338 

 339 

We observed a more pronounced modulation of clock genes in EM CD4+ 340 

T cells. The expression of Clock and Bmal1 in EM CD4+T cells was significantly 341 

increased in the CG at 1h Post compared with those at Pre and Post (Figure 3A 342 

and B; Suppl. Table 3). In the MA group, there was a significant increase in the 343 

expression of REV-ERBα and Cry1 at 1h Post compared with those at Pre and 344 

Post (P<0.05, Figure 3E and G; Suppl. Table 3). In EM CD8+ T cells, the 345 

expression of REV-ERBb decreased after exercise (Figure 4H; Suppl. Table 4), 346 

with no statistical significant differences noted for other clock genes in terms of 347 

groups and moments (Figure 4; Suppl. Table 4). 348 
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Figure 2. Differences in Cytokine levels in master athletes and control groups in response to a maximum effort protocol. Data are presented as mean 
with standard error of mean (SEM) bars. *p < 0.05 and **p < 0.01 compared to Pre; Ψ p < 0.05 compared to Post. (A) Interleukin 8; (B) Interleukin 
10, (C) Interleukin 12p70; (D) Interleukin 17A. Concentrations before (white columns = Pre), 10 min after (grey columns = Post), and 1h after (black 
columns = 1h Post) the exercise protocol in Master Athletes group and Control Group. Sequential changes in acute exercise at the different time 
points (Pre, Post, 1h Post) were analysed using repeated-measures analysis of variance or mixed-effects analysis followed by Tukey’s post hoc test.

There was no effect of lifelong training on the level 
of pro-inflammatory cytokines (IL-12p70 and IL-17A), anti-
inflammatory cytokine (IL-10) and regulatory cytokine (IL-8) 
at Pre (Figure 2; Suppl. Table 2). However, the levels of these 
cytokines were increased in MA at Post compared with that 
at Pre. The IL-8 level remained high at 1h Post, whereas the 
IL-10 and IL-12p70 levels returned to their baseline value. 
The IL-17A levels showed no statistical differences at 1h post 
compared with that at baseline and Post (P<0.05, Figure 2; 
Suppl. Table 2).

We observed a more pronounced modulation of clock 
genes in EM CD4+ T cells. The expression of CLOCK and 
BMAL1 in EM CD4+T cells was significantly increased in the 

CG at 1h Post compared with those at Pre and Post (Figure 
3A and B; Suppl. Table 3). In the MA group, there was a 
significant increase in the expression of REV-ERBα and CRY1 
at 1h Post compared with those at Pre and Post (P<0.05, Figure 
3E and G; Suppl. Table 3). In EM CD8+ T cells, the expression 
of REV-zERBβ decreased after exercise (Figure 4H; Suppl. 
Table 4), with no statistical significant differences noted for 
other clock genes in terms of groups and moments (Figure 4; 
Suppl. Table 4).
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Figure 3. Differences in gene expression of clock genes in purified effector-memory CD4+ T-cells in master athletes and control groups in response to a maximum effort protocol. Data 
are presented as mean (SEM) bars. *p < 0.05 and **p < 0.01 compared to Pre; Y p < 0.05 compared to Post. Concentrations before (white columns = baseline), 10 min after (grey 
columns), and 1h after (black columns) the exercise protocol in Master Athletes group and Control Group. Sequential changes in acute exercise at the different time points (Pre, Post, 
1h Post) were analysed using repeated-measures analysis of variance or mixed-effects analysis followed by Tukey’s post hoc test. 
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Figure 4. Differences in gene expression of clock genes in purified effector-memory CD8+ T-cells for master athletes and control groups in response to a maximum 
effort protocol. Data are presented as mean with standard error of mean (SEM) bars. *p < 0.05 and **p < 0.01 compared to Pre; Y p < 0.05 compared to Post. 
Concentrations before (white columns = baseline), 10 min after (grey columns), and 1h after (black columns) the exercise protocol in Master Athletes group and Control 
Group. Sequential changes in acute exercise at the different time points (Pre, Post, 1h Post) were analysed using repeated-measures analysis of variance or mixed-
effects analysis followed by Tukey’s post hoc test. 
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The expression of regulatory genes including IL-4, IFN-γ, 
TBX21, PD-1, Ki67, NF-kB, p53 and p21, were also analysed in 
the purified EM CD4+ T cells (P<0.05, Figure 5; Suppl. Table 5). 

In MA, only TBX21 expression increased at Post compared with 
that at Pre (P<0.05, Figure 5C; Suppl. Table 5). 

The expression of regulatory genes including IL-4, IFN-γ, Tbx21, PD-1, Ki67, NF-kB, 

p53 and p21, were also analysed in the purified EM CD4+ T cells (P<0.05, Figure 5; Suppl. 

Table 5). In MA, only TBX21 expression increased at Post compared with that at Pre 

(P<0.05, Figure 5C; Suppl. Table 5). 

 

 

Figure 5. Differences in gene expression of regulatory proteins in purified effector-memory CD4+ T-cells in master athletes 
and control groups in response to a maximum effort protocol. Data are presented as mean with standard error of mean 
(SEM) bars. *p < 0.05 and **p < 0.01 compared to Pre; Y p < 0.05 compared to Post. Concentrations before (white columns 
= baseline), 10 min after (grey columns), and 1h after (black columns) the exercise protocol in Master Athletes group and 
Control Group. Sequential changes in acute exercise at the different time points (Pre, Post, 1h Post) were analysed using 
repeated-measures analysis of variance or mixed-effects analysis followed by Tukey’s post hoc test. 
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Table 3. Correlations between the cytokines and physiological parameters in master athletes and control group. 7 

Cytokines Physiological 
parameters 

 Master Athletes  Control group 
 PRE POST 1h POST  PRE POST 1h POST 
 r value p 

value 
r value p 

value 
r value p 

value 
 r value p 

value 
r value p 

value 
r value p 

value 
Interleukin 8 Time of test (min)  0.168 0.598 -0.266 0.375 -484 0.095  0.485 0.355 -0.036 0.934 0.800 0.333 
 Power (Watts)  0.073 0.827 -0.255 0.399 -0.511 0.077  0.470 0.344 0.079 0.876 0.632 0.500 
 VO2max  -0.195 0.543 -0.675 0.013 -0.774 0.002  0.371 0.497 -0.234 0.619 0.200 0.916 
                
Interleukin 10 Time of test (min)  -0.145 0.632 -0.037 0.900 0.104 0.732  -0.436 0.327 -0.720 0.077 0.500 0.666 
 Power (Watts)  -0.113 0.711 0.113 0.699 0.138 0.649  -0.519 0.233 -0.709 0.085 0.272 >0.999 
 VO2max  -0.329 0.271 -0.204 0.482 -0.362 0.224  -0.306 0.500 -4643 0.302 -0.632 0.500 
                
Interleukin 
12p70 

Time of test (min)  0.000 >0.999 0.018 0.949 -0.060 0.837  0.449 0.333 0.102 0.450 0.458 0.450 

 Power (Watts)  -0.207 0.491 0.042 0.885 -0.047 0.871  0.490 0.285 0.2874 0.600 0.750 0.300 
 VO2max  -0.206 0.494 0.035 0.906 -0.013 0.966  0.356 0.476 0.270 0.666 0.335 0.600 
                
Interleukin 17 Time of test (min)  -0.440 0.151 -0.563 0.059 -0.701 0.013  -0.467 0.286 -1.911 0.672 -0.500 0.666 
 Power (Watts)  -0.672 0.017 -0.576 0.053 -0.762 0.005  -0.563 0.209 -0.222 0.766 -0.544 0.750 
 VO2max  -0.626 0.033 -0.546 0.069 -0.640 0.029  0.259 0.590 0.753 0.105 0.632 0.500 
                

Note: Correlations were analysed using Spearman’s rank correlation.8 

There was an inverse correlation between IL-8 and  
VO2 max in MA after acute exercise (Post: r=−0.675, P=0.013; 
1h Post: r=−0.774, P=0.002; Table 3). The IL-17 level was 
inversely correlated with test time, power and VO2 max in  
MA at 1h Post (Pre: r=−0.701, P=0.013; Post: r=−0.762, 

P=0.005; 1h Post: r=−0.640, P=0.029; Table 3). There were 
no correlations between any cytokines and physiological 
parameters in the CG.
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Table 4. Correlations between the Clock genes in purified effector-memory CD4+ T-cells and physiological parameters in master athletes and control group. 22 

Clock 
genes 

Physiological 
parameters 

 Master Athletes  Control group 
 PRE POST 1h POST  PRE POST 1h POST 
 r 

value 
p 
value 

r 
value 

p 
value 

r 
value 

p 
value 

 r 
value 

p 
value 

r 
value 

p 
value 

r 
value 

p 
value 

CLOCK Time of test (min)  0.457 0.183 0.518 0.124 0.073 0.840  0.600 0.241 0.257 0.658 0.885 0.033 
 Power (Watts)  0.685 0.034 0.598 0.073 0.249 0.483  0.706 0.144 0.206 0.711 0.794 0.077 
 VO2max  0.248 0.491 0.127 0.733 -0.478 0.166  0.771 0.102 0.142 0.802 0.314 0.563 
                
BMAL1 Time of test (min)  0.255 0.449 -0.009 0.978 0.478 0.136  0.571 0.200 -0.285 0.556 0.071 0.906 
 Power (Watts)  0.403 0.217 0.032 0.929 0.575 0.067  0.636 0.128 -0.374 0.414 -0.056 0.928 
 VO2max  -0.118 0.734 -0.300 0.371 0.409 0.214  0.607 0.166 -0.428 0.353 -0.321 0.497 
                
PER1 Time of test (min)  0.449 0.143 -0.026 0.935 0.505 0.093  0.200 0.783 0.900 0.083 0.700 0.233 
 Power (Watts)  0.520 0.085 0.023 0.943 0.617 0.035  0.410 0.500 0.820 0.133 0.564 0.366 
 VO2max  -0.160 0.691 -0.465 0.128 0.531 0.079  0.800 0.133 0.600 0.350 0.300 0.683 
                
PER2 Time of test (min)  -0.012 0.973 -0.486 0.154 -0.492 0.148  0.571 0.200 0.000 >0.999 0.357 0.444 
 Power (Watts)  -0.075 0.838 -0.574 0.105 -0.390 0.260  0.486 0.266 -0.093 0.852 0.187 0.700 
 VO2max  0.139 0.707 -0.551 0.104 -0.078 0.838  0.107 0.839 -0.214 0.661 -0.250 0.594 
                
CRY1 Time of test (min)  0.284 0.425 0.090 0.802 0.553 0.097  0.178 0.713 -0.071 0.906 -0.214 0.661 
 Power (Watts)  0.436 0.207 0.099 0.787 0.744 0.017  0.168 0.738 0.000 >0.999 -0.355 0.442 
 VO2max  0.054 0.891 -0.260 0.469 0.522 0.124  0.035 0.963 0.214 0.661 -0.428 0.353 
                
CRY2 Time of test (min)  -0.047 0.910 -0.023 0.955 0.523 0.182  0.750 0.066 -0.428 0.353 -0.285 0.556 
 Power (Watts)  0.358 0.370 0.173 0.675 0.778 0.031  0.673 0.114 -0.467 0.295 -0.505 0.247 
 VO2max  -0.166 0.703 0.095 0.840 0.381 0.359  0.142 0.782 -0.285 0.556 -0.714 0.088 
                
REV-ERBa Time of test (min)  0.176 0.626 0.632 0.049 0.376 0.283  0.500 0.4500 0.400 0.516 0.600 0.350 
 Power (Watts)  0.302 0.393 0.723 0.022 0.478 0.162  0.223 >0.999 0.223 >0.999 0.223 >0.999 
 VO2max  0.187 0.607 0.927 0.000 0.842 0.003  -0.500 0.450 -0.300 0.683 -0.700 0.233 
                
REV-ERBb Time of test (min)  0.803 0.009 0.451 0.222 0.083 0.830  -0.300 0.683 -0.102 0.900 -0.700 0.233 
 Power (Watts)  0.935 0.001 0.623 0.081 0.356 0.342  -0.102 0.900 -0.263 0.783 -0.820 0.133 

 VO2max  0.466 0.212 -0.066 0.880 -0.466 0.212  0.400 0.516 -0.461 0.433 -0.900 0.083 
                
RORa Time of test (min)  -0.091 0.778 -0.452 0.139 -0.084 0.794  0.750 0.066 -0.428 0.353 -0.250 0.594 
 Power (Watts)  0.096 0.764 -0.409 0.185 0.100 0.756  0.711 0.081 -0.430 0.347 -0.467 0.295 
 VO2max  -0.083 0.800 -0.587 0.048 0.062 0.851  0.428 0.353 -0.142 0.782 -0.714 0.088 
                
RORb Time of test (min)  0.203 0.525 -0.017 0.956 -0.189 0.553  0.600 0.350 0.800 0.133 0.500 0.450 
 Power (Watts)  0.190 0.551 0.035 0.914 -0.326 0.297  0.368 0.533 0.579 0.333 0.368 0.533 
 VO2max  0.440 0.154 0.062 0.851 0.069 0.834  -0.200 0.783 -0.100 0.950 0.000 >0.999 
                
RORc Time of test (min)  0.134 0.697 -0.178 0.600 0.132 0.697  0.571 0.200 0.500 0.266 0.250 0.594 
 Power (Watts)  0.163 0.629 -0.243 0.468 0.168 0.619  0.542 0.209 0.486 0.266 0.224 0.638 
 VO2max  -0.509 0.114 -0.263 0.434 -0.281 0.402  0.357 0.444 0.357 0.444 0.142 0.782 
                

Note: Correlations were analysed using Spearman’s rank correlation.23 

There was a strong positive correlation between  
REV-ERBα expression and VO2max in EMCD4+ T cells in MA 
after the acute exercise (Post: r=0.927, P=0.000; Table 4). In 
addition, REV-ERBα expression was positively correlated with 
test time and power in MA (Post: r=0.632, P=0.049; r=0.723, 
P=0.022, respectively; Table 5). Interestingly, after exercise, 
REV-ERBα expression in EM CD8+ T cells was negatively 

correlated with test time in MA and CG(Post: r=−0.701, 
P=0.028; r=−1.000, P=0.016; Table 3).Furthermore, the clock 
genes (PER1, CRY1 and CRY2)in EM CD4+ T cells at 1h 
Post  and RORc in EM CD8+ T cells at Post were positively 
correlated with power (1h Post: r=0.617, P=0.035; r=0.744, 
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Table 5. Correlations between the Clock genes in purified effector-memory CD8+ T-cells and physiological parameters in master athletes and control group. 24 

Clock 
genes 

Physiological 
parameters 

 Master Athletes  Control group 
 PRE POST 1h POST  PRE POST 1h POST 
 r 

value 
p 
value 

r 
value 

p 
value 

r 
value 

p 
value 

 r 
value 

p 
value 

r 
value 

p 
value 

r 
value 

p 
value 

CLOCK Time of test (min)  -0.560 0.122 -0.577 0.110 -0.585 0.103  0.428 0.353 0.071 0.906 0.714 0.088 
 Power (Watts)  -0.519 0.157 -0.570 0.115 -0.604 0.090  0.318 0.495 -0.074 0.895 0.654 0.123 
 VO2max  -0.466 0.212 -0.566 0.120 -0.583 0.108  -0.071 0.906 -0.285 0.566 0.357 0.444 
                
BMAL1 Time of test (min)  -0.443 0.274 -0.335 0.413 -0.323 0.434  -0.464 0.302 -0.142 0.782 0.107 0.839 
 Power (Watts)  -0.414 0.319 -0.244 0.566 -0.414 0.319  -0.467 0.295 -0.018 0.990 0.018 0.990 
 VO2max  -0.023 0.976 -0.285 0.500 -0.452 0.267  -0.321 0.497 0.285 0.556 -0.214 0.661 
                
PER1 Time of test (min)  -0.418 0.262 -0.276 0.470 -0.527 0.149  -0.428 0.419 0.085 0.919 0.600 0.241 
 Power (Watts)  -0.290 0.445 -0.316 0.404 -0.461 0.213  -0.576 0.283 0.030 >0.999 0.394 0.466 
 VO2max  -0.216 0.580 -0.400 0.291 -0.416 0.269  -0.828 0.058 0.085 0.919 -0.085 0.919 
                
PER2 Time of test (min)  -0.242 0.470 -0.018 0.959 0.191 0.570  0.085 0.919 0.028 >0.999 -0.314 0.563 
 Power (Watts)  -0.264 0.429 -0.095 0.778 0.051 0.885  -0.147 0.777 -0.117 0.844 -0.382 0.477 
 VO2max  0.145 0.673 -0.091 0.790 0.118 0.734  -0.771 0.102 -0.428 0.419 -0.485 0.355 
                
CRY1 Time of test (min)  -0.500 0.144 -0.469 0.172 0.024 0.952  -0.312 0.497 0.107 0.839 -0.107 0.839 
 Power (Watts)  -0.417 0.229 -0.274 0.441 0.118 0.745  -0.467 0.295 0.074 0.895 -0.224 0.638 
 VO2max  -0.030 0.946 -0.090 0.811 -0.297 0.406  -0.642 0.138 0.071 0.906 -0.428 0.353 
                
CRY2 Time of test (min)  -0.503 0.210 0.192 0.654 -0.457 0.255  -0.028 >0.999 0.028 >0.999 -0.142 0.802 
 Power (Watts)  -0.531 0.174 0.049 0.918 -0.356 0.390  -0.235 0.677 0.000 >0.999 -0.029 0.977 
 VO2max  -0.239 0.564 -0.333 0.427 -0.595 0.132  -0.771 0.102 0.085 0.919 0.257 0.658 
                
REV-ERBa Time of test (min)  -0.597 0.073 -0.701 0.028 0.597 0.073  0.100 0.950 -1.000 0.016 -0.600 0.350 
 Power (Watts)  -0.549 0.103 -0.543 0.108 0.668 0.040  -0.118 >0.999 -0.894 0.100 -0.335 0.600 
 VO2max  -0.466 0.178 -0.260 0.469 0.406 0.247  -0.100 0.950 -0.500 0.450 0.100 0.950 
                
REV-ERBb Time of test (min)  -0.816 0.010 -0.233 0.551 -0.616 0.085  0.314 0.563 0.116 0.838 -0.428 0.419 
 Power (Watts)  -0.886 0.002 -0.320 0.396 -0.540 0.137  0.151 0.816 -0.092 0.875 -0.637 0.183 

 VO2max  -0.850 0.006 -0.566 0.120 -0.216 0.580  -0.314 0.563 -0.579 0.233 -0.771 0.102 
                
RORa Time of test (min)  -0.900 0.009 -0.126 0.797 -0.234 0.619  -0.285 0.556 -0.035 0.963 0.000 >0.999 
 Power (Watts)  -0.778 0.052 -0.111 0.840 -0.259 0.597  -0.299 0.519 0.000 >0.999 -0.149 0.761 
 VO2max  -0.035 0.963 -0.035 0.963 -0.285 0.556  -0.285 0.556 0.107 0.839 -0.428 0.353 
                
RORb Time of test (min)  -0.214 0.523 0.041 0.904 0.438 0.178  -0.464 0.302 0.071 0.906 -0.464 0.302 
 Power (Watts)  -0.246 0.463 0.011 0.974 0.334 0.312  -0.523 0.223 -0.074 0.895 -0.598 0.161 
 VO2max  0.163 0.633 -0.177 0.599 0.018 0.967  -0.500 0.266 -0.285 0.556 -0.642 0.138 
                
RORc Time of test (min)  -0.383 0.346 -0.263 0.524 -0.646 0.091  -0.600 0.350 0.100 0.950 -1.000 0.333 
 Power (Watts)  -0.494 0.216 -0.337 0.412 -0.783 0.026  -0.564 0.366 0.205 0.766 -1000 0.333 
 VO2max  -0.190 0.664 0.000 >0.999 -0.595 0.132  -0.700 0.233 0.700 0.233 -0.500 >0.999 
                

Note: Correlations were analysed using Spearman’s rank correlation.25 

There was a strong positive correlation between  
REV-ERBα expression and VO2max in EMCD4+ T cells in MA 
after the acute exercise (Post: r=0.927, P=0.000; Table 4). In 
addition, REV-ERBα expression was positively correlated with 
test time and power in MA (Post: r=0.632, P=0.049; r=0.723, 
P=0.022, respectively; Table 5). Interestingly, after exercise, 
REV-ERBα expression in EM CD8+ T cells was negatively 
correlated with test time in MA and CG(Post: r=−0.701, 
P=0.028; r=−1.000, P=0.016; Table 3). Furthermore, the clock 
genes (PER1, CRY1 and CRY2) in EM CD4+ T cells at 1h 
Post  and RORc in EM CD8+ T cells at Post were positively 
correlated with power (1h Post: r=0.617, P=0.035; r=0.744, 
P=0.017; r=0.778, P=0.031, respectively; Table 4; r=0.783, 
P=0.026; Table 5).

DISCUSSION

We demonstrated that EM T cells in MA exhibit different pe-
ripheral and cellular inflammatory responses after acute ex-
ercise compared with untrained healthy individuals. We ob-
served increased levels of cytokines (IL-8, IL-10, IL-12p70 

and IL-17A) after 10 min of acute exercise (with IL-8 and 
IL-10 levels remaining elevated until 1h Post) and aug-
mented CRY1, REV-ERBα and TBX21 expression in EM  
CD4+ T cells in MA. Physiological parameters, including test 
time, power and VO2 max, were negatively correlated with IL-
17A levels (a pro-inflammatory cytokine) in MA at 1h Post. 
In untrained healthy individuals, CLOCK and BMAL1 ex-
pression was increased in EM CD4+ T cells and REV-ERBβ 
expression was decreased in EM CD8+ T cells after exercise.

Clock genes, inflammation and exercise

We found that the expression of CRY1 and REV-ERBα in EM 
CD4+ T cells was increased after 1h of acute exercise in MA. 
CRY1 and CRY2 are closely linked to the anti-inflammatory 
profile. A study using a mice model of arthritis with CRY1 and  
CRY2 knockout showed an increase in serum levels of  
IL-1β, IL-6, MMP-3 and TNF-α, with aggravated pathological 
changes in the arthritis score observed (56).

The kinetics of IL-17A is also very interesting because it 
shows an interplay with the clock family. At 10 min after ex-
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haustive exercise, the circulating levels of this cytokine were 
increased and at the same time an elevation of TBX-21 expres-
sion was observed. Perhaps these findings may be explained 
by the fact that Th17 cells contain a dynamic subset of CD4 T 
cells that are able to develop into other subset lineages, includ-
ing Th1-like Th17 cells. These cells co-express RORγt and the 
transcription factor TBX21 and produce IL-17 (57); however, 
the increase in IL-17A levels and TBX21 expression may be 
related to the increase in the percentage of EM CD4+ cells. 

On the other hand, we observed the restoration of IL-17 
levels to the Pre levels 1 h after the exhaustive exercise and 
at this time, REV-ERBα expression was elevated 1h after the 
exercise in MA. REV-ERBα also has a close relationship with 
anti-inflammatory profile. In a study in which macrophages 
were stimulated with LPS and cultured with a pharmacologi-
cal agonist of REV-ERBα, a decreased release of IL-6 was 
observed. Moreover, the deletion of REV-ERBα increased a 
subset of inflammatory genes in macrophages (58). In Th17 
cells, a study demonstrated that REV-ERBα binds to ROR 
response elements to inhibit the expression of RORγt-depen-
dent genes including IL-17A and IL-17F. Furthermore, ele-
vated REV-ERBα expression or treatment with a synthetic  
REV-ERBα agonist significantly delayed and mitigated the pro-
gression of experimental autoimmune encephalomyelitis (59). 
Similarly, REV-ERBα negatively regulated pro-inflammatory 
Th17 responses in vivo (60). These results explain some of our 
findings, such as the negative correlation between REV-ERBα 
and IL-17A levels in MA. Another interesting finding was the 
positive correlation between REV-ERBα and the physiological 
parameters in MA immediately after the maximal test. Overex-
pression of REV-ERBα in myocytes induces an increase in the 
number of mitochondria and improves the respiratory capacity 
(61). These results have been validated in vivo via pharmaco-
logical activation of REV-ERBα as conditional loss of this gene 
impairs the aerobic capacity and oxidative metabolism in mus-
cle tissue of mice through deactivation of Lkb1-Ampk-Sirt1–
Ppargc-1α signalling(61). Because an imbalance between Treg 
and Th17 is observed in sustained inflammaging observed in 
senescent lymphocytes (62), the result of the anti-inflammatory 
regulation of clock genes in MA could be related to their better 
anti-inflammatory profile. Moreover, a better Treg response was 
observed in MA previously (44).

It is interesting to note that the clock genes altered by acute 
exhaustive exercise in the sedentary group were different from 
those in MA. In untrained healthy individuals, there was an 
increase in the expression of CLOCK and BMAL1 at 1h Post. 
A recent study revealed a change in the expression of clock 
genes in human leukocytes due to exercise, with BMAL1 ex-
pression increasing with exercise performed in the morning 
and afternoon and CRY1 expression increasing only during 
morning exercise (63). In healthy untrained individuals, there 
was a decrease in the expression of REV-ERBβ in EM CD8+ T 
cells. REV-ERBβ is best known for regulating genes involved 
in metabolism and circadian rhythm(64).

However, its effect on immune cells is still unclear, al-
though one study showed a strong expression of REV-ERBβ 
in macrophages(65). In general, acute physical exercise pro-
moted major changes in the expression levels of clock genes 
of EM CD4+ T cells. Therefore, the effects of clock genes in 
lymphocytes after acute exercise and the difference between 
the MA and sedentary group should be better explored. 

Production of cytokines

Acute exercise induces psychological and physiological stress 
as well as production of immunological mediators such as cy-
tokines, chemokines and growth factors. The type, intensity 
and duration of these mediators depend on many factors, in-
cluding pre-conditioned physical fitness, age, sex and mode of 
exercise (66,67).

It is interesting to note that CG did not show any differ-
ence in Pre values compared with the MA group. In our study, 
although CG comprised healthy volunteers, we believe that 
this group is not necessarily a representation of the elderly in 
the occidental society. However, ageing modified the number 
and function of circulating immune cells as well as the pat-
tern of cytokines circulating in serum (34). Ageing, per se, 
induces increases in the levels of pro-inflammatory cytokines  
(IL-1, TNF-α, C reactive protein and IL-12)(47).

However, we observed that MA exhibit augmented cy-
tokine levels after the maximal exercise test, but these alter-
ations were not seen in the untrained individuals. The increase 
in the levels of serum cytokines during and after exercise is 
closely related to the intensity, type, mode and workload of 
the exercise (68–74). In addition, it also depends on physi-
cal fitness (75). We observed that there were no changes in 
the plasma IL-6 levels 10 min after a maximal exercise in 
both MA and age-matched untrained healthy individuals. In 
this study, increased serum levels of IL-10 (120% post-exer-
cise and 48% 1h post), IL-8 (140% post-exercise and 105% 
1h post), IL-12p70 (41% post-exercise and 9,4% 1h post) and  
IL-17A (240% post-exercise and 165% 1h post) were observed 
after maximal exercise in MA but not in the untrained healthy 
individuals (for IL-10: 110% post-exercise and 8% 1h post; 
for IL-8: 58% post-exercise and 91% 1h post; for IL-12p70:  
1,2% post-exercise and 15% 1h post; for IL-17A: -11% 
post-exercise and -3% 1h post, p>0.05 for all). This finding 
may be, at least in part, due to physical fitness.

Because the production of cytokines induced by acute ex-
ercise is dependent on the duration/volume of acute exercise, 
Pedersen and Febbraio (2008) and Cabral-Santos et al (2019) 
demonstrated that the production of IL-6 and IL-10 during ex-
ercise depends on the exercise duration(74,76). In the present 
study, the time of maximal exercise was different between the 
groups: CG performed the exercise for ~11 min and MA for 
~17 min (~54%). Several studies have reported that the dura-
tion of exercise exerts a major impact on the level of cytokines. 
Cabral-Santos et al. (2016) demonstrated that high-intensity 
intermittent exercise (such as 1.25km and 2.50 km treadmill 
runs, which have  the same intensity as 1:1 min at 100% of VO-
2max with passive recovery) effectively increased brain-derived 
neurotrophic factor (BNDF) and IL-6 levels immediately after 
exercise. Only the IL-10 response was associated with the dura-
tion of exercise, indicating the importance of exercise prescrip-
tion(72). Jankord and Jemiolo (2004) demonstrated that older 
men that perform higher volume of lifelong exercise have high-
er IL-10 levels, suggesting that exercise may play a vital role in 
regulating the production of inflammatory markers(77).

MA exhibited a negative correlation between the levels of 
pro-inflammatory cytokines (IL-8 and IL-17) and physiolog-
ical parameters (VO2max, time of test and power) and a posi-
tive correlation between clock genes expression in EM CD4+  
T cells and physiological parameters.
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Pro-inflammatory cytokines (IL-17 and IL-8) have been 
shown to induce catabolic effects such as lipolysis and glycog-
enolysis (78,79). In the present study, a negative correlation be-
tween IL-8 and IL-17 levels and performance parameters was ob-
served in MA, suggesting that lifelong exercise protects against 
degenerative diseases as documented in the literature(80).

Rhythmicity imposed by routine exercise, nutritional 
habits and sleep behaviour promote an anti-inflammatory and 
healthy metabolic environment. In a recent review, Parr et al. 
(2020), explored the deleterious effects of modern-day life-
styles on circadian biology. They suggested that the organisa-
tion of a nutritional and exercise training routine could have a 
potential beneficial effect on metabolic health(81).

CONCLUSION

The synchronization of clock genes, immune function and 
ageing presents new dimensions with interesting challenges. 
Acute sessions of exercise altered the clock machinery in CD-
4+ T cells, but the expression of clock genes was different 
between MA and untrained individuals. Moreover, cytokine 
production was dependent on the fitness level of the elderly 
population. MA showed a negative correlation between 
inflammatory cytokine levels and physiological parameters.

LIMITATIONS

Our results do not allow the determination of a cause effect 
response. It is necessary to perform additional studies to 
clarify the relation between each clock gene and the cytokine 
response after exercise in the elderly. 

Our sample size was limited because of the molecular 
approach (cell isolation by cell sorting and PCR). In addition, 
the nature of the control group may be a limitation in our study, 
because these were healthy elderly, and most of the elderly 
population usually as some form of disease. The lack of 
differences between CG and MA groups in resting conditions 
may be because of this.

The different modalities of exercise training could also 
present a limitation, because the physiological adaptations are 
more heterogeneous, but may also represent a strength since we 
showed that clock genes were modulated in lymphocytes after 
acute exercise independent of the exercise training modality. 

STRENGTHS

This is the first work that shows a difference in clock genes 
expression modulated by physical fitness and acute exercise 
sessions in older persons. Since exercise could be a Zeitgeber 
it may be an excellent tool to improve the biological rhythms 
that are altered by ageing, and be a player in improving the 
inflammatory status observed during aging.
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