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Abstract: Background: Exercise-associated immune response plays a crucial role in the aging process.
The aim of this study is to investigate the effect of sport intensity on cytokine levels, oxidative stress
markers and telomere length in aging elite athletes. Methods: In this study, 80 blood samples from
consenting elite athletes were collected for anti-doping analysis at an anti-doping laboratory in Italy
(FMSI). Participants were divided into three groups according to their sport intensity: low-intensity
skills and power sports (LI, n = 18); moderate-intensity mixed soccer players (MI, n = 31); and high-
intensity endurance sports (HI, n = 31). Participants were also divided into two age groups: less than
25 (n = 45) and above 25 years old (n = 35). Serum levels of 10 pro and anti-inflammatory cytokines
and two antioxidant enzymes were compared in age and sport intensity groups and telomere lengths
were measured in their respective blood samples. Results: Tumor necrosis factor-alpha (TNF-α)
was the only cytokine showing significantly higher concentration in older athletes, regardless of
sport intensity. Interleukin (IL)-10 increased significantly in HI regardless of age group, whereas
IL-6 concentration was higher in the older HI athletes. IL-8 showed a significant interaction with
sport intensity in different age groups. Overall, significant positive correlations among levels of IL-6,
IL-10, IL-8 and TNF-α were identified. The antioxidant catalase activity was positively correlated
with levels of TNF-α. Telomere length increased significantly with sport intensity, especially in the
younger group. Conclusion: HI had longer telomeres and higher levels of pro- and anti-inflammatory
cytokines, suggesting less aging in HI compared to low and moderate counterparts in association
with heightened immune response. Investigation of the functional significance of these associations
on the health and performance of elite athletes is warranted.

Keywords: aging; telomere length; elite athletes; anti-inflammatory cytokines; pro-inflammatory
cytokines; sport intensity

1. Introduction

The past decade has witnessed an increased interest in the aging of the immune
system. With aging, immune cells decrease in number and undergo impaired functioning,
which reduces their efficiency and leads to a chronic inflammatory state [1]. The health
benefits of physical activity on biological systems are well established. However, the effect
of physical activity on the aging of the immune system and the underlying regulators are
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not well characterized. Improving immunological factors through exercise might exert an
anti-immunosenescence effect [2,3].

Advanced age is accompanied by a chronic low-grade systemic inflammatory con-
dition called “inflamm-aging” [4]. It is characterized by the increased production of
proinflammatory cytokines such as interleukin (IL)-1, IL-6, “tumor necrosis factor alpha”
(TNF-α) as well as by the production of C-reactive protein (CRP) [4]. The level of this proin-
flammatory state is associated with a poorer prognosis in elderly patients with increased
risk of morbidity and mortality, sarcopenia and frailty [5]. Despite its importance, the
precise cellular and molecular mechanisms leading to these alterations are not elucidated,
but several hypotheses have been highlighted, including oxidative stress, persistent DNA
damage, the aging of stem cells and the inhibition of autophagy through the activation of
the inflammasome [6]. Conversely, older patients with high levels of anti-inflammatory
cytokines seem to have a healthy aging status compared to others. Thus, a high level of
IL-10 is associated with a lower risk of cardiovascular mortality [7] and is found more
frequently among older people [8].

Regular practice of physical activity can induce long-term adaptations in the metabolic
and cardiovascular system. These include decreased reactive oxygen species (ROS) and
pro-inflammatory cytokines with a concomitant rise in antioxidants and anti-inflammatory
factors [9]. The analysis of the functional interrelationships between physical exercise and
the immune system is extremely complex due to the multiplicity of underlying mediators
(type of exercise, frequency, and intensity) and the individual variability of the immune
response to exercise-induced stress [10]. Stewart et al. [11] found that a 12-week aerobic
exercise training did not alter plasma IL-6 and IL-1β when comparing young groups of
18–35-year-olds to older ones, suggesting that short-term training (months) may not be
sufficient to induce changes in proinflammatory cytokines. Additionally, Barry et al. [12]
demonstrated that short-term (2 weeks) high-intensity interval training and moderate-
intensity training did not change circulating levels of IL-10, IL-6, or TNF-α in obese
individuals. Conversely, findings from our previous study [13] suggested that cytokine
levels vary significantly among athletes who belong to different sport disciplines.

Previous studies have shown that the age-dependent pro-inflammatory or oxidative
cellular environment could promote telomere attrition, cellular senescence and disease [14].
However, a healthy diet and exercise training were shown to reduce the rate of telom-
ere shortening during the aging process [15,16]. Studies have also shown that regular
engagement in exercise training is associated with longer telomeres and may attenuate
telomere attrition [17]. The majority of studies investigating the training effect on telomere
length (TL) were based on questionnaire assessment of physical activity [18]. However,
the optimal exercise recommendations for TL maintenance remain elusive. Accordingly, it
would be of interest to study the TL in different sport intensities in relation to circulating
inflammatory cytokine levels and the role of the antioxidants to understand the interplay
between sport intensity, immune response and aging.

2. Materials and Methods
2.1. Cohort

Elite athletes in this study are defined as athletes who participated in national or
international sport events and had their samples tested for doping abuse by anti-doping
laboratories. Blood samples from 80 consenting elite athletes (14 females and 66 males,
26.4 ± 7.6 years old) were previously collected by a doping officer in serum separator tubes
for human growth hormone at an anti-doping laboratory. Once collected, samples were
delivered to the anti-doping labs within 36 h under cooling conditions. Once received,
samples were immediately centrifuged to separate the serum and then stored at −20 ◦C
until analysis. Inclusion criteria included athletes (males and females) whose samples
tested negative for growth hormone at an anti-doping laboratory in Italy (FMSI). Exclusion
criteria included athletes whose samples tested positive for any doping abuse. Due to
the strict anonymization process undertaken by the anti-doping laboratories and as per
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the study’s ethics, only information related to the type of sport and athlete’s gender
and age was available to researchers. Twenty athletes were tested “in competition” and
60 “out of competition”. Samples (fresh aliquots) were transported on dry ice to Qatar
University and stored at −80 ◦C degrees until further analysis. Following published
criteria [19,20], participants were divided into three intensity groups based on maximum
oxygen uptake (VO2max) of their respective sports. Accordingly, participants were divided
into low-intensity skills and power sports that require lower VO2max (LI, n = 18, age:
25 ± 8.3 years old), moderate-intensity soccer that requires moderate VO2max (MI, n = 31,
age: 28.0 ± 7.4 years old), and high-intensity endurance sports that require high VO2max
(HI, n = 31, age: 26.4 + 8.5 years old, including 12 athletes, 11 cyclists and 8 triathletes)
(Table 1). According to age, participants were divided into two groups: less than 25 years
old and above 25 years old. This study is performed in line with the World Medical
Association Declaration of Helsinki—Ethical Principles for Medical Research Involving
Human Subjects. All protocols were approved by the Institutional Research Board of Qatar
University (QU-IRB 1277-E/20).

Table 1. Classification of participants. Participating elite athletes (males: M and females: F) were divided into three groups
depending on the intensity of their sports, and further dichotomized into In Competition and Out of Competition categories
depending on timing of sample collection.

Low Intensity (LI) Moderate Intensity (MI) High Intensity (HI)

In Competition
1 Cricket (M), 1 Equestrian (M),
1 Golf (M), 1 Powerboating (M),

1 Sport climbing (M)
4 Football (4M)

2 Cycling—track endurance (2M),
4 Cycling—cross (2M, 2F),

5 Triathlon (4M, 1F)

Out of Competition

1 Athletics—throws (M),
2 Bobsleigh (1M, 1F), 2 Gymnastics
(2F), 1 Luge (M), 2 Sport climbing

(1M, 1F), 1 Volleyball (F),
4 Wrestling (4M)

27 Football (26M)

12 Athletics—long distance (11M,
1F), 4 Cycling—track endurance
(2M, 2F), 2 Cycling—road (2M),

2 Triathlon (2M)

2.2. Cytokine Profiling

The Human Corplex Cytokine Panel 1 10-Plex Array was used to simultaneously
profile 10 cytokines including IL-12p70, IL-1β, IL-4, IL-5, IFNγ, IL-6, IL-8, IL-22, TNF-
α, IL-10 using Quaterix (Human 10-Plex 116-7BF-1-AB) in the sera of 80 samples de-
scribed in Table 1, according to manufacturer’s instructions (Quanterix Inc, Billerica MA,
USA). Briefly, samples were diluted 1:4 in sample diluent. Diluted samples and cali-
brators were added to 96-well microplates pre-spotted with protein-specific antibodies
and incubated for 2 h at room temperature. Biotinylated antibody reagent was added
and incubated for 30 min at room temperature, followed by addition of Streptavidin–
Horseradish Peroxidase (HRP) Reagent A and incubation for 30 min at room tempera-
ture. After washing, SuperSignal® Substrate was added and the luminescence was read
using SP-X Imaging System (Quanterix, USA). Separate standard curves were used to
validate the assay for the detection and quantification of cytokines according to manu-
facturer’s instructions. Sensitivity and selectivity can be found at manufacturer’s web-
site (https://www.thermofisher.com/document-connect/document-connect.html?url=
https://assets.thermofisher.com/TFS-Assets/LSG/manuals/MAN0017197_HumanCyto-
kineMagnetic10PlexPanel_TDS.pdf, accessed on 25 June 2021).

2.3. Measurement of Antioxidant Enzymatic Activities

Activities of superoxide dismutase and catalase were determined in the sera of 80 sam-
ples described in Table 1 using colorimetric activity assays (EIACATC and EIASODC,
respectively), according to manufacturer’s instructions (ThermoFisher Scientific, Fredrick,
MD, USA). Briefly, samples were diluted 1:5 in assay buffer. For measurement of cata-
lase activities, diluted samples and catalase standards were added to hydrogen peroxide
reagent in 96-well plates and incubated for 30 min, followed by addition of substrate and

https://www.thermofisher.com/document-connect/document-connect.html?url=https://assets.thermofisher.com/TFS-Assets/LSG/manuals/MAN0017197_HumanCyto-kineMagnetic10PlexPanel_TDS.pdf
https://www.thermofisher.com/document-connect/document-connect.html?url=https://assets.thermofisher.com/TFS-Assets/LSG/manuals/MAN0017197_HumanCyto-kineMagnetic10PlexPanel_TDS.pdf
https://www.thermofisher.com/document-connect/document-connect.html?url=https://assets.thermofisher.com/TFS-Assets/LSG/manuals/MAN0017197_HumanCyto-kineMagnetic10PlexPanel_TDS.pdf
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HRP solution and incubation for 15 min at room temperature. Absorbance was then read
at 560 nm using Cell Imaging Multi-Mode Reader (BioTek, Agilent, Winooski, VT, USA).
For measurement of superoxide dismutase activity, diluted samples and SOD standards
were added to the substrate in 96-well plates. Chromogenic detection reagent (Xanthine
Oxidase) was then added and incubated for 20 min at room temperature, followed by
measuring absorbance at 450 nm by Cell Imaging Multi-Mode Reader (Agilent).

2.4. Measurement of Telomere Length

PureLink® Genomic DNA Kits (Invitrogen, Life Technologies, Carlsbad, CA, USA)
were used for isolation of genomic DNA from the clotted blood at the bottom of the serum
tubes from 80 samples described in Table 1, according to manufacturer’s instructions. The
concentration and the quality of DNA were measured using the Nanodrop. Absolute
Human Telomere Length Quantification qPCR Assay Kit (ScienCell, Carlsbad, CA, USA)
was used to measure the average telomere length in extracted DNA samples according to
manufacturer’s instructions. The kit includes a telomere primer set that amplifies telomere
sequences, a single copy reference region for data normalization and a reference genomic
DNA sample with known telomere length as a reference for calculating the telomere length
of target samples. Briefly, two qPCR reactions were prepared for each genomic DNA
sample: one with telomere (TL) and one with single copy reference (SCR) primer stock
solutions. qPCR reactions were prepared by adding genomic DNA template (5 ng/µL) to
primer stock solution (TL or SCR) and GoldNStart TaqGreen qPCR master mix. qPCR was
run using an initial denaturation of 95 ◦C for 10 min, followed by 32 cycles of denaturation
at 95 ◦C for 20 s, annealing at 52 ◦C for 20 s and extension at 72 ◦C for 45 s using StepOne™
Real-Time PCR System (ThermoFisher). For quantification of TL, ∆Cq (TL) was quantified
by assessing the cycle number difference of TL between two genomic DNA samples (sample
of interest and the reference genomic DNA sample with known telomere length). For SCR,
∆Cq (SCR) was assessed by quantifying the cycle number difference of SCR between two
genomic DNA samples (sample of interest and the reference genomic DNA sample with
known telomere length). ∆∆Cq was calculated as ∆Cq (TL)−∆Cq (SCR). Fold change was
assessed as 2-∆∆Cq.

2.5. Statistical Analysis

Comparisons were performed using t-test, Wilcoxon–Mann–Whitney, 1-way ANOVA,
or linear models as appropriate using IBM SPSS statistics 21. Linear regression models
were used when analyzing differences in cytokine levels among different age and intensity
groups by considering gender and in/out of competition as potential confounders. Data
were presented as mean ± standard deviation (SD) for parametric data and median (in-
terquartile range, IQR) for non-parametric data, verified by skewness and kurtosis test.
Based on our previous findings [13] that showed an average effect size of 36% of endurance
on cytokine levels with 40% variation, power calculations indicated that the current sample
size (n = 80) had 95% power to detect a minimal difference of 36% in cytokine levels with
40% deviation from mean value (σ) at a level of α = 0.01.

3. Results

Out of the 10 measured cytokines, only results from four cytokines are reported in
80 elite athletes, namely, IL-6, IL-8, TNF-α and IL-10. The remaining cytokines were either
below the detection limit of the kit (IL-12p70, IL-5, IFNγ) or did not show significant
differences by age or intensity groups (IL-1β, IL-4, IL-22). Table 2 summarizes the results
comparing levels of detected cytokines by age and intensity groups. There was a significant
interaction between age and intensity with regard to IL-6 levels. Significant differences
were observed by intensity between the two age groups, as IL-6 levels were higher in
moderate intensity in athletes under 25 years old compared to lower intensity counterparts,
whereas levels were not different between low- and moderate-intensity groups in athletes
above 25 years old. A similar interaction between age and intensity groups was observed
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with regard to IL-8, as levels decreased with high intensity in athletes under 25 years
old, whereas levels increased in high intensity in those above 25 years. TNF-α levels
varied significantly with age within the intensity groups, as they decreased with increased
intensity in athletes under 25 years old and they decreased with intensity in the above
25 years old counterparts. In total, TNF-α levels were higher in athletes above 25 years
old than their younger counterparts. Similarly, IL-10 also showed significant differences
within intensity groups by age, as levels did not change in athletes under 25 years old,
whereas levels were reduced in moderate athletes above 25 years old. Finally, telomere
lengths also varied significantly by intensity in different age groups, as they were higher in
moderate and high intensities in athletes under 25 years old, whereas they were higher
only in high-intensity groups in those above 25 years old. There were significant positive
correlations among levels of IL-6, IL-10, IL-8 and TNF-α (Figure 1).
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IL-6 and IL-10 were elevated in higher intensity sports in an age-dependent manner:
When comparing levels of detected cytokines among different sport intensities, there were
significant elevations in IL-6 (p = 0.02) and IL-10 (p = 0.03) with increased sport intensity
(Figure 2B). No significant differences were detected in the levels of TNF-α and IL-8 with
increased sport intensity, although a non-significant trend was seen in IL-8 levels (p = 0.1).

There was a significant difference in the levels of IL-6 and IL-10 among different sport
intensities between the two age groups (Table 2, Figure 3). In this regard, IL-10 showed a
significant elevation in younger athletes who belong to moderate- and high-intensity sports
compared to low-intensity counterparts, whereas it only exhibited a significant increase in
older athletes who belong to high-intensity sports compared to low/moderate counterparts
(Figure 3). On the other hand, IL-6 showed a significant increase in the high-intensity sport
group compared to low/moderate counterparts only in the older group (Figure 3).
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Table 2. Comparing cytokines, antioxidant enzymatic activities and telomere length (TL) in younger (under 25 years old) and older (above 25 years old) elite athletes who belong to
different sport intensities (low, moderate and high).

Cohort Under 25 Above 25 p Value

Variables All
(n = 80)

Combined
(n = 45)

Low
(n = 12)

Moderate
(n = 16)

High
(n = 17)

Combined
(n = 35)

Low
(n = 6)

Moderate
(n = 14)

High
(n = 15)

Age
(Combined)

Age
(Intensity)

Intensity
(Age)

Age ×
Intensity

Age
(years) 26.4 (7.6) 21.0 (2.2) 20.67 (2.02) 22 (1.51) 20.35 (2.52) 33.5 (6) 33.8 (9.5) 33.2 (2.2) 33.7 (7.3) *** *** NS NS

IL-6
(pg/mL) 0.7 [0.4–1.4] 0.7 [0.4–1.1] 0.7 [0.5–0.7] 0.9 [0.7–0.9] 0.4 [0.4–0.9] 0.7 [0.4–3.4] 0.4 [0.3–0.4] 0.5 [0.4–0.6] 3.4 [1.7–4.2] NS NS ** ***

IL-8
(pg/mL) 6.9 [3.9–11.7] 6.4 [3.3–10.4] 7.7 [4.1–14.6] 6.7 [5.1–8.9] 5 [1.6–11] 8.1 [4.7–16.2] 5.8 [3.9–17.6] 8.3 [4.9–9.5] 9.1 [2–75.6] NS NS NS *

TNF-α
(pg/mL) 1.6 [1.0–2.5] 1.4 [0.9–2] 1.8 [0.7–2.4] 1.4 [0.9–2.1] 1.3 [1–1.7] 2.1 [1.1–3.3] 1.4 [1.2–4] 2.1 [1.7–2.9] 2.1 [1–4.9] ** * NS NS

IL-10
(pg/mL) 0.3 [0.2–0.5] 0.3 [0.2–0.5] 0.3 [0.3–0.4] 0.3 [0.2–0.7] 0.3 [0.2–0.8] 0.4 [0.2–1.2] 0.4 [0.2–1.3] 0.3 [0.2–0.4] 0.4 [0.2–29.7] NS NS * NS

TL length
(kb) 7.2 (4.0) 7.5 (4.4) 5 (3.1) 8.6 (5) 8.3 (4.3) 6.7 (3.3) 6.6 (5.7) 6 (2.5) 7.3 (2.7) NS NS * NS

SOD
(U/mL) 2.5 (0.1) 2.5 (0.07) 2.5 (0.1) 2.6 (0.1) 2.5 (0.1) 2.5 (0.05) 2.6 (0.03) 2.5 (0.05) 2.5 (0.05) NS NS NS NS

Catalase
(U/mL) 0.2 (0.1) 0.16 (0.12) 0.2 (0.2) 0.1 (0.1) 0.2 (0.1) 0.18 (0.14) 0.2 (0.2) 0.2 (0.08) 0.2 (0.2) NS NS NS NS

Data are presented as mean (SD) for normally distributed data or median (IQR) for skewed data. Comparisons were performed using t-test, Wilcoxon–Mann–Whitney, 1-way ANOVA, or linear models as
appropriate. Indicated p values are for the following comparisons: Age (combined) compares variables between the two age groups without correcting for intensity (t-test and Wilcoxon–Mann–Whitney). Age
(intensity) compares variables between the two age groups after correcting for intensity (linear model). Intensity (age) compares intensity groups after correcting for age (linear model). Age x intensity indicates
significant interactions between age and intensity for the tested variables (linear model). * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. One unit of catalase decomposes one micromole of hydrogen peroxide per minute at
25 ◦C and pH 7.0. One unit of SOD is defined as the amount of enzyme causing half the maximum inhibition of the reduction of 1.5 mM Nitro blue tetrazolium in the presence of riboflavin at 25 ◦C and pH 7.8.
TNF-α levels were higher in older elite athletes regardless of intensity groups: When comparing cytokine levels between athletes who belong to the two age groups, TNF-α was the only cytokine that showed a
significant increase (p < 0.01) in older compared to younger elite athletes regardless of intensity (Figure 2A).
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Figure 2. Comparing levels of serum cytokines between age and sport intensity groups. IL-8 and
IL-10 were compared between younger (less than 25 years old, n = 45) and older (more than 25 years
old, n = 35) elite athletes (A) in different sport intensities (low, n = 18, moderate, n = 31 and high,
n = 31) (B). ANOVA was used to compare cytokine levels in different age and sport intensity groups.
Data are presented as median and IQR. p* <0.05.
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High-intensity sports were associated with longer telomere length (TL): When com-
paring telomere length in elite athletes who belong to different age and intensity groups,
the results indicated no significant difference in TL between the two age groups (Table 2).
However, the results revealed a significant increase in TL in athletes who belong to high-
intensity sports compared to low and moderate sport intensity groups (p = 0.03) (Figure 4A).
This difference was significant in younger (p = 0.03) but not older elite athletes, although a
similar trend was detected (p = 0.1) (Figure 4B).

IL-6 and IL-10 were higher in competing athletes compared to out of competition
counterparts: Since competition adds to athletes’ physiological and psychological stress,
levels of cytokines were compared between competing (n = 20) and out of competition
(n = 60) elite athletes. Results indicated higher levels of IL-6 and IL-10 in the competing
athletes compared to the non-competing counterparts, regardless of age (p = 0.008 and
p < 0.001, respectively) (Figure 5A). IL-8 was also higher in competing athletes compared
to non-competing counterparts, but the difference in IL-8 levels did not reach statistical
significance (p = 0.1). However, when considering sport intensity groups, there was a
significant increase in IL-8 levels in competing athletes with increased sports intensity
(p = 0.03), but not in non-competing athletes. A similar trend was also seen in TNF-α, IL-6
and IL-10, but did not reach statistical significance (Figure 5B).
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were compared between younger (less than 25 years old, n = 45) and older (more than 25 years old,
n = 35) elite athletes (A) in different sport intensities (low, n = 18, moderate, n = 31 and high, n = 31)
(B). Linear regression model was used to compare cytokine levels in different age and sport intensity
groups taking gender and in/out of competition status as potential confounders. Data are presented
as median and IQR. * p < 0.05.
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Figure 5. Comparing levels of cytokines in competing and out of competition athletes. Levels of
TNF-α, IL-6, IL-8 and IL-10 cytokines were compared between in competition (n = 20) and out of
competition (n = 60) elite athletes (A) in different sport intensities (low, n = 18, moderate, n = 31 and
high, n = 31) (B). Linear regression model was used to compare cytokine levels in different age and
sport intensity groups taking gender and in/out of competition status as potential confounders. Data
are presented as median and IQR. * p < 0.05.

Catalase activity was positively associated with levels of TNF-α: Levels of SOD and
catalase did not differ between age or intensity groups (Table 2). However, there was a
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significant positive association between catalase activity and levels of TNF-α (R = 0.51,
p = 0.003).

4. Discussion

Previous studies have reported that aging is associated with elevation in the pro-
inflammatory environment, which promotes the shortening of telomeres, cellular senes-
cence and health decline. The positive effect of exercise on modulating age-related inflam-
matory response is well established. However, studies investigating the effect of different
levels of exercise intensity in athletes of different age groups on levels of cytokines and TL
are not yet established. In this study, serum levels of various pro and anti-inflammatory
cytokines and antioxidant enzymes were determined in elite athletes who belong to three
different sport intensities and two age groups. Our emerging novel data show that HI
sports were associated with longer telomeres and higher levels of pro- (IL-6) and anti-
inflammatory (IL-10) cytokines, suggesting slower aging in HI sports accompanied with
heightened inflammatory response.

Aging is associated with an elevation in blood inflammatory markers, including
TNF-α [21] and IL-6 [22]. The aging-dependent increase in inflammatory response in older
individuals could reflect health decline and disease progression. In our study, TNF-α was
the only cytokine exhibiting a significant elevation in older elite athletes among all detected
cytokines, regardless of intensity groups. Levels of TNF-α were also positively correlated
with catalase activity, shown previously to be down-regulated by TNF-α [23]. Since the
elite athletes participating in this study are relatively young compared to previous studies
focusing on an aged population, our data may suggest that TNF-α could be used as an
early biomarker of pro-inflammatory aging in elite athletes.

During a strenuous workout, numerous cytokines are released into circulation. Evi-
dence from different cross-sectional studies found that levels of IL-6 can rise up to 100-fold
and TNF-α by threefold over their baseline values [24]. Other studies have shown that
exercise can increase IL-1β [25] and TNF-α [26], while others have found no changes in
these cytokines [27]. Most of the previous findings explored the response of cytokines to
long and continuous strenuous exercise such as a marathon, which makes extrapolation
of the findings in low-intensity exercises difficult. In this study, the profiling of cytokines
investigated elite athletes who belong to different age and sport intensity groups. Our data
indicated that both IL-6 and IL-10 are elevated in HI sports in an age-dependent manner.
Hence, levels of IL-6 and IL-10 were correlated with exercise intensity, suggesting that
sports with more intense exercise can lead to increased production of these cytokines. The
elevation in the anti-inflammatory cytokine IL-10 together with IL-6 could reflect a compen-
satory mechanism and adaptation to long-term training. Indeed, the concomitant increase
in IL-6 and IL-10 in HI athletes seems to express a balance in pro- and anti-inflammatory
processes as an adaptation for long-term exposure to stressful stimuli such as athletics
and cycling sports. Westendorp [28] demonstrated that such a balance would be in favor
of successful aging and longer life. Similarly, the correction between levels of TNF-α
and IL-10 is important for maintaining immune homeostasis. The production of TNF-α
contributes to overwhelming inflammatory response and tissue damage. However, the
increase in TNF-alpha production is usually counterbalanced by simultaneous synthesis of
an anti-inflammatory cytokine IL-10, which suppresses the production of many activating
and regulatory mediators.

Interestingly, IL-10 was elevated in athletes who belong to HI sports in both age
groups, and IL-6 was only elevated in older HI participants, but not in athletes below
25 years of age. The protective effect of IL-10 with HI sports seems to be independent
of age, whereas the harmful effect of IL-6 is more manifested in older athletes. Our data
also showed that IL-6 and IL-10 were higher in competing athletes compared to out of
competition counterparts regardless of age. IL-8 showed higher levels with increased sport
intensity only in competing athletes. Elevation in these cytokines during competition could
reflect the effect of physiological and psychological stress due to increased intensity and
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frequency of exercise during competition and associated anxiety [29]. Furthermore, our
data showed a clear difference in IL-6, but not other proinflammatory cytokines, among
different intensity groups. This could reflect the sensitivity of IL-6 response to exercise,
as reported by many studies [30–33]. IL-6 is an inflammation-responsive muscle-derived
factor that signals to other organs during exercise. Previous studies have shown that
subjects performing exercise in a controlled environment (exhaustive exercise and low
in carbohydrates diet) exhibit elevated plasma levels of IL-6 released from their stressed
muscles, especially in subjects with lower muscle glycogen stores before exercise [24].
Such results may explain the source of the higher IL-6 in the HI group that is essentially
composed of athletes who belong to athletics and cycling sports. An interesting study of
Bourne and Rapoport [34] showed that marathon athletes can “hit the wall” by reducing
glycogen stores below their optimal levels. Therefore, as glycogen continues to decline
during intense long exercises, IL-6 continues to rise [35]. Other findings suggest that
exposure to higher proinflammatory IL-6 can trigger an increase in glycogen stores and a
change in insulin sensitivity [36]. This may in part explain the physiological adaptation
of marathon runners and elite cyclists, as they need to have adequate glycogen stores
before competitions.

On other hand, anti-inflammatory cytokines, such as IL-10, appear later in exercise or
during recovery as a compensatory mechanism to counteract the rising pro-inflammatory
cytokines during a workout [37]. Among anti-inflammatory cytokines, IL-10 is arguably
the most potent immunosuppressive cytokine. It can block immune responses at different
levels; therefore, it is likely to play an important role in the control of immune and inflam-
matory reactions during exercise. In fact, IL-10 showed highly significant correlations with
levels of IL-6, IL-8 and TNF-α, which may explain the compensatory mechanism in the HI
sport group. Indeed, it was well demonstrated that IL-10 can block the release of IL-1α,
IL-1β, TNF-α and IL-8 [38]. Pro- or anti-inflammatory cytokines have a role in all phases
of inflammation. It is the balance between pro and anti-inflammatory cytokines that will
locally manage the intensity and duration of the inflammatory reaction induced by physical
activity [39]. Previous studies have demonstrated that HI exercise training/increased inten-
sity is prone to a higher risk of injury [40]. Our findings, however, suggest a new theory of a
balanced inflammatory status that argues against the negative impact of stressful workouts.
Further research is required to explore whether such a balanced inflammatory status could
be supported and to test the two emergent biomarkers (IL-6 and IL-10) as indicators for
successful training-associated reduced aging.

Telomeres are regions of repetitive nucleotide sequences at the ends of chromosomes,
which act as a protective layer to prevent the loss of genetic information through degrada-
tion. However, with the natural aging process, the DNA length inevitably decreases with
each cell division until it reaches a critical length. The decrease in TL is considered a strong
cellular indicator of biological aging and potentially health decline. Different modes of
acute exercise might be able to affect TL and increase the health status and lifespan of a
person [41,42]. Previous studies have tested the effect of 6 months of aerobic endurance
training, high-intensity training, and resistance training in 124 healthy, but inactive, individ-
uals. The results from these studies indicated that endurance, but not resistance, training
acutely increased telomerase activity and TL [43]. Other studies reported a similar response
to acute exercise, proposing an adaptive mechanism that might contribute to TL mainte-
nance [42]. Two large datasets from the US National Health and Nutrition Examination
Survey have shown that longer telomeres are associated with increased survival, particu-
larly among active men [44,45]. A cross-sectional study of 7813 women aged 43–70 years
from the Nurses’ Health Study has shown that even moderate amounts of activity may
be associated with longer telomeres [46]. Studies have also pointed to sex differences in
anti-aging response to short- and long-term high-intensity interval exercise related to telom-
erase activity and total oxidative stress status [47], and suggested that decreasing oxidative
stress and inflammation could protect people from telomere attrition [48]. Recent evidence
has suggested that young elite athletes have longer telomeres than their inactive peers [43].
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A meta-analysis comparing the effect of high levels of physical activity in elite athletes com-
pared to a sedentary lifestyle on telomere length concluded that high-level chronic physical
training may provide protective effects on TL [49]. Among endurance athletes, a strong
correlation between maximum oxygen uptake and the ratio of telomeres/single copy genes
was identified [50]. Furthermore, a recent study has suggested that the longer leukocyte
TL of master athletes may reflect a better ability to face COVID-19 successfully than their
frail sedentary age-matched peers [51]. Longer telomeres of master athletes compared to
age-matched non-athletes may be the result of lower chronic inflammation and oxidative
stress and elevated telomerase activity [52]. In contrast, other reports proposed that ex-
posure to acute endurance exercise might be threatening to an individual’s health as it
leads to accelerated oxygen radical generation and oxidative stress [53,54]. Acute exposure
to long distance running was also found to decrease TL due to oxidative DNA damage.
Reports have shown that although antioxidant enzyme activities were increased following
long-term exercise training, the lengths of telomeres in leukocytes were not influenced by
both mid-intensity and high-intensity exercise stress [55]. Therefore, evidence of the effect
of exercise on TL remains controversial and warrants further investigation. Our study,
therefore, aimed to clarify the effect of the chronic effect of different sport intensities in elite
athletes on TL and potentially cellular aging. Our novel data indicated a significant increase
in TL in athletes who belong to HI sports. The effect was more pronounced in younger, but
not older, elite athletes, although a similar trend was detected in older athletes. Hence, our
data confirm previous reports of the positive effect of exercise on TL and reduced aging.
The effect was more evident in younger athletes, perhaps as the effect of IL-6 elevation
with increased sport intensity is less pronounced compared to older athletes. IL-6 is known
to be one of the main signaling pathways involved in chronic morbidity and aging [30].
Therefore, our data are the first to confirm the maintenance of telomere length in highly
trained athletes who belong to high-intensity sports.

This study presents some limitations that should be acknowledged. One of the main
limitations of this study is the relatively small size of the studied groups. Additionally,
variation in sample collection, transportation and storage could have affected the results.
Furthermore, the recruitment timing (in or out of competition) has introduced another
factor of stress-related alterations in cytokine levels, potentially confounding our data,
although we have taken it into account during analysis. Although various studies have
investigated the effect of acute exercise on cytokine levels [30,56–58], the use of samples
from competing athletes under acute exercise could have impaired the interpretation of
our results. However, by comparing changes in cytokines between athletes in and out
of competition, the emerging data have provided crucial information about differences
in cytokine levels between acute and chronic exercise periods. Furthermore, measuring
antioxidant enzyme activities in the whole blood instead of athletes’ sera would have
provided more relevant information; however, as samples were collected in serum separator
tubes as per doping analysis protocols, it was not possible to perform these tests in whole
blood samples. Finally, the limited available information of athletes’ anthropometric,
physiological and nutritional data during sampling as well as the resting time since their
last exercise has hindered attempts to consider other important potential confounders such
as body mass index, VO2max and diet in our analysis. The missing information could
have significantly influenced the inflammatory state of the athletes and the true correlation
with anaerobic or aerobic exercise. Despite these limitations, our novel data revealed
significant and pronounced alterations in cytokines and TL in the studied groups, although
the replication of data in other cohorts with a controlled experimental design is warranted.

5. Conclusions

Longer telomeres and higher levels of pro- and anti-inflammatory cytokines were
identified in athletes who belong to HI sports, suggesting less aging and a potentially
healthier phenotype compared to athletes who belong to low- and moderate-intensity
sports. Investigations of the functional significance of these associations on the health and
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performance of elite athletes and the use of TNF-α, IL-6 and IL-10 as potential biomarkers
for aging-related changes in immune response in elite athletes are needed.

Author Contributions: M.S. analyzed data and wrote the manuscript. S.A.-m., H.A.-J., H.A.-A.,
L.A.-M. and N.A.M. contributed to experiment design, data analysis and interpretation. F.D. and
F.B. collected samples and contributed to experimental design, data analysis and interpretation.
M.A.E. was the lead investigator who supervised the work, designed experiments, analyzed data
and contributed to manuscript writing. All co-authors have reviewed and approved the final draft of
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by Qatar National Research Fund (UREP26-043-3-018).

Institutional Review Board Statement: This study is performed in line with the World Medical
Association Declaration of Helsinki—Ethical Principles for Medical Research Involving Human
Subjects. All protocols were approved by the Institutional Research Board of Qatar University
(QU-IRB 1277-E/20).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are available from the corresponding author upon reasonable request.

Acknowledgments: The researchers would like to thank all students from the sport science program
and biomedical center of Qatar University for participating in the biochemical assay.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rea, I.M.; Gibson, D.; McGilligan, V.; McNerlan, S.E.; Alexander, H.D.; Ross, O. Age and Age-Related Diseases: Role of

Inflammation Triggers and Cytokines. Front. Immunol. 2018, 9, 586. [CrossRef] [PubMed]
2. De Araujo, A.L.; Silva, L.C.; Fernandes, J.R.; Benard, G. Preventing or reversing immunosenescence: Can exercise be an

immunotherapy? Immunotherapy 2013, 5, 879–893. [CrossRef]
3. Duggal, N.A.; Niemiro, G.; Harridge, S.D.R.; Simpson, R.J.; Lord, J.M. Can physical activity ameliorate immunosenescence and

thereby reduce age-related multi-morbidity? Nat. Rev. Immunol. 2019, 19, 563–572. [CrossRef] [PubMed]
4. Fulop, T.; Larbi, A.; Dupuis, G.; Le Page, A.; Frost, E.H.; Cohen, A.A.; Witkowski, J.M.; Franceschi, C. Immunosenescence and

Inflamm-Aging as Two Sides of the Same Coin: Friends or Foes? Front. Immunol. 2018, 8, 1960. [CrossRef]
5. Ferrucci, L.; Fabbri, E. Inflammageing: Chronic inflammation in ageing, cardiovascular disease, and frailty. Nat. Rev. Cardiol.

2018, 15, 505–522. [CrossRef]
6. Aunan, J.R.; Watson, M.M.; Hagland, H.R.; Søreide, K. Molecular and biological hallmarks of ageing. BJS 2016, 103, e29–e46.

[CrossRef]
7. Viña, A.G.J.; Viña, J.; Gimeno, A.; Sastre, J.; Desco, C.; Asensi, M.; Pallardó, F.V.; Cuesta, A.; Ferrero, J.A.; Terada, L.S.; et al.

Mechanism of Free Radical Production in Exhaustive Exercise in Humans and Rats; Role of Xanthine Oxidase and Protection by
Allopurinol. IUBMB Life 2000, 49, 539–544. [CrossRef] [PubMed]

8. Ryan, M.J.; Jackson, J.R.; Hao, Y.; Leonard, S.S.; Alway, S.E. Inhibition of xanthine oxidase reduces oxidative stress and improves
skeletal muscle function in response to electrically stimulated isometric contractions in aged mice. Free Radic. Biol. Med. 2011, 51,
38–52. [CrossRef]

9. Wadley, A.; Chen, Y.-W.; Lip, G.Y.; Fisher, J.P.; Aldred, S. Low volume–high intensity interval exercise elicits antioxidant and
anti-inflammatory effects in humans. J. Sports Sci. 2015, 34, 1–9. [CrossRef]

10. Mullins, A.L.; Van Rosendal, S.P.; Briskey, D.R.; Fassett, R.G.; Wilson, G.R.; Coombes, J.S. Variability in oxidative stress biomarkers
following a maximal exercise test. Biomarkers 2013, 18, 446–454. [CrossRef] [PubMed]

11. Stewart, L.K.; Flynn, M.G.; Campbell, W.W.; Craig, B.A.; Robinson, J.; Timmerman, K.L.; Mcfarlin, B.K.; Coen, P.; Talbert, E. The
Influence of Exercise Training on Inflammatory Cytokines and C-Reactive Protein. Med. Sci. Sports Exerc. 2007, 39, 1714–1719.
[CrossRef] [PubMed]

12. Barry, J.C.; Simtchouk, S.; Durrer, C.; Jung, M.E.; Mui, A.L.; Little, J.P. Short-term exercise training reduces anti-inflammatory
action of interleukin-10 in adults with obesity. Cytokine 2018, 111, 460–469. [CrossRef]

13. Sohail, M.U.; Al-Mansoori, L.; Al-Jaber, H.; Georgakopoulos, C.; Donati, F.; Botrè, F.; Sellami, M.; Elrayess, M.A. Assessment
of Serum Cytokines and Oxidative Stress Markers in Elite Athletes Reveals Unique Profiles Associated with Different Sport
Disciplines. Front. Physiol. 2020, 11, 600888. [CrossRef] [PubMed]

14. Childs, B.G.; Durik, M.; Baker, D.J.; Van Deursen, J.M. Cellular senescence in aging and age-related disease: From mechanisms to
therapy. Nat. Med. 2015, 21, 1424–1435. [CrossRef]

15. Shammas, M.A. Telomeres, lifestyle, cancer, and aging. Curr. Opin. Clin. Nutr. Metab. Care 2011, 14, 28–34. [CrossRef]
16. Balan, E.; Decottignies, A.; Deldicque, L. Physical Activity and Nutrition: Two Promising Strategies for Telomere Maintenance?

Nutrition 2018, 10, 1942. [CrossRef] [PubMed]

http://doi.org/10.3389/fimmu.2018.00586
http://www.ncbi.nlm.nih.gov/pubmed/29686666
http://doi.org/10.2217/imt.13.77
http://doi.org/10.1038/s41577-019-0177-9
http://www.ncbi.nlm.nih.gov/pubmed/31175337
http://doi.org/10.3389/fimmu.2017.01960
http://doi.org/10.1038/s41569-018-0064-2
http://doi.org/10.1002/bjs.10053
http://doi.org/10.1080/15216540050167098
http://www.ncbi.nlm.nih.gov/pubmed/11032249
http://doi.org/10.1016/j.freeradbiomed.2011.04.002
http://doi.org/10.1080/02640414.2015.1035666
http://doi.org/10.3109/1354750X.2013.810668
http://www.ncbi.nlm.nih.gov/pubmed/23862764
http://doi.org/10.1249/mss.0b013e31811ece1c
http://www.ncbi.nlm.nih.gov/pubmed/17909397
http://doi.org/10.1016/j.cyto.2018.05.035
http://doi.org/10.3389/fphys.2020.600888
http://www.ncbi.nlm.nih.gov/pubmed/33178053
http://doi.org/10.1038/nm.4000
http://doi.org/10.1097/MCO.0b013e32834121b1
http://doi.org/10.3390/nu10121942
http://www.ncbi.nlm.nih.gov/pubmed/30544511


Antioxidants 2021, 10, 1035 15 of 16

17. Arsenis, N.C.; You, T.; Ogawa, E.F.; Tinsley, G.; Zuo, L. Physical activity and telomere length: Impact of aging and potential
mechanisms of action. Oncotarget 2017, 8, 45008–45019. [CrossRef]

18. Semeraro, M.D.; Smith, C.; Kaiser, M.; Levinger, I.; Duque, G.; Gruber, H.-J.; Herrmann, M. Physical activity, a modulator of aging
through effects on telomere biology. Aging 2020, 12, 13803–13823. [CrossRef] [PubMed]

19. O’Kennedy, R. The immune system in sport: Getting the balance right. Br. J. Sports Med. 2000, 34, 161. [CrossRef]
20. Mitchell, J.H.; Haskell, W.; Snell, P.; Van Camp, S.P. Task Force 8: Classification of sports. J. Am. Coll. Cardiol. 2005, 45, 1364–1367.

[CrossRef]
21. Paolisso, G.; Rizzo, M.R.; Mazziotti, G.; Tagliamonte, M.R.; Gambardella, A.; Rotondi, M.; Carella, C.; Giugliano, D.; Varricchio,

M.; D’Onofrio, F. Advancing age and insulin resistance: Role of plasma tumor necrosis factor-α. Am. J. Physiol. Metab. 1998, 275,
E294–E299. [CrossRef]

22. Hager, K.; Machein, U.; Krieger, S.; Platt, D.; Seefried, G.; Bauer, J. Interleukin-6 and selected plasma proteins in healthy persons
of different ages. Neurobiol. Aging 1994, 15, 771–772. [CrossRef]

23. Lupertz, R.; Chovolou, Y.; Kampkotter, A.; Watjen, W.; Kahl, R. Catalase overexpression impairs TNF-alpha induced NF-kappaB
activation and sensitizes MCF-7 cells against TNF-alpha. J. Cell Biochem. 2008, 103, 1497–1511. [CrossRef] [PubMed]

24. Pedersen, B.K.; Steensberg, A.; Schjerling, P. Exercise and interleukin-6. Curr. Opin. Hematol. 2001, 8, 137–141. [CrossRef]
[PubMed]

25. Watson, T.A.; Callister, R.; Taylor, R.D.; Sibbritt, D.W.; MacDonald-Wicks, L.K.; Garg, M.L. Antioxidant Restriction and Oxidative
Stress in Short-Duration Exhaustive Exercise. Med. Sci. Sports Exerc. 2005, 37, 63–71. [CrossRef]

26. Vincent, H.K.; Morgan, J.W.; Vincent, K.R. Obesity Exacerbates Oxidative Stress Levels after Acute Exercise. Med. Sci. Sports Exerc.
2004, 36, 772–779. [CrossRef]

27. Rivier, A.; Pène, J.; Chanez, P.; Anselme, F.; Caillaud, C.; Prefaut, C.; Godard, P.; Bousquet, J. Release of Cytokines by Blood
Monocytes During Strenuous Exercise. Int. J. Sports Med. 1994, 15, 192–198. [CrossRef] [PubMed]

28. Westendorp, R.G. Are we becoming less disposable? EMBO Rep. 2004, 5, 2–6. [CrossRef]
29. Tanguy, G.; Sagui, E.; Fabien, Z.; Martin-Krumm, C.; Canini, F.; Trousselard, M. Anxiety and Psycho-Physiological Stress Response

to Competitive Sport Exercise. Front. Psychol. 2018, 9, 1469. [CrossRef] [PubMed]
30. Peake, J.M.; Suzuki, K.; Hordern, M.; Wilson, G.; Nosaka, K.; Coombes, J.S. Plasma cytokine changes in relation to exercise

intensity and muscle damage. Eur. J. Appl. Physiol. 2005, 95, 514–521. [CrossRef] [PubMed]
31. Cullen, T.; Thomas, A.W.; Webb, R.; Hughes, M.G. Interleukin-6 and associated cytokine responses to an acute bout of high-

intensity interval exercise: The effect of exercise intensity and volume. Appl. Physiol. Nutr. Metab. 2016, 41, 803–808. [CrossRef]
32. Nieman, D.C.; Konrad, M.; Henson, D.A.; Kennerly, K.; Shanely, R.A.; Wallner-Liebmann, S.J. Variance in the acute in-flammatory

response to prolonged cycling is linked to exercise intensity. J. Interferon Cytokine Res. 2012, 32, 12–17. [CrossRef] [PubMed]
33. Scott, J.P.R.; Sale, C.; Greeves, J.P.; Casey, A.; Dutton, J.; Fraser, W.D. Effect of Exercise Intensity on the Cytokine Response to an

Acute Bout of Running. Med. Sci. Sports Exerc. 2011, 43, 2297–2306. [CrossRef]
34. Rapoport, B.I. Metabolic factors limiting performance in marathon runners. PLoS Comput. Biol. 2010, 6, e1000960. [CrossRef]

[PubMed]
35. Steensberg, A.; Febbraio, M.A.; Osada, T.; Schjerling, P.; van Hall, G.; Saltin, B.; Pedersen, B.K. Interleukin-6 production in

contracting human skeletal muscle is influenced by pre-exercise muscle glycogen content. J. Physiol. 2001, 537, 633–639. [CrossRef]
36. Glund, S.; Deshmukh, A.; Long, Y.C.; Moller, T.; Koistinen, H.A.; Caidahl, K.; Zierath, J.; Krook, A. Interleukin-6 Directly Increases

Glucose Metabolism in Resting Human Skeletal Muscle. Diabetes 2007, 56, 1630–1637. [CrossRef] [PubMed]
37. Freitas, D.A.; Rocha-Vieira, E.; Soares, B.A.; Nonato, L.F.; Fonseca, S.R.; Martins, J.B.; Mendonça, V.A.; Lacerda, A.C.; Massensini,

A.R.; Poortamns, J.R.; et al. High intensity interval training modulates hippocampal oxidative stress, BDNF and inflammatory
mediators in rats. Physiol. Behav. 2018, 184, 6–11. [CrossRef]

38. Starkie, R.; Ostrowski, S.R.; Jauffred, S.; Febbraio, M.; Pedersen, B.K. Exercise and IL-6 infusion inhibit endotoxin-induced
TNF-alpha production in humans. FASEB J. 2003, 17, 884–886. [CrossRef]

39. Bönig, H.; Packeisen, J.; Röhne, B.; Hempel, L.; Hannen, M.; Klein-Vehne, A.; Burdach, S.; Körholz, D. Interaction Between
Interleukin 10 and Interleukin 6 in Human B-Cell Differentiation. Immunol. Investig. 1998, 27, 267–280. [CrossRef]

40. Cerqueira, É.; Marinho, D.A.; Neiva, H.; Lourenço, O. Inflammatory Effects of High and Moderate Intensity Exercise—A
Systematic Review. Front. Physiol. 2020, 10, 1550. [CrossRef]

41. Borghini, A.; Giardini, G.; Tonacci, A.; Mastorci, F.; Mercuri, A.; Sposta, S.M.; Moretti, S.; Andreassi, M.G.; Pratali, L. Chronic and
acute effects of endurance training on telomere length. Mutagenesis 2015, 30, 711–716. [CrossRef]

42. Ludlow, A.T.; Roth, S.M. Physical Activity and Telomere Biology: Exploring the Link with Aging-Related Disease Prevention. J.
Aging Res. 2011, 2011, 1–12. [CrossRef] [PubMed]

43. Muniesa, C.A.; Verde, Z.; Diaz-Ureña, G.; Santiago, C.; Gutiérrez, F.; Díaz, E.; Gómez-Gallego, F.; Pareja-Galeano, H.; Soares-
Miranda, L.; Lucia, A. Telomere Length in Elite Athletes. Int. J. Sports Physiol. Perform. 2017, 12, 994–996. [CrossRef] [PubMed]

44. Loprinzi, P.D.; Loenneke, J.P. Leukocyte telomere length and mortality among U.S. adults: Effect modification by physical activity
behaviour. J. Sports Sci. 2018, 36, 213–219. [CrossRef] [PubMed]

45. Tucker, L.A. Physical activity and telomere length in U.S. men and women: An NHANES investigation. Prev. Med. 2017, 100,
145–151. [CrossRef] [PubMed]

http://doi.org/10.18632/oncotarget.16726
http://doi.org/10.18632/aging.103504
http://www.ncbi.nlm.nih.gov/pubmed/32575077
http://doi.org/10.1136/bjsm.34.3.161
http://doi.org/10.1016/j.jacc.2005.02.015
http://doi.org/10.1152/ajpendo.1998.275.2.E294
http://doi.org/10.1016/0197-4580(94)90066-3
http://doi.org/10.1002/jcb.21538
http://www.ncbi.nlm.nih.gov/pubmed/17879952
http://doi.org/10.1097/00062752-200105000-00002
http://www.ncbi.nlm.nih.gov/pubmed/11303145
http://doi.org/10.1249/01.MSS.0000150016.46508.A1
http://doi.org/10.1249/01.MSS.0000126576.53038.E9
http://doi.org/10.1055/s-2007-1021046
http://www.ncbi.nlm.nih.gov/pubmed/8063468
http://doi.org/10.1038/sj.embor.7400059
http://doi.org/10.3389/fpsyg.2018.01469
http://www.ncbi.nlm.nih.gov/pubmed/30210383
http://doi.org/10.1007/s00421-005-0035-2
http://www.ncbi.nlm.nih.gov/pubmed/16151834
http://doi.org/10.1139/apnm-2015-0640
http://doi.org/10.1089/jir.2011.0038
http://www.ncbi.nlm.nih.gov/pubmed/21916608
http://doi.org/10.1249/MSS.0b013e31822113a9
http://doi.org/10.1371/journal.pcbi.1000960
http://www.ncbi.nlm.nih.gov/pubmed/20975938
http://doi.org/10.1111/j.1469-7793.2001.00633.x
http://doi.org/10.2337/db06-1733
http://www.ncbi.nlm.nih.gov/pubmed/17363741
http://doi.org/10.1016/j.physbeh.2017.10.027
http://doi.org/10.1096/fj.02-0670fje
http://doi.org/10.3109/08820139809070900
http://doi.org/10.3389/fphys.2019.01550
http://doi.org/10.1093/mutage/gev038
http://doi.org/10.4061/2011/790378
http://www.ncbi.nlm.nih.gov/pubmed/21403893
http://doi.org/10.1123/ijspp.2016-0471
http://www.ncbi.nlm.nih.gov/pubmed/27918657
http://doi.org/10.1080/02640414.2017.1293280
http://www.ncbi.nlm.nih.gov/pubmed/28282748
http://doi.org/10.1016/j.ypmed.2017.04.027
http://www.ncbi.nlm.nih.gov/pubmed/28450121


Antioxidants 2021, 10, 1035 16 of 16

46. Du, M.; Prescott, J.; Kraft, P.; Han, J.; Giovannucci, E.; Hankinson, S.E.; de Vivo, I. Physical activity, sedentary behavior, and
leukocyte telomere length in women. Am. J. Epidemiol. 2012, 175, 414–422. [CrossRef] [PubMed]

47. Saghebjoo, M.; Sadeghi-Tabas, S.; Saffari, I.; Ghane, A.; Dimauro, I. Sex Differences in antiaging response to short- and long-term
high-intensity interval exercise in rat cardiac muscle: Telomerase activity, total antioxidant/oxidant status. Chin. J. Physiol. 2019,
62, 261–266. [CrossRef]

48. Caire-Juvera, G.; Navarro-Ibarra, M.J.; Hernández, J. Diet, physical activity and telomere length in adults. Nutr. Hosp. 2019, 36,
1403–1417. [CrossRef]

49. Abrahin, O.; Cortinhas-Alves, E.A.; Vieira, R.P.; Guerreiro, J.F. Elite athletes have longer telomeres than sedentary subjects: A
meta-analysis. Exp. Gerontol. 2019, 119, 138–145. [CrossRef]

50. Østhus, I.B.Ø.; Sgura, A.; Berardinelli, F.; Alsnes, I.V.; Brønstad, E.; Rehn, T.; Støbakk, P.K.; Hatle, H.; Wisløff, U.; Nauman, J.
Telomere Length and Long-Term Endurance Exercise: Does Exercise Training Affect Biological Age? A Pilot Study. PLoS ONE
2012, 7, e52769. [CrossRef]

51. Simoes, H.G.; Rosa, T.S.; Sousa, C.V.; Aguiar, S.D.S.; Motta-Santos, D.; Degens, H.; Korhonen, M.T.; Campbell, C.S.G. Does
Longer Leukocyte Telomere Length and Higher Physical Fitness Protect Master Athletes from Consequences of Coronavirus
(SARS-CoV-2) Infection? Front. Sports Act Living 2020, 2, 87. [CrossRef]

52. Aguiar, S.S.; Sousa, C.V.; Santos, P.A.; Barbosa, L.P.; Maciel, L.A.; Coelho-Júnior, H.J.; Motta-Santos, D.; Rosa, T.S.; Degens, H.;
Simões, H.G. Master athletes have longer telomeres than age-matched non-athletes. A systematic review, meta-analysis and
discussion of possible mechanisms. Exp. Gerontol. 2021, 146, 111212. [CrossRef]

53. Mastaloudis, A.; Leonard, S.; Traber, M. Oxidative stress in athletes during extreme endurance exercise. Free. Radic. Biol. Med.
2001, 31, 911–922. [CrossRef]

54. Werner, C.M.; Hecksteden, A.; Morsch, A.; Zundler, J.; Wegmann, M.; Kratzsch, J.; Thiery, J.; Hohl, M.; Bittenbring, J.T.; Neumann,
F.; et al. Differential effects of endurance, interval, and resistance training on telomerase activity and telomere length in a
randomized, controlled study. Eur. Heart J. 2019, 40, 34–46. [CrossRef]

55. Shin, Y.-A.; Lee, J.-H.; Song, W.; Jun, T.-W. Exercise training improves the antioxidant enzyme activity with no changes of telomere
length. Mech. Ageing Dev. 2008, 129, 254–260. [CrossRef]

56. Varamenti, E.; Tod, D.; Pullinger, S.A. Redox Homeostasis and Inflammation Responses to Training in Adolescent Athletes: A
Systematic Review and Meta-analysis. Sports Med. Open 2020, 6, 34. [CrossRef] [PubMed]

57. Gokhale, R.; Chandrashekara, S.; VasanthaKumar, K. Cytokine response to strenuous exercise in athletes and non-athletes—An
adaptive response. Cytokine 2007, 40, 123–127. [CrossRef] [PubMed]

58. Eliakim, A.; Cooper, D.M.; Nemet, D. The GH-IGF-I Response to Typical Field Sports Practices in Adolescent Athletes: A
Summary. Pediatr. Exerc. Sci. 2014, 26, 428–433. [CrossRef] [PubMed]

http://doi.org/10.1093/aje/kwr330
http://www.ncbi.nlm.nih.gov/pubmed/22302075
http://doi.org/10.4103/CJP.CJP_52_19
http://doi.org/10.20960/nh.02673
http://doi.org/10.1016/j.exger.2019.01.023
http://doi.org/10.1371/journal.pone.0052769
http://doi.org/10.3389/fspor.2020.00087
http://doi.org/10.1016/j.exger.2020.111212
http://doi.org/10.1016/S0891-5849(01)00667-0
http://doi.org/10.1093/eurheartj/ehy585
http://doi.org/10.1016/j.mad.2008.01.001
http://doi.org/10.1186/s40798-020-00262-x
http://www.ncbi.nlm.nih.gov/pubmed/32748060
http://doi.org/10.1016/j.cyto.2007.08.006
http://www.ncbi.nlm.nih.gov/pubmed/17950614
http://doi.org/10.1123/pes.2014-0159
http://www.ncbi.nlm.nih.gov/pubmed/25372377

	Introduction 
	Materials and Methods 
	Cohort 
	Cytokine Profiling 
	Measurement of Antioxidant Enzymatic Activities 
	Measurement of Telomere Length 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

