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Abstract. Telomeres are nucleotide sequences found at the 
ends of chromosomes and they create protective structures 
at chromosome ends that sustain genetic integrity, along with 
associated proteins known as the shelterin complex. With each 
cell replication round, telomeres become shortened. When 
telomeres become critically short, the cells lead to death, 
experiencing either senescence or apoptosis. The lifestyle of 
every individual can positively or negatively affect the pace of 
telomere shortening. This phenomenon of telomere shortening 
can be reversed through the action of telomerase. Based on 
the growing literature, this review discusses the molecular 
mechanisms underlying the positive effects of exercise on 
telomere length dynamics. Such positive effects of exercise on 
telomere length dynamics are based on reducing inflammation 

and oxidative stress, as well as increasing the recruitment of 
the shelterin protein complex in combination with enhanced 
telomerase activity, thereby slowing the rate of telomere 
shortening. In this context, athletes show telomere length elon‑
gation, due to anti‑oxidant and anti‑inflammatory response, as 
well as owing to high shelterin protein complex expression and 
telomerase action. As a result, telomere length is regarded an 
useful marker to monitor the cellular health and the athletic 
performance of athletes. Additionally, telomere analysis can 
offer personalized strategies for athletes to optimize their 
training, recovery, and injury prevention.
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1. Introduction

Biological age provides a reliable way for identifying disease 
onset and mortality than chronological age  (1). Indeed, a 
multiorgan analysis has been performed to estimate the 
biological age of particular tissues, confirming its divergence 
from chronological age (1).

The molecular mechanisms underlying the biological 
aging process are linked and synergistically exert their effects. 
In a molecular setting, the major driving forces of aging are 
senescence, stem cell depletion, impaired metabolic function, 
dysregulated nutrient sensing, loss of proteostasis, genomic 
instability, telomere shortening, and changes in the epigenetic 
landscape (2). Concisely, genomic instability and telomere 
shortening emerge through the accumulation of DNA damage, 

The impact of exercise on telomere length dynamics: Molecular 
mechanisms and implications in athletes (Review)

STELLA BALIOU1,2,  MARIOS SPANAKIS1‑3,  MIRUNA‑MARIA APETROAEI4,  PETROS IOANNOU5,  
PERSEFONI FRAGKIADAKI1,2,  IRENE FRAGKIADOULAKI1,2,  ELISAVET RENIERI1,2,  ELENA VAKONAKI1,  

MANOLIS N. TZATZARAKIS1,  ALEXANDER E. NOSYREV6  and  ARISTIDIS TSATSAKIS1,2

1Laboratory of Toxicology, Medical School, University of Crete, 71003 Heraklion, Greece; 2Lifeplus S.A.,  
Science and Technological Park of Crete, 70013 Heraklion, Greece; 3Computational Bio‑Medicine Laboratory,  

Institute of Computer Science, Foundation for Research and Technology ‑ Hellas, 70013 Heraklion, Greece;   
4Faculty of Pharmacy, Carol Davila University of Medicine and Pharmacy, 020956 Bucharest, Romania;   

5School of Medicine, University of Crete, 71003 Heraklion, Greece;  6Molecular Theranostics Institute, Biomedical Science and 
Technology Park, I.M. Sechenov First Moscow State Medical University (Sechenov University), 119991 Moscow, Russia

Received December 19, 2024;  Accepted March 11, 2025

DOI: 10.3892/wasj.2025.344

Correspondence to: Professor Aristidis Tsatsakis, Laboratory 
of Toxicology, Medical School, University of Crete, Voutes, 
71003 Heraklion, Greece
E‑mail: tsatsaka@uoc.gr

Abbreviations: SASP, senescence‑associated secretory phenotype; 
TRF, telomere repeat binding factor; BLM, bloom syndrome protein; 
PGC‑1a/b, peroxisome proliferator‑activated receptor gamma 
co‑activator 1a/b; TERT, telomerase reverse transcriptase; RCTs, 
randomized controlled trials; IL, interleukin; TNFα, tumor necrosis 
factor‑α; ROS, reactive oxygen species; SOD, superoxide dismutase; 
CAT, catalase; qPCR, quantitative polymerase chain reaction; FISH, 
fluorescence in situ hybridization; SPW, sprint/power; RP, relative 
performance; TBARS, thiobarbituric acid reactive substances; 
NO, nitric oxide; SARS‑CoV‑2, severe acute respiratory syndrome 
coronavirus 2; PBMCs, peripheral blood mononuclear cells

Key words: exercise, telomere shortening, oxidative stress, 
inflammation, shelterin, telomerase, athletes

https://www.spandidos-publications.com/10.3892/wasj.2025.344


BALIOU et al:  TELOMERES AND TELOMERASE ENZYME ACTIVITY IN ATHLETES2

thereby disrupting cellular function. During altered nutrient 
sensing, the loss of proteostasis and mitochondrial dysfunc‑
tion, metabolism becomes dysregulated, thus providing low 
energy levels to cells. The chronic appearance of these hall‑
marks accounts for the excessive production of free radicals 
and the respective release of inflammatory mediators from 
senescent cells, known as senescence‑associated secretory 
phenotype (SASP) (3). The interconnectedness of these afore‑
mentioned processes substantiates that the aging process is 
multifaceted (4). Indeed, telomere dysfunction is not only a 
key hallmark of aging, but can also amplify other hallmarks 
of aging, accelerating the aging process and leading to the 
onset of age‑related diseases  (5). Recently, deficient RNA 
processing, attenuated autophagy, defects of the microbiome, 
changes in driving mechanical forces and inflammation have 
been proposed to as novel integrative hallmarks of aging. All 
these hallmarks accelerate the onset of several age‑related 
disorders (6).

The escalating number of diseases has placed senescence 
at the focus of research on aging. Senescence can be triggered 
by oncogene stimulation, DNA damage, telomere shortening, 
mitochondrial disturbance, or chromatin alterations as a 
defense mechanism to stimuli (7). Even though senescence is 
central to aging, it does not reflect aging alone (8). Telomere 
shortening is required for an age‑related decline in cellular 
function, causing genome instability and senescence  (8). 
Moreover, telomere length is considered a valuable biomarker 
for evaluating biological aging with further implications 
regarding age-related disorders (9,10). Indeed, telomere short‑
ening can increase the susceptibility to several age‑related 
disorders, including metabolic diseases, diseases of cardiovas‑
cular or cerebrovascular system, cancer, infertility (11‑18).

Research has unraveled the function and structure of 
telomeres, ensuring genome stability. Telomeres are nucleo‑
protein structures located at chromosomal ends, comprising 
repetitive DNA sequences associated with proteins of the 
shelterin complex  (5). In particular, the shelterin protein 
complex consists of six following proteins: Telomere repeat 
binding factor (TRF)1, TRF2, and TRF‑1 and TRF‑2 inter‑
acting nuclear protein 2 with different roles in sustaining 
telomere length values (19). For example, TRF1 upregulation 
is sufficient to drive telomere shortening owing to hindering 
telomerase action at telomeres (20). However, TRF1 cannot 
bind to the bloom syndrome protein (BLM) helicase, which, in 
turn, prevents BLM from accomplishing repair during errors 
in replication. In this regard, the loss of TRF1 additionally 
results in the generation of damage in telomeres (21).

Telomeres are known for their pleiotropic role in aging, as 
they are implicated in genome stability and the regulation of 
stress‑dependent pathways and gene expression (22,23). In this 
manner, chromosomes are protected from telomeres by fusing 
them through recombination or non‑homologous end joining, 
ensuring genome integrity (24). In particular, telomeres coated 
with shelterin complex proteins hinder the recognition of chro‑
mosomal ends as double‑strand breaks (24). By contrast, the 
shortest telomeres can cause the activation of DNA damage 
machinery, which is recruited and the subsequent senescence 
occurs (25).

Telomere shortening occurs typically during aging and 
can be accentuated due to certain parameters. The insufficient 

DNA replication or oxidative stress can accelerate the telo‑
mere shortening rate  (26). On the one side, the telomeres 
shorten with each cell division (27). On the other side, oxida‑
tive damage accelerates telomere shortening. Guanine‑rich 
regions at telomeres are mainly affected in oxidative stress 
conditions, mediating further mitochondrial disturbance and 
oxidative burst (28). Telomere dysfunction can impair mito‑
chondrial function, inactivating the p53 transcription factor, 
thereby downregulating mitochondrial biogenesis through 
the inhibition of peroxisome proliferator‑activated receptor 
gamma co‑activator 1a/b (PGC‑1a/b) (29,30). Alternatively, 
mitochondrial malfunction can be mediated by telomere 
shortening through the suppression of nicotinamide adenine 
dinucleotide‑dependent sirtuin 1 deacetylase, which in turn 
suppresses the action of PGC‑1a (31). As a result, telomere 
shortening, mitochondrial dysfunction, and senescence are 
interrelated. In a molecular setting, telomeres become too 
short, and DNA damage response is activated, leading to senes‑
cence or apoptosis (32). In particular, either protective p53/p21 
or the p16Ink4a signaling pathway is activated, resulting in 
cell cycle progression arrest (33). Due to telomere dysfunction, 
the senescent phenotype of cells becomes apparent through 
limited cell replication and the respective release of SASP 
mediators (34).

Furthermore, telomere shortening can be reversed through 
the action elicited by telomerase reverse transcriptase (TERT), 
which uses the telomerase RNA component as a scaffold to 
extend telomeric DNA. In differentiated cells, telomerase is 
inactivated, whereas it is stimulated in germ cells (35‑37).

In summary, host genetics and environmental parameters 
contribute to variation in telomere length between shortening 
and elongation (38). Obesity, a lack of exercise, smoking and 
alcohol consumption patterns accelerate the aging trajectory of 
individuals, leading to a higher rate of age‑associated compli‑
cations (37). On the other hand, a healthy diet and exercise can 
ameliorate the progression of age‑related disorders related to 
telomere shortening (39‑41).

Overall, notable advancements have been made in exercise. 
The effect of exercise on the aging process has been evalu‑
ated by measuring telomere length values. The present review 
discusses the benefits of exercise on telomere length dynamics 
and the factors that determine the positive effects of exercise 
in both general populations and athletes. The novelty of the 
present review is its focus on the circumstances under which 
exercise can benefit the aging process.

2. Effect of exercise on telomere dynamics

Physical exercise undoubtedly plays a crucial role in deter‑
mining healthy aging (42). Indeed, exercise can compromise 
the molecular processes driving the aging hallmarks, thus 
attenuating the potential risk of developing aging‑related 
diseases (43,44). From an epidemiological perspective, exercise 
is strongly connected with preserving telomere length, which 
aligns with its importance for general wellness (45). To support 
this, a recent comprehensive study with 36,383 participants 
aged 62 years has demonstrated that moderate to intense exer‑
cise substantially lowers the hazard ratio for mortality (46).

The past decade has demonstrated a growing interest in 
understanding the impact of exercise on telomere length. 
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Numerous systematic reviews have extensively highlighted 
the positive correlation between exercise and telomere 
dynamics. Vyas et al (47) conducted a study which demon‑
strated that 749 physically active adults had longer telomeres 
than those in the control group, irrespective of sex and 
ethnicity factors. Similarly, Valente et al (48) identified an 
association between physical activity and the elongation of 
telomere length, based on data from 30 studies involving 
7,418 participants. In a previous systematic review, a healthy 
lifestyle that includes exercise was found to be associated with 
the maintenance or elongation of telomere length, according 
to a comprehensive meta‑analysis of 20 studies involving 
2,995 individuals, regardless of the characteristics of an indi‑
vidual (49). Another systematic review, which also included 
27 observational studies, eight randomized controlled trials 
(RCTs) and eight interventional studies with a restricted 
number of individuals, yielded the most recent findings (50). 
This systematic research demonstrates how aerobic and 
moderate‑intensity exercise significantly contributes to 
sustaining telomere length values (50). In parallel, another 
systematic review which included seven RCTs involving 
939 individuals indicated that performing aerobic exercise 
for >6 months preserved telomeres against their degenera‑
tion (51). In that systematic review, the majority of studies 
demonstrated minimal heterogeneity (51). However, five of 
the eight RCTs provided the findings of a comprehensive 
review of how exercise affected telomere length (51). Of note, 
three studies were not included in the meta‑analysis, since 
the demographic factors of these three studies were different 
from the following factors: Age, sex, body mass index 

and level of exercise (51). Accordingly, another systematic 
review highlighted that a healthy lifestyle involving diet and 
physical activity can induce telomere length elongation (49). 
More recently, a meta‑analysis of nine trials illustrated that 
high‑intensity interval training positively impacts telomere 
length in individuals (52). High‑intensity exercise improved 
telomere length values in healthy individuals compared to 
the control group. Moreover, there was a high probability of 
bias in approximately half of the studies (52).

From a clinical perspective, the protective nature of exer‑
cise on telomere length dynamics was shown in a clinical trial 
of healthy volunteers. The leukocyte telomere length (LTL) 
values in the most active participants were greater compared 
to those of inactive individuals (53). Compared to less active 
twins, the LTL values of more active twins were 88 nucleo‑
tides longer than those of inactive ones (53). In another study 
on 548 Danish twins of the same sex, the increase in leukocyte 
telomere length values was associated with outstanding phys‑
ical ability scores (54). Accordingly, a 10‑year longitudinal 
study demonstrated that a decline in grip strength was linked 
to telomere shortening to a greater extent, which was driven by 
higher levels of inflammatory markers (55) (Table I).

According to recent research,  exercise is beneficial in 
sustaining telomere length homeostasis in a sex‑independent 
manner. Interestingly, a positive association between exer‑
cise and telomere length values has been underlined. In one 
cross‑sectional study, 1,476 older Caucasian and African 
American women were enrolled, highlighting that moderate 
to intense exercise can contribute to telomere length elonga‑
tion  (56). In a 10‑year prospective follow‑up study which 

Table I. Effects of exercise on telomere length dynamics.

Exercise	 Disease	 Method	 Result	 (Refs.)

Low, medium 	 Coronary heart 	 Quantitative 	 Low intensity exercise was associated with	 (79)
and high intensity	 disease (CHD) 	 polymerase chain 	 telomere shortening	
exercise	 patients	 reaction (qPCR)		
Physical activity 	 Healthy individuals	 Terminal restriction 	 The most active participants' leukocyte	 (53)
level (over the 		  fragment length 	 telomere length (LTL) values were 200	
past 12 months)		  (TRF) analysis	 nucleotides longer than the least active 	
			   individuals	
Different 	 Elderly women	 Southern blot 	 Older women engaged to moderate to intense	 (56)
intensities of exercise		  analysis	 exercise presented telomere length elongation 	
Exercise	 Elderly women 	 Quantitative 	 Telomere shortening is exacerbated in the	 (57)
	 (a longitudinal 	 polymerase chain 	 absence of exercise	
	 10-year follow-up	 reaction (qPCR)		
	 study)			 
Moderate 	 Elderly adults 	 Quantitative 	 The positive effect of moderate intensity	 (58)
intensity exercise	 from Northern 	 polymerase chain 	 exercise on telomere length values in men	
	 Finland	 reaction (qPCR)		
Exercise	 Elderly Danish 	 Terminal restriction 	 A positive relationship between leukocyte	 (54)
	 twins	 fragments (TRF)	 telomere length (LTL) and exercise	
Exercise (grip 	 Elderly participants		  Lower grip strength was linked to greater	 (55)
strength)	 (10 year follow up)		  telomere shortening	

Representative examples are presented illustrating the beneficial effects of exercise across different population groups.
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enrolled elderly women from the Helsinki Birth Cohort Study 
(HBCS), it was proven that the absence of exercise was associ‑
ated with an increased telomere shortening rate (57). In another 
study conducted on elderly adults from Northern Finland, the 
beneficial effects of moderate‑intensity exercise were proven 
to be more pronounced in males in a statistically significant 
manner (58) (Table I).

To provide insight into the effects of exercise on telomere 
length, inflammation and oxidative stress are the most critical 
denominators linking aging with habitual physical exercise 
(Fig. 1). Chronic low‑grade inflammation accounts for an 
increased white blood cell turnover,  triggering hematopoi‑
etic stem cell division and ultimately resulting in telomere 
shortening (59). In this direction, regular exercise alleviates 
inflammation, prolonging the health span (60). For example, 
regular exercise has been reported to drive natural killer‑medi‑
ated cytotoxicity or neutrophil phagocytosis or enhance the 
recruitment of T‑cells at targeted sites or prevent the popu‑
lations of senescent and exhausted T‑cells, confirming its 
protective nature against the immune system impairment (59). 
By reducing the expression levels of pro‑inflammatory media‑
tors, such as RAP‑1, NF‑κB, interleukin (IL)‑6, PARP‑1 and 
tumor necrosis factor‑α (TNFα), exercise is considered to 
reduce inflammation (60).

Oxidative stress is the other mechanism by which telomere 
shortening emerges in cells, thus triggering cell death (61). 
The accumulation of free radicals increases the prevalence 
of 8‑oxoguanine lesions at telomeres, thereby impairing the 
function of the shelterin protein complex and preventing the 
action of base excision repair mechanism (62). Aside from 
the oxidation of guanine bases at telomeres, oxidative damage 
causes the accumulation of single‑strand breaks, hindering 
the replication fork progression (63). Due to this situation, the 
increased formation of multi‑telomeric foci at chromatid ends, 
known as fragile telomeres, emerge (64). Mounting evidence 
has supported that regular exercise compromises the exces‑
sive generation of reactive oxygen species (ROS)  (65,66). 
Consistent with this, physical activity can also increase anti‑
oxidant response, as shown by elevated expression levels of 
superoxide dismutase (SOD) and catalase (CAT) (67). Notably, 
moderate‑intensity exercise is inversely associated with oxida‑
tive and pro‑inflammatory markers (68). As a result, mounting 
evidence has supported that inflammation and oxidative stress 
are the key parameters driving telomere shortening, and exer‑
cise appears to counteract telomere erosion by counteracting 
oxidative stress and inflammation (Fig. 1).

Another facet of the beneficial effects of regular exercise 
on the maintenance of telomere length is that regular aerobic 

Figure 1. The molecular mechanisms underlying the benefits of exercise on telomere length in athletes. These benefits of exercise in athletes stem from reduced 
oxidative stress and inflammation, increased shelterin protein complex recruitment and telomerase activity, which reduces the rate of accelerated telomere shortening.
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exercise can upregulate the TERT component of telomerase, 
driving telomere length maintenance (69,70). In another case, 
it has been shown that long‑term exercise confers a remark‑
able increase in telomerase action, as observed in the heart, 
skeletal muscle, brain and peripheral blood mononuclear 
cells (PBMCs)  (71). In an in  vivo setting, the telomerase 
activity of endurance athletes who consistently participate in 
intense aerobic exercise is 2.5‑fold higher than that of young 
and middle‑aged inactive individuals, respectively  (72). In 
athletes, this increase in telomerase activity seems to be asso‑
ciated with increased levels of telomere‑stabilizing proteins 
(telomere repeat‑binding factor 2 and Ku70) and low expres‑
sion levels of cell‑cycle inhibitors (cell‑cycle‑checkpoint 
kinase 2, p16 and p53), highlighting the vasculoprotective 
effects of exercise (72). Notably, the action of telomerase is 
accelerated in conditions of attenuated oxidative stress and 
inflammation (68). Moreover, gene expression in the subtelo‑
meric regions has been observed to be modified due to the 
reduced binding of the shelterin protein complex (73). Another 
notable aspect of the association between physical activity and 
telomere length dynamics can be attributed to the changed 
levels of the shelterin protein complex. In this direction, exer‑
cise prevents telomere erosion by upregulating TRF2 shelterin 
protein, since TRF2 shields telomeres against cellular senes‑
cence and chromosomal end‑to‑end fusion (72,74). Consistent 
with this, 3  weeks of voluntary wheel running positively 
affects telomere length homeostasis by increasing TRF2 
levels of the shelterin protein complex in PBMCs, heart, and 
aortic tissues of mice (75). Accordingly, the overall response 
to endurance training on telomere length dynamics has been 
proved in endurance‑trained athletes who show longer telo‑
meres due to higher telomerase in combination with increased 
PBMC TRF2 mRNA and protein expression (72). As a result, 
shelterin protein complex‑mediated telomerase recruitment 
closely regulates telomere length in conjunction with cellular 
proliferative activity, which is exacerbated by elevated oxida‑
tive stress and inflammation (Fig. 1).

In chronic diseases, exercise can be associated with 
prolonged telomere length values. It prevents the potential 
onset and progression of age‑related metabolic illnesses, such 
as obesity (76), type 2 diabetes (T2D) (77) and cardiovas‑
cular disease (78), contributing to telomere length elongation 
through attenuating oxidative burst and inflammation. Several 
examples of diseases compromised by exercise are analyzed 
in this section (Table I). For example, compared with partici‑
pants with high level of physical fitness, those with a low level 
of physical fitness were at a 2‑fold greater risk of having a 
shorter telomere length (79) (Table I). In an NHANES study 
of obese individuals, it was proven that exercise in overweight 
or obese individuals attenuated their telomere shortening 
rates; however, long‑term obesity can counteract the beneficial 
nature of exercise (80). Considering that telomere shortening 
is a characteristic of diabetic patients, it was illustrated that 
exercise can confer protection against telomere shortening 
present in patients with diabetic nephropathy (81).

Although exercise is positively linked to sustaining 
excellent human health, its effect on telomere length values 
is dependent on several factors, including duration, intensity 
and type. The duration of exercise may significantly influence 
telomere length. For example, in patients with T2D, acute 

exercise can increase glucose uptake through the increased 
translocation of glucose transporter type  4 to the muscle 
plasma membrane, either through the accumulation of ROS 
or the increased release of calcium ions or upregulation of 
AMP‑activated protein kinase signaling cascade, resulting in 
an improved insulin signaling‑mediated glucose uptake (82). 
By contrast, chronic exercise ameliorates insulin signaling 
by improving mitochondrial dysfunction in muscle cells (82). 
Apart from muscle cells, acute exercise induces a wide range of 
responses that parallel those involved in the aging process (83). 
In particular, acute exercise causes a significant inflammatory 
response and impairs cognitive, musculoskeletal and cardio‑
vascular performance in circumstances that correspond to 
aging or age‑related cellular dysfunction (83). In addition to 
the above, exercise type (endurance or resistance) can play 
a crucial role in determining telomere length values. For 
example, individuals performing endurance training have 
been shown to have longer telomeres compared to those of 
individuals performing resistance training due to the activa‑
tion of telomerase enzyme in their leukocytes (84). However, 
some other studies present inconsistent results on the effect 
of resistance training on telomere length values. Resistance 
training diminishes age‑related muscle loss and systemic 
inflammation in the long‑term, explaining the beneficial 
effects of resistance training on telomere length values (85,86). 
Intensity is another parameter that determines the outcome of 
the exercise. In a recent meta‑analysis, high‑intensity interval 
training appeared to have a beneficial effect on telomere 
length values in a healthy population when compared to 
other forms of exercise, such as resistance training or aerobic 
exercise (52). In another meta‑analysis, small‑moderate exer‑
cise appeared to be beneficial on telomere length dynamics, 
which appeared to depend on the type of physical activity (52). 
Several studies have highlighted the intensity of exercise in a 
sex‑dependent manner. According to cross‑sectional studies, 
postmenopausal women who engaged in resistance and 
aerobic moderate exercise for 60 min more than three times a 
week during 19 months presented telomere length elongation 
in their PBMCs compared with their peers who were seden‑
tary (87). In addition, postmenopausal women with stage I‑III 
breast cancer who exercised in a moderate to intense manner 
exhibited longer PBMC telomere length values (69). Of note, 
men who participated in moderate physical activity had longer 
leukocyte telomeres and a lower proportion of short telomeres 
than those who participated in low or high levels of activity in 
the long‑term (88).

In addition to the above, a recent systematic review 
provided convincing evidence that physical capacity can 
serve as a predictive marker for assessing aging trajectory, 
relying on evaluating leukocyte telomere length or DNA 
methylation levels  (89). In particular, the selection of the 
experiential technique measuring telomere length dynamics 
can provide different insights into the effect of exercise on 
aging. For example, the leukocyte telomere length can be 
determined through quantitative polymerase chain reaction 
(qPCR) or fluorescence in  situ hybridization (FISH)  (90). 
The qPCR method can provide measurements regarding 
the average telomere length in the blood cell population in 
absolute terms (91). Due to its low cost and minimal DNA 
amount required, qPCR is widely used, and it can be used for 
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benefits for high‑throughput studies (92). However, different 
DNA extraction methods account for the inconsistent results 
that emerge across different labs (92). The main drawback of 
the qPCR method is determining the mean telomere length in 
each chromosome end in a diploid cell.

By contrast, the Q‑FISH method can precisely provide 
the median value of asymmetric telomere length distribution. 
In general, the Q‑FISH method is considered superior to the 
previous one since Q‑FISH can accurately identify telomere 
length values in a single cell and at a chromosome‑specific 
level at high‑resolution (93‑95). In particular, Q‑FISH is the 
only methodology that can provide accurate measurements 
regarding the median value of an individual's telomere length 
distribution as well as the percentages of short, critical short, 
and long, critical long telomeres (94). In addition to the above, 
the flow‑FISH technique has proven that telomere length 
varies according to cell type or tissue (96). Considering the 
limitations of methodologies, no causal association between 
exercise and longevity has been observed (97). Despite the use 
of laboratory techniques to estimate the beneficial contribution 
of physical exercise to longevity, more biomarkers are required 
to yield reliable results.

3. Mechanisms underlying the effect of exercise on telomere 
dynamics in athletes

Focusing on athletes, the present review provides a concise 
update on the influence of exercise on aging, given that the 
cardiac function and metabolic parameters of athletes are 
better than those of non‑athletes (98). Indeed, epidemiological 
studies and systematic reviews have supported that elite 
athletes present mortality at lower levels and lower suscepti‑
bility to diseases than the general population (99).

The majority of research has focused on health‑related 
traits in endurance athletes. It is known that endurance phys‑
ical activity induces long‑term adaptations in the metabolism 
of athletes, relying on mitochondrial respiration, thus amelio‑
rating the cellular function of the athletes cardiorespiratory 
system  (100). For this reason, endurance athletes present 
a significantly lower disease risk due to their long telomere 
length values (101).

Furthermore, the molecular mechanisms underlying the 
interaction between endurance exercise and the immune 
system have been emphasized  (102). When comparing 
sprint/power (SPW) and endurance athletes, research has 
shown that the anti‑inflammatory defense was upregulated 
in SPW athletes due to increased IL‑10 expression levels in 
these athletes. By contrast, a pro‑inflammatory status was 
activated in endurance athletes through an increase in IL‑6 
expression levels in respective athletes (102). When inflamma‑
tion occurred in athletes, they exhibited accentuated telomere 
shortening (102). By contrast, the telomere length maintenance 
or elongation was associated with the anti‑inflammatory 
response in athletes (102). Consistent with this, the prolonged 
athletes' aerobic training showed the downregulation of the 
CAT/TBARS ratio of anti‑oxidant molecule catalase (CAT) 
to thiobarbituric acid reactive substances (TBARS), which is 
considered the primary byproduct of lipid peroxidation (102). 
In two types of training, a positive relationship emerged 
between the relative performance (RP) of athletes and aging 

regardless of the training mode (endurance or SPW) (102). 
The qPCR analysis showed that the average telomere length 
of leukocytes was reduced in athletes who presented either 
inflammation or oxidative stress (102). In addition, endurance 
athletes were characterized by improved endothelial function 
by elevating nitric oxide (NO) levels (103). Consequently, the 
improved NO bioavailability of endurance athletes was associ‑
ated with telomere length elongation and improved redox ratios 
compared to age‑matched controls, with the results being more 
pronounced in the middle‑aged groups (104). As a result, the 
mechanisms linking aging and RP of SPW and endurance 
athletes relied on attenuating inflammation, oxidative stress 
and telomere shortening rate.

In addition to the above, the upregulation of the proteins 
of the shelterin complex or telomerase can prevent telomere 
shortening. In previous research, the increased telomerase 
expression was considered the underlying mechanism by 
which endurance athletes possessed longer telomeres than 
their inactive peers (72,75,105,106). For example, the effect 
of exercise in endurance athletes on aging was attributed to 
telomere length maintenance, either increasing telomerase 
or proteins of shelterin complex, such as TRF2 or preventing 
the action of cell‑cycle inhibitors (72). The results proved that 
high telomerase expression and activity in combination with a 
low Chk2 expression discriminated athletes from the controls, 
irrespective of age (72). Of note, there was no difference in 
telomere length between young and aged endurance athletes, 
excluding age as a significant confounder  (72). In another 
study, endurance athletes exhibited a higher whole‑blood 
leukocyte TERT expression following long‑term aerobic exer‑
cise, compared to healthy controls (105). In line with the above, 
a systematic review highlighted that the physical activity of 
endurance athletes delayed telomere erosion through a telom‑
erase‑dependent mechanism (107). In particular, endurance 
athletes exhibited an upregulated leukocyte TERT expression 
and activity  (107). However, eight professional marathon 
runners did not exhibit any difference in telomerase expres‑
sion levels in PBMCs before and after running marathons 
for 7 days, implying that the effect of exercise on telomerase 
can be neutral in marathon runners (108). No difference was 
detected in terms of telomere length and telomerase in mara‑
thon runners, but enrichment of shelterin complex components 
was presented in PBMCs (108).

As regards master athletes across various disciplines, few 
studies have assessed the relationship between oxidative stress 
and inflammatory markers with aging biomarkers (104,109,110). 
Master athletes are middle‑aged individuals recognized for 
their competitive sports training and healthy lifestyles (111). 
They generally experience the advantages of exercise due to 
stress management, controlled metabolic profiling, and posi‑
tive clinical health indicators  (111). Master athletes (from 
100m to marathon) demonstrate normal biological aging due 
to their distinct metabolic profiles and levels of physical fitness, 
which correlate with specific adaptations in their pulmonary 
systems  (111). It is well‑established that master sprinters 
demonstrate a better redox balance, enhanced anti‑inflam‑
matory status, and telomere length elongation compared to 
age‑matched untrained controls (104,110,112).

In this perspective, it has been shown that master sprinters 
improve their inflammatory status more than age‑matched 
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controls, reducing the effects of aging and exhibiting longer 
telomeres than their counterparts  (103). Similar findings 
regarding inflammation have been observed in endurance 
athletes (103). Master sprinters also enhance their antioxidant 
defenses more than endurance athletes, supporting a reduced 
aging rate due to a better redox balance  (103). Notably, 
Aguiar et al (113) provided compelling evidence that master 
athletes have longer telomeres than sedentary individuals, 
based on a meta‑analysis of 11 studies. From the molecular 
perspective, the telomere length elongation of master athletes 
is attributed to reduced inflammation, an improved anti‑
oxidant defense, the enhanced binding of shelterin complex 
proteins, elevated mitochondrial biogenesis and telomerase 
activity (113). By upregulating essential enzymes involved 
in antioxidant defense, such as CAT and the SOD/thiobarbi‑
turic acid reactive substances (TBARS) ratio, master athletes 
have altered the equilibrium between oxidants and antioxi‑
dants (113). Nonetheless, there was a moderate bias risk in the 
studies involved in that meta‑analysis of master athletes (113).

Based on the fact that master athletes maintain a crucial 
antioxidant and anti‑inflammatory status, the immune reper‑
toire of master athletes infected by the severe acute respiratory 
syndrome coronavirus 2 (SARS‑CoV‑2) virus and its asso‑
ciation with aging was examined (114). Simões et al  (114) 
emphasized that master athletes preserve immune homeostasis, 
sustaining the proportions of T effector cells without inducing 
senescence in the T‑cell population following exposure to the 
SARS‑CoV2 virus. Master athletes possess longer telomeres 
associated with well‑balanced immune homeostasis, which 
reduces the risk of developing COVID‑19 (114). Even when 
master athletes are infected with SARSCoV‑2, they combat the 
disease more effectively than others (114). Consistent with this 
finding, it has been observed that the general population has 
an improved prognosis in the event of SARS‑CoV‑2 infection 
due to long telomeres (115). In parallel, master athletes exhibit 
elevated NO levels. This information is noteworthy, since NO 
has been proven to exert antibacterial and antiviral proper‑
ties against the coronavirus in vitro and hepatitis virus (116). 
Accordingly, elite athletes sustain the highest performance 
following infection with SARS‑CoV‑2 virus (117). However, 
master athletes present telomere shortening when engaged in 
highly intense competitive training activities (87,88). Indeed, 
telomere shortening has been observed in master athletes who 
experienced ‘fatigued myopathic athlete syndrome’ (118,119), 
a condition that includes muscle damage due to oxidative 
burst (68,118).

In this context, when analyzing telomere length dynamics 
in athletes, the focus should be directed towards elite athletes 
who demonstrate the most notable performance in a particular 
sport (120). Initially, a previous meta‑analysis demonstrated 
that sustainable engagement in regular exercise for at least 
10 years can cause telomere length elongation in elite athletes 
>45  year of age  (121). Subsequently, Muniesa  et  al  (122) 
supported the concept that young elite athletes attenuate their 
aging process through telomere length elongation. Accordingly, 
Simoes et al (123) proved that exercise confers to elite sprinters 
telomere length elongation compared to their inactive peers. 
The results from the biochemical analyses of elite athletes 
have confirmed the attenuation of the aging process, not only 
by hindering telomere shortening, but also by reducing body 

fat and ameliorating lipid profiles (123). To verify the above, 
a recent systematic review demonstrated that the physical 
activity of elite athletes provides benefits for telomere length 
maintenance, regardless of exercise type (109). To understand 
the molecular mechanisms underlying the positive effect of 
exercise on telomere length dynamics of elite athletes, another 
study recruited elite athletes who followed all‑intensity sports, 
measuring telomere length, oxidative stress and inflammation 
markers at athletes in an age‑dependent manner (124). Indeed, 
that study provided insight into the effects of exercise on aging 
in two groups of elite athletes: Those <25 and those >25 years 
of age. In parallel, elite athletes were categorized into those 
participating in low‑intensity sports, moderate‑intensity 
sports, high‑intensity sports and high‑intensity endurance 
sports (124). For this reason, that study examined the impact 
of exercise on elite athletes and their inflammatory responses. 
The results revealed no statistically significant differences in 
the IL‑8 levels among the different sport intensities between 
the two age groups of elite athletes. Of note, the IL‑10 levels 
were increased in young elite athletes participating in moderate 
or high‑intensity sports (124). In addition, TNFα was the only 
cytokine that was upregulated in elite athletes >25 years of 
age, along with increased activity of the antioxidant, CAT, 
regardless of sport intensity (124). In line with those results 
regarding elite athletes inflammation, the telomere length elon‑
gation was observed in all young elite athletes participating in 
all types of intensity sports, with the most significant increase 
noted among those in high‑intensity sports (124). By contrast, 
older athletes engaging in high‑intensity sports, exhibited 
an increase in IL‑10 levels compared to that of age‑matched 
athletes and those who belonged to low‑ and moderate‑inten‑
sity sports. Notably, IL‑6 levels were only elevated in older 
athletes >25 years of age (124). In fact, athletes >25 years of 
age experienced diminished immune responses character‑
ized by a concurrent expression of pro‑inflammatory and 
anti‑inflammatory cytokines (124). Thus, the older athletes 
enrolled in the study did not experience the beneficial effects 
of exercise on their telomere length, owing to their age (124). In 
this regard, it was evident that high‑intensity sports primarily 
contribute to a slower pace of aging, although their effects 
appear to be more compromised in older athletes >25 years 
of age (124). Within this context, the combination of telomere 
analysis, genotype/phenotype, metabolome, echocardiography 
and biochemical examinations in athletes has been shown to 
enhance athletic performance and overall wellness (125).

Nevertheless, scientific literature has proposed that the 
lifestyle of elite athletes was the central moderator of the 
relationship between physical exercise and aging. Initially, 
Rae et al pointed out that there was a divergence in the impact 
of exercise on telomere maintenance due to either lifestyle or 
competition‑mediated stress (126). For example, the highly 
intensive training of elite athletes was linked to ‘overtraining 
syndrome’, in which the repair in response to injuries was 
inadequate (126). Indeed, elite athletes coped with various 
stressors before, during and after sports, suggesting stress was 
one underlying mechanism driving aging in athletes (127). 
Other longitudinal studies have demonstrated that athletes 
could not face stress, exhibiting a high risk of developing 
several diseases and negatively affecting telomere length 
maintenance  (128‑130). Accordingly, the higher cortisol 

https://www.spandidos-publications.com/10.3892/wasj.2025.344


BALIOU et al:  TELOMERES AND TELOMERASE ENZYME ACTIVITY IN ATHLETES8

reactivity of athletes exhibited an inverse association with 
the immune system function of athletes, expediting the 
aging of the immune system  (131). Apart from the asso‑
ciation of the stress response of athletes with their immune 
system, the increased cortisol secretion during rigorous 
training appeared to cause defects in their metabolism, thus 
compromising the welfare and telomere length maintenance 
of athletes (131,132). As a result, in elite athletes, rigorous 
training negatively affected telomere length by expediting 
their aging process (132).

In the assessment of athletes, a precise understanding of 
the performance of athletes can be provided by combining 
traditional biochemical and ergophysiological analysis with 
cutting‑edge techniques, such as telomere analysis, geno‑
typing/phenotypic profiling and metabolomics (125). Indeed, 
combining ‑omic and telomere technologies may provide 
a revolutionary process for improving the performance of 
athletes. Each factor provides essential insight and contrib‑
utes  to an the accurate understanding of the health and 
well‑being of athletes (125). In addition, biochemical tests 
associated with energy metabolism and inflammation can be 
used to increase the effectiveness of recovery strategies in 
athletes (125). In this direction, telomere analysis can be used 
to optimize the training course of athletes to reduce injury 
risk, since telomere analysis is a robust biomarker of evalu‑
ating biological aging (125).

However, several ethical limitations should be considered 
when using telomere analysis. The ethical considerations 
are focused on predicting the performance and the poten‑
tial of disease due to exercise in athletes. On the one hand, 
different individuals may decide to undergo telomere analysis 
to select which sport they wish to participate in. On the other 
hand, telomere analysis can become detrimental due to its 
use by athletes in terms of competition. For example, athletes 
can conduct telomere analysis to accomplish individualized 
training and avoid the probability of being injured. A multi‑
faceted image of the health of an athlete can be obtained by 
performing telomere analysis in combination with genetic 
analysis, biochemical tests, metabolomics and echocar‑
diography, thus enabling tailored interventions in selecting 
optional training, diet, and nutritional supplementation (125). 
Likewise, the misuse of genetic data (doping) should not be 
recommended due to ethics (133). Furthermore, biochemical 
tests associated with energy metabolism and inflammation 
can be used to increase the effectiveness of recovery needs in 
athletes (125). In this direction, telomere analysis can be used 
to optimize the training course of athletes to reduce injury risk 
since telomere analysis is a robust biomarker for evaluating 
biological aging.

4. Conclusions and future perspectives

Individuals in middle age and beyond, whether in good 
health or facing illness, may find that engaging in exercise 
contributes positively to maintaining telomere length values. 
The positive impact of exercise on telomere length homeo‑
stasis is associated with either increased telomerase action, 
upregulation of the shelterin complex protein, or ameliora‑
tion of oxidative and inflammatory status. The molecular 
mechanism underlying the beneficial effect of exercise on 

telomere length dynamics is affected by some confounding 
factors like duration, intensity and type of exercise. This area 
is also analyzed in athletes who compete professionally and 
follow a healthy lifestyle. However, several limitations need 
to be addressed. First, contradicting results have been gener‑
ated by the different factors (type, duration and intensity) 
that confound the protective nature of exercise. The methods 
used for measuring telomere length values are an additional 
consideration that accounts for inconsistent results. preventing 
the establishment of telomere length as an accurate measure 
of biological aging and cellular damage. Last but not least, the 
calculation of telomere length values from different tissues 
with varied cellular composition can cause the emergence of 
obscure results. Longitudinal studies are required to elucidate 
the effect of exercise on athletes.
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