
fgene-12-652497 August 2, 2021 Time: 13:28 # 1

REVIEW
published: 06 August 2021

doi: 10.3389/fgene.2021.652497

Edited by:
James Michael Mason,

Retired, Durham, NC, United States

Reviewed by:
Ivan Dimauro,

Foro Italico University of Rome, Italy
Daniela Caporossi,

Foro Italico University of Rome, Italy

*Correspondence:
Nicola Bragazzi

robertobragazzi@gmail.com

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Genetics of Aging,
a section of the journal

Frontiers in Genetics

Received: 12 January 2021
Accepted: 30 April 2021

Published: 06 August 2021

Citation:
Sellami M, Bragazzi N, Prince MS,
Denham J and Elrayess M (2021)

Regular, Intense Exercise Training as
a Healthy Aging Lifestyle Strategy:

Preventing DNA Damage, Telomere
Shortening and Adverse DNA

Methylation Changes Over a Lifetime.
Front. Genet. 12:652497.

doi: 10.3389/fgene.2021.652497

Regular, Intense Exercise Training as
a Healthy Aging Lifestyle Strategy:
Preventing DNA Damage, Telomere
Shortening and Adverse DNA
Methylation Changes Over a Lifetime
Maha Sellami1†, Nicola Bragazzi2*†, Mohammad Shoaib Prince1,3, Joshua Denham4 and
Mohamed Elrayess5

1 Physical Education Department (PE), College of Education (CEdu), Qatar University, Doha, Qatar, 2 Department of Health
Sciences (DISSAL), Postgraduate School of Public Health, University of Genoa, Genoa, Italy, 3 Division of Sports and
Wellness, Department of Students Affairs, College of North Atlantic Qatar (CNAQ), Doha, Qatar, 4 School of Health
and Biomedical Sciences, RMIT University, Melbourne, VIC, Australia, 5 Biomedical Center, Qatar University, Doha, Qatar

Exercise training is one of the few therapeutic interventions that improves health
span by delaying the onset of age-related diseases and preventing early death. The
length of telomeres, the 5′-TTAGGGn-3′ tandem repeats at the ends of mammalian
chromosomes, is one of the main indicators of biological age. Telomeres undergo
shortening with each cellular division. This subsequently leads to alterations in the
expression of several genes that encode vital proteins with critical functions in
many tissues throughout the body, and ultimately impacts cardiovascular, immune
and muscle physiology. The sub-telomeric DNA is comprised of heavily methylated,
heterochromatin. Methylation and histone acetylation are two of the most well-
studied examples of the epigenetic modifications that occur on histone proteins. DNA
methylation is the type of epigenetic modification that alters gene expression without
modifying gene sequence. Although diet, genetic predisposition and a healthy lifestyle
seem to alter DNA methylation and telomere length (TL), recent evidence suggests
that training status or physical fitness are some of the major factors that control
DNA structural modifications. In fact, TL is positively associated with cardiorespiratory
fitness, physical activity level (sedentary, active, moderately trained, or elite) and training
intensity, but is shorter in over-trained athletes. Similarly, somatic cells are vulnerable to
exercise-induced epigenetic modification, including DNA methylation. Exercise-training
load, however, depends on intensity and volume (duration and frequency). Training load-
dependent responses in genomic profiles could underpin the discordant physiological
and physical responses to exercise. In the current review, we will discuss the role
of various forms of exercise training in the regulation of DNA damage, TL and DNA
methylation status in humans, to provide an update on the influence exercise training
has on biological aging.
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INTRODUCTION

It is well-established that physical activity and regular exercise
can significantly improve overall health and mental wellbeing.
Physical activity or exercise can, indeed, reduce the risk of
developing several diseases such as obesity, depression, type
2 diabetes, cancers, and cardiovascular disease. Many chronic
diseases including obesity (Weiskopf et al., 2009; Ahmad et al.,
2012), cardiovascular disease (CVD) (Hansson and Hermansson,
2011; Maynard et al., 2015; Ramos et al., 2016; Sawyer et al.,
2016), cancer (Wentzensen et al., 2011; Zhang et al., 2017),
psychiatric and neurodegenerative diseases (von Zglinicki et al.,
2001; Forero et al., 2016) have been associated with epigenetic
changes including DNA damage (Fisher-Wellman and Bloomer,
2009), aberrant DNA methylation profiles (Barres et al., 2012),
and short telomeres (Werner et al., 2019). DNA methylation and
telomere length can serve as biomarkers of biological age and
as predictors of non-communicable diseases (Adwan-Shekhidem
and Atzmon, 2018). Numerous coronary artery disease (CAD)
risk factors and, particularly type 2 diabetes, are linked to
shorter telomeres and cellular senescence (Khan et al., 2012;
Zsurka et al., 2018). Additionally, DNA methylation changes
at specific genomic locations have been correlated with cancer
risk (Huang et al., 2003), diabetes (Liu and Liu, 2010), CVDs
(Hegele and Dichgans, 2009), major depressive disorder (Lisoway
et al., 2018), autoimmunity disorders (Lu et al., 2006), and aging
(Hannum et al., 2013).

Exercise training prevents and manages age-related cardio-
metabolic diseases possibly through the regulation of telomere
maintenance (Collins et al., 2003; Denham et al., 2013,
2016a,b,c). Alternatively, exercise training could prevent disease
through a reduction in disease-related risk factors (blood
pressure, lipid profile, adiposity, etc.) (Cassidy et al., 2017),
systemic inflammation and oxidative stress (Floyd et al., 1999;
Kaszubowska, 2008; Radak et al., 2008; Calle and Fernandez,
2010; Chilton et al., 2014; Steckling et al., 2016), or psychological
stress to ultimately prevent telomere shortening. Additionally,
short telomeres are associated with reductions in bone mineral
concentration in humans (Valdes et al., 2007), muscle cell
senescence, apoptosis, or oncogenic transformation of somatic
cells, affecting the physical condition, and overall health
(Shammas, 2011). Critically short telomeres induce cellular
senescence in vascular smooth muscle cells (Uryga and Bennett,
2016), which could also be prevented by exercise training. Several
studies have demonstrated that muscle strength and function
is related to telomere length in both peripheral leukocytes
and skeletal muscle cells, in athletic and apparently healthy
populations (Collins et al., 2003; Kadi et al., 2008; Bunout et al.,
2009; Rae et al., 2010; Gardner et al., 2013).

It has been shown that cardiovascular disease may be
treated and prevented by telomerase reactivation therapies
or lifestyle strategies that up-regulate telomerase activity. For
instance, Arsenis et al. (2017) revealed that cardiac specific
TERT gene therapy administered after myocardial infarction
enhances cardiac function, telomere extension and lifespan of
mice. TERT expression is epigenetically controlled through
mechanisms such as DNA and histone methylation and

histone acetylation (Lewis and Tollefsbol, 2016). Therefore, the
combination of exercise training and cardiac medications may
improve cardiac rehabilitation and prevent heart failure in the
future (Dizon et al., 2013).

Interestingly, endurance athletes with superior
cardiorespiratory fitness exhibit twofold and 1.3-fold higher
leukocyte TERT and TPP1 gene expression, respectively, relative
to their apparently healthy peers (Denham et al., 2016a,b,c).
Endurance athletes also possess higher telomerase activity
in circulating monocytes (Werner et al., 2008). Therefore,
regular aerobic exercise training may facilitate the telomere
length maintenance (Garland et al., 2014; Voisin et al., 2015)
through a TERT/telomerase mediated process. Understanding
the physiological adaptations leading to improved cardiovascular
health will allow the development of highly tailored exercise
training methods to combat premature biological aging. In
fact, according to Recchioni et al. (2017), the inclusion of
endurance and/or resistance training into daily life activity
appears to alter several miRNAs isolated from peripheral blood
(e.g., plasma) and tissues. It is also important to note that
some miRNAs may be used as biomarkers of cardiorespiratory
fitness (Polakovičová et al., 2016; Denham, 2018). Others
have highlighted links between DNA methylation patterns,
telomeres length (TL) and exercise training including aerobic or
resistance exercise (Dong et al., 2017; Seaborne et al., 2018a,b).
However, few studies have investigated the effect of intense
training such as sprint training on epigenetic modifications
or other structural DNA modifications (TL or DNA damage).
In the current review, we will discuss the training modality
effect on DNA damage, telomere length and DNA methylation
degree across all categories of age. Whilst there are many
epigenetic modifications, we focused our attention on the
mostly widely investigated structural DNA changes modifying
gene expression through the regulation of DNA methylation,
TL, and DNA damage.

Information from this review will facilitate the identification
of mechanisms of genetic adaptation elicited by acute exercise
and the discovery of potential epigenetic adaptations to exercise
training that could be utilized in therapeutic interventions for
aging and aging-related disease.

EFFECT OF ACUTE EXERCISE ON TL,
EPIGENETIC MODIFICATIONS, AND DNA
DAMAGE

Telomeres are evolutionary conserved DNA found at the ends
of eukaryotic chromosomes (in vertebrates, 5′-TTAGGGn-3′)
(Greider, 1996; Cawthon, 2002; Blackburn and Epel, 2012).
Telomeres preserve genetic information and guard against
genomic instability (Allshire et al., 1989; Allsopp et al., 1992;
Armanios and Blackburn, 2013). However, with natural aging
telomeric DNA is lost with each round of cell division until
critical length (Bodnar et al., 1998; Blackburn, 2005; Oeseburg
et al., 2010) at which cellular senescence ensues (Effros et al.,
2005; Passos et al., 2007; Eisenberg, 2011; Chakarov et al.,
2014; Robinson et al., 2018). Given the myriad of lifestyle and
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environmental factors associated with short telomeres, telomere
length is considered as a cellular marker of health status as well as
biological aging (Harley et al., 1990; Kappei and Londoño-Vallejo,
2008; Horvath and Raj, 2018; Figure 1).

Different modes of acute exercises might be able to affect the
TL and increase the health status and lifespan of a person (Ludlow
et al., 2008; Borghini et al., 2015). However, to date, there is a lack
of data on the possible acute effects of exercise on TL. Werner
et al. (2019) analyzed 124 healthy but inactive individuals for a
period of 6 months using continues aerobic endurance training,
high-intensive training, and resistance training. It was found that
a single bout of endurance training increased telomerase activity
in CD14+ and in CD34+ leukocytes. Conversely, no marked
changes were observed after acute resistance training. Moreover,
Simpson et al. (2010) noticed an immediate increase in TL after
acute aerobic exercise session (1 h). Ludlow et al. (2017) reported
similar effects in response to acute exercise: an early upregulation
of telomere-protective genes as an adaptive mechanism that
might contribute to TL maintenance. On the other hand,
Mastaloudis reported that exposure to acute endurance exercise
might be threatening since it leads to increase the generation
of oxygen free-radicals and oxidative stress (Mastaloudis et al.,
2001, 2004). Acute exposure to long distance running was also
found to cause a decrease in TL due to oxidative DNA damage
(Borghini et al., 2015). Further research is necessary to determine
the effects of acute exercise (aerobic and resistance training) on
TL, telomerase activity and other telomere-regulating molecules
(e.g., shelterin and miRNAs) to establish whether telomeres are
damaged by acute exercise or if they are rapidly maintained
through telomerase-mediated processes. A better understanding
of the effect of acute exercise on TL might lead to further
utilization of the exercise as an anti-aging lifestyle strategy.

Epigenetics is the study of changes in gene expression
that occur in the absence of genetic alterations. Epigenetic
modification due to acute exercise could be explained as a
structural adaptations similar to the increased transcription
of key metabolic, regulatory, and myogenic genes, that are
important in mediating subsequent physiological adaptations
in skeletal muscle (McGee and Hargreaves, 2019). Barres et al.
(2012) showed that a dynamic change in DNA methylation
might be responsible for gene activation in skeletal muscle
and therefore suggested that DNA hypomethylation might be
an early event in muscle contraction-induced gene activation.
Grazioli et al. (2017) stated that acute exercise might be able
to modulate gene expression by epigenetic alternations, which
may lead to potential health benefits. McGee and Hargreaves
(2019) also suggested several advantageous healthy benefits
achieved through the regulation of genes, mainly controlling
muscle structure and function, might be triggered by acute
exercise. Furthermore, acute exercise generally induces DNA
demethylation at gene promoters. DNA methylation is a form
of epigenetic modifications that affects transcriptional activation
by allowing the involvement of the transcription machinery to
gene promoters. As for other epigenetic modifications, DNA
methylation can regulate gene expression following acute exercise
without changes to the genetic code (Issa et al., 1994; Seaborne
et al., 2018a,b). Fabre et al. (2018), studied the transcriptomic and

epigenetic responses after acute exercise in human adipose tissue.
It was observed that in relatively similar intensities the magnitude
of transcriptomic changes caused by acute exercise was less
after endurance training. Fabre et al. (2018), also suggested that
training status of individuals differentially affects the epigenetic
and transcriptomic responses in human adipose tissue that occur
after a single bout of exercise. For example, Jacques et al.
(2019), in a recent review emphasized that the field of exercise
epigenetics is a relatively youthful field of research and although
epigenetic factors are potential biomarkers that could predict
the response to acute exercise training, experimental evidence is
lacking. Henriksen (2002), stated that a single bout of aerobic
exercise lasting 30–60 min at 60–70% of V02 might be able to
lower plasma glucose levels significantly. Although researchers
mentioned numerous beneficial effects of acute exercise on
epigenetic modifications, it is still unclear.

Extensive research has been conducted in the domain of
acute exercise and DNA damage in the past few decades.
Along with research for healthy populations, the effect of acute
exercise on DNA damage has been studied among individuals
with cardiovascular disease (Sahlin et al., 1991; Jimenez et al.,
2000; Fisher-Wellman and Bloomer, 2009), hypercholesterolemia
(Chen et al., 1994; Fisher-Wellman and Bloomer, 2009), diabetes
(Laaksonen et al., 1996; Davison et al., 2002; Villa-Caballero et al.,
2007; Fisher-Wellman and Bloomer, 2009), obesity (Vincent
et al., 2004, 2005), chronic obstructive pulmonary disease
(Heunks et al., 1999; Fisher-Wellman and Bloomer, 2009) and
intermittent claudication (Silvestro et al., 2002; Fisher-Wellman
and Bloomer, 2009). Fisher-Wellman and Bloomer (2009), in
the review of last 30 years research on the topic stated that
both acute aerobic and acute anaerobic exercise increase the
production of reactive oxygen and nitrogen species (RONS)
resulting in oxidative stress in both human and animal models.
DNA damage due to oxidative stress has been considered in
the literature as a negative factor for health. Belviranlı and
Gökbel (2006) deemed the increased generation of oxidants
with acute exercise as a normal physiological response to acute
exercise. Belviranlı and Gökbel (2006) further suggested that
acute exercise incorporated as a lifestyle change might play a
vital role in preventing oxidant production by increasing the
activity of antioxidant enzymes. Moreover, DNA damage seems
to be significant only up to 1-day post-acute aerobic exercise
and seems to reduce after 5–28 days post exercise. Tryfidou
et al. (2020), in a recent review of DNA damage caused by
acute aerobic exercise, suggested that the development of a multi-
dimensional model for a better understanding of the complex
process of acute exercise and DNA damage should be considered.
The exercise-induced DNA damage should not necessarily be
considered as a harmful consequence since it is most likely
repaired within the following 3 days (Belviranlı and Gökbel, 2006;
Fisher-Wellman and Bloomer, 2009; Tryfidou et al., 2020). No
long-term adverse health outcomes of acute exercise have been
reported in the literature (Reichhold et al., 2008). Many factors
might be responsible in contributing to the DNA damage during
acute exercise, such as the mode of exercise, duration of the
exercise, and intensity of exercise. Training status (Reichhold
et al., 2008) and dietary intake (Belviranlı and Gökbel, 2006)
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FIGURE 1 | An overview of effects of Acute Exercise on Telomere Length, DNA Damage and Epigenetic modification.

differences amongst individuals might also regulate the extent to
which DNA damage occurs following exercise. Training status
(e.g., high cardiorespiratory fitness) also appears to be a vital
factor when it comes to adaptation. Acute exercise seems to
protect immune cells against radiation-induced DNA strand
breaks in trained subjects (Moreno-Villanueva et al., 2019).
Therefore, it can be said that incorporating acute exercise,
especially acute aerobic exercise as a healthy aging strategy
might be beneficial.

EXERCISE TRAINING-INDUCED
EPIGENETIC REPROGRAMMING

Much of the decrease in cardiorespiratory fitness and muscular
function of the elderly is related to the decline in physical
activity. Indeed, physical inactivity in a major contributor to
aging (Stewart, 2005). For example, the decrease in aerobic
capacity is approximately 10% per decade, partly related to the
environmental and lifestyle changes (Fleg et al., 2005; Milanović
et al., 2013). In patients with chronic disease, the loss of these
abilities is augmented. The decrease in strength and muscle mass
with age (sarcopenia) is mainly related with the decrease in
physical activity with age, but also with nutritional and hormonal
factors (Baumgartner et al., 1998; Thomas, 2007). However, it is
possible to improve or maintain aerobic capacity and muscular
strength through regular physical training up until advanced

age (Sellami et al., 2014). Recent evidence suggests that exercise
training may prevent accelerated biological aging and maintain
physical performance through epigenetic reprogramming.

Zhang et al. (2011) found a positive association between
physical activity and global DNA methylation in 45- to 75-
year-old Hispanic subjects. Typically, global DNA methylation is
lower in older patient than younger groups (Fraga et al., 2005).
Regular exercise training has been associated with alterations in
gene expression and methylation of specific genes. For example,
lower mRNA expression of toll-like receptor 4 (TLR4) and
CD14 was observed shortly after resistance training (Flynn et al.,
2003), a higher methylation level was observed for Apoptosis-
associated speck-like protein containing a caspase recruitment
domain (ASC), an adaptor molecule that mediates inflammatory
cytokines IL-1β and IL-18 (Nakajima et al., 2010).

Physical exercise alters gene expression, as cells adapt to
the metabolic change during a bout of exercise. Occasional
aerobic exercise can also change the methylation profile of
DNA (Norrbom et al., 2010, 2011), but if exercise is not
regular epigenetic adaptations will regress. There seems to be
an intensity-dependent relationship between aerobic exercise
and the degree of DNA methylation changes, at least in
skeletal muscle. As an example, more marked DNA methylation
changes occurred at the promoter region of genes important
for skeletal muscle adaptations in muscle from those who
complete a single bout of high intensity exercise compared to
those who ran at a lower intensity (Barres et al., 2012). As
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such high-intensity physical activity could activate more genes
(Ntanasis-Stathopoulos et al., 2013), but whether the changes are
permanent or reversible is unclear.

EFFECTS OF AEROBIC TRAINING ON
DNA DAMAGE, DNA METHYLATION AND
TELOMERE LENGTH

Current evidence suggests regular engagement in exercise
training may attenuate telomere attrition, though most is
correlative or by association only. Recent evidence suggests that
the pace of aging and onset of age-associated cardiovascular
diseases (i.e., stroke, heart failure, and atherosclerosis) is affected
by TL (Minamino and Komuro, 2007; Arsenis et al., 2017).
According to Matthews et al. (2006), shortened TL leads to
cellular senescence and subsequently atherosclerosis. In fact,
the process of aging and atherogenesis are related to molecular
mechanisms, such as an increase in reactive oxygen species
(ROS), decreased nitric oxide bioavailability, and reduced
telomerase reverse transcriptase activity (Yeh and Wang, 2016).

It will be difficult to isolate the influence that exercise
training has on actual telomere length shortening as this process
occurs slowly in humans and requires large, long-term studies
(over many years). Telomere length may fluctuate over time,
but ultimately shortens in the long term. Consequently, the
optimal exercise recommendations for TL maintenance remain
elusive. LaRocca et al. (2010) found that the leukocyte telomere
maintenance was higher in trained compared to untrained adult
individuals. Similar results in other athletic populations have
supported Laye et al. (2012) and demonstrated that athletes with
superior fitness levels typically exhibited longer leukocyte and
skeletal muscle telomeres compared to control cohorts (LaRocca
et al., 2010; Denham et al., 2013, 2016a,b,c). Ponsot et al. (2008)
revealed that the regular physical activity performed by old
subjects is not associated with accelerated telomere loss in skeletal
muscle tissue. However, numerous studies examining the effect
of low to moderate-intensity aerobic training on telomere length
were based on questionnaire evaluations of physical activity.
Some recent studies have addressed this issue by including an
objective test of cardiorespiratory fitness (e.g., a test of maximal
oxygen consumption).

Numerous studies have investigated the effect of low and
moderate intensity aerobic exercise on DNA damage. Niess
et al. (1996) found high levels of DNA damage after incremental
treadmill test until exhaustion in trained compared to untrained
subjects. Interestingly, these changes were less pronounced in the
trained groups, and plasma levels of malondialdehyde (MDA)
were significantly lower in trained compared to untrained groups,
suggesting that regular moderate intensity training could protect
against exercise-induced DNA damage.

Werner et al. (2019) found that the endurance training acutely
increased telomerase activity and TL. Moreover, Simpson et al.
(2010) noticed an immediate increase in TL after acute aerobic
exercise session. Ludlow et al. (2017) reported similar effects in
response to acute exercise that might contribute in maintaining
TL. Acute exposure to long distance running decreased TL,

possibly due to oxidative DNA damage (Borghini et al., 2015).
Further research is necessary to establish what effects acute
exercise has on telomere biology.

High-Intensity Aerobic Exercise Training,
DNA Damage and DNA Methylation
Barres et al. (2012) studied the exercise intensity effect (40%
of VO2max vs. 80% of VO2max) on DNA methylation level in
biopsies of vastus lateralis skeletal muscle and gene activation
in young sedentary men and women before and after an
acute exercise. Similarly, to Coffey and Hawley (2007) and
Pilegaard et al. (2000), Barres and colleagues found that exercise
performed until fatigue (maximal progressive cycling test in a
fasted condition) decreases promoter methylation of the PGC-
1α and PDK4 genes, while no changes are observed in PPAR-γ
methylation. Barres et al. (2012) hypothesized that mechanism
behind the rapid demethylation may be due to a loss of methyl
groups rather than hydroxylation. However, it has been shown
that 6-month of vigorous training including one session of 1 h
spinning and two sessions of 1-h aerobics resulted in increased
methylation in adipose tissue in response to exercise in sedentary
middle-age men (Rönn et al., 2013). The researchers also found
differential methylation at individual CpG sites ranging from 0.2–
10.9%.

Zhang et al. (2011) demonstrated that more vigorous activity
(increased volume of physical effort per week, i.e., 26–30 min/day
vs. ≤10 min/day) measured by accelerometers resulted in an
increase in global genomic DNA methylation of white blood
cells in non-Hispanics, despite the interference of gender on
the results. Similarly, Nakajima et al. (2010) observed that high-
intensity interval walking for 6 months increased methylation
degree of ASC gene in 230 individuals from experimental
group compared to their controls. ASC-mediated inflammation
through secretion of pro-inflammatory cytokines IL-1β and IL-
18 were also found to play a critical role in tumor development
(Deswaerte et al., 2018). According to Poulsen et al. (1996),
intense exercise training for∼10 h a day (including long distance
running) over a 1-month period increased the rate of oxidative
DNA modification by 33% in young men at a military camp.

Based on several findings from previous research on the
effect of a single bout of vigorous acute exercise in trained
or untrained subjects (cross sectional studies), it is clear that
exercise leads to a high degree of oxidative DNA damage
(Poulsen et al., 1996; Møller et al., 2001; Tsai et al., 2001;
Reichhold et al., 2009; Çakır-Atabek et al., 2015). In fact, a
42 km marathon race has been found to alter DNA base
oxidation in peripheral immunocompetent cells (Tsai et al.,
2001). Tryfidou et al. (2020), in a recent review of DNA damage
caused by acute aerobic exercise suggested the development of
a multi-dimensional model for a better understanding of the
complex process of acute exercise induced DNA damage. The
DNA damage that occurs as a consequence of acute aerobic
training should not necessarily be considered as a negative
outcome. As mentioned previously the duration of the negative
effects is less than 3 days and no adverse health effects have
been mentioned in the literature (Belviranlı and Gökbel, 2006;
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Fisher-Wellman and Bloomer, 2009; Tryfidou et al., 2020).
Therefore, it should be deemed as physiologically normal
and an important process responsible for signaling exercise-
induced adaptations. However, trained individuals with high
cardiorespiratory fitness exhibit a better recovery rate compared
to untrained subjects, indicating its importance in adaptive
responses., which can be utilized and incorporated as an healthy-
aging strategy.

EFFECT OF ANAEROBIC TRAINING ON
DNA DAMAGE, DNA METHYLATION AND
TELOMERE LENGTH

The most widely studied form of training for the anaerobic energy
system is running and cycling, which involves very short bouts
of vigorous exercise performed at maximum speed—generally
seconds up to a few minutes. Interval training has been an
effective type of training for decades but recently variations,
such as high-intensity interval training, including sprint interval
training (SIT), are growing in popularity.

Denham et al. (2014) found marked changes to the leukocyte
DNA methylome after a 4-week sprint interval training (SIT)
intervention. The DNA methylation changes occurred with
concurrent modulation to gene and mature microRNA (e.g.,
miR-21 and miR-210), and improvements in cardiovascular
health and performance in young men after the 4-week SIT—
running—intervention. A similar 12 weeks SIT intervention was
associated with modest DNA methylation changes in mature
sperm of healthy young men at genes implicated in a host of
developmental and chronic diseases (Denham et al., 2015a,b).
Furthermore, Larsen et al. (2015) showed that sprint training is
a powerful stimulus of mitochondrial biogenesis pathways and
increases oxidative balance and mitochondrial density.

Intense exercise training seems to lead to marked DNA
methylation changes throughout the genome of various somatic
cells. In fact, some data on more intensive exercise (i.e., High
intensity exercise) reported a reduction in DNA methylation at
specific mitochondrial genes (Barres et al., 2012) and genome-
wide (Denham et al., 2015a,b), while other studies suggested an
overall increase in DNA methylation in adipose tissue in middle-
age men (Rönn et al., 2013). It is important to note that changes
in CpG methylation should be measured in context with the
genomic location and with other epigenetic modifications to gain
a better understanding of their function. For instance, an increase
in gene body methylation is associated with transcriptional
activation, whereas promoter methylation can result to gene
inactivation. DNA methylation is typically governed in concert
with other epigenetic modifications (e.g., histone acetylation and
methylation) and small non-coding RNAs.

Laine et al. (2015) investigated the effect of vigorous elite-
class physical activity on leukocyte TL between endurance, power
lifters and mixed sport athletes. Missed sports including soccer,
ice hockey, basketball, jumpers, sprinters, and hurdlers were
mostly activities based on anaerobic exercises. Interestingly, the
authors found no significant differences between all athletic
groups and controls. The authors explained that exercise training

intensity may not influence TL in adulthood. These results
are consistent with recent evidence suggesting cardiorespiratory
fitness is not associated with leukocyte or skeletal muscle
telomeres (Hiam et al., 2020). However, few studies report the
inverted U relationship (Ludlow et al., 2008; Savela et al., 2013)
between chronic exercise and TL and the majority of positive
findings indicating longer leukocyte telomeres in physically active
and cardiorespiratory fit individuals (LaRocca et al., 2010; Krauss
et al., 2011; Denham et al., 2013, 2016a,b,c; Mason et al., 2013).
Notably, the influence of exercise on telomere length appears to
be cell-type specific. Telomere length is preserved in the heart
and liver but is shorter in the skeletal muscle of exercised mice,
compared to sedentary controls (Ludlow et al., 2013). Endurance
exercise was associated with longer whole blood leukocytes
(Denham et al., 2013) but not in isolated PBMCs (Denham
et al., 2016a,b,c). Similar findings have also suggested more
marked effects of endurance exercise on granulocytes compared
to whole blood leukocytes (Werner et al., 2008). These findings
indicate possible cell-specific effects of exercise that should be
investigated in future work.

There are currently limited investigations on influence of
intensive sports with anaerobic system as primarily source
of energy and their relationship with TL. Recently, Simoes
et al. (2017) investigated the TL as well as body composition
and aspects of athletic performance in elite sprinters. Master
sprinter athletes who practiced intensive training for 10 years
and competed in 60–400-meter dash or hurdle events were
compared to non-trained athletes. The DNA was extracted from
peripheral blood mononuclear cells (PBMC). In this study, elite
sprinters possessed longer telomeres, healthy lipid and body
composition profiles and higher sprint performances (in terms
of % of world record) compared to the age- and sex-matched
control group. The researchers suggested that a longer TL is
positively correlated with fitness levels. However, the limitations
of the study are methodological limitations that require larger
sample size that would give more meaningful results, both for the
athletic and control groups, respectively. The basic mechanism
of TL preservation in elite sprinters remains to be experimentally
confirmed in future studies.

EFFECT OF RESISTANCE TRAINING ON
DNA DAMAGE, DNA METHYLATION AND
TELOMERE LENGTH

Resistance training includes all types of exercises that cause
muscles to contract against an external resistance, which
increases muscular strength, tone, mass, and/or endurance.
While most studies have investigated the relationship between
aerobic exercise training and TL, few studies have investigated the
relationship between resistance training and DNA damage or TL.
Regarding the former, most studied the effects of acute exercise
(Çakır-Atabek et al., 2015).

According to Seaborne et al. (2018a,b) skeletal muscle GRIK2,
TRAF1, BICC1, and STAG1 DNA are vulnerable to DNA
methylation changes elicited by a single bout of resistance
exercise and these effects are maintained 22 weeks after the
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exercise session in adult male. Resistance training also modulate
the leukocyte DNA methylome and transcriptome in genes
responsible for numerous pathways including growth factors,
in healthy young men (Denham et al., 2016a,b,c). However,
resistance training does not appear to induce as many DNA
methylation and transcriptional changes compared to those
induced by aerobic exercise training. Robinson et al. (2017) found
that both 12-week of resistance training and HIIT allow small
changes of methylation of DNA promoter regions.

Compared to aerobic exercise training the available literature
on the effects of resistance training on telomere length, DNA
methylation and DNA damage are limited. For example, Flynn
et al. (2003) observed lower mRNA expression of toll-like
receptor 4 (TLR4) and CD 14 following resistance training in
elderly women. Kadi et al. (2008) investigated the effect of
regular resistance training on TL among power lifters athletes and
young healthy controls. No marked differences in skeletal muscle
minimum and mean TL were observed in trained power lifters
compared to untrained controls. They did, however, reveal an
inverse correlation between personal best strength achievements
and TL. Although considered a safe an effective intervention
for improving quality of life and muscular strength, Hagstrom
and Denham (2018) found that a 16-week resistance training
intervention did not alter leukocyte TL in women recovering
from breast cancer compared to a control group. Given that
telomeres gradually shorten with aging, longer interventions
will be required to investigate any meaningful exercise-induced
changes in TL in longitudinal studies.

Melov et al. (2007) also investigated the effects 6-month
moderate to intense resistance training in young and older
adult. Training progressed from exercise at 50% of the initial 1
repetition maximum (RM) to three sets at 80% of 1RM by the end
of the experimental period. A muscle biopsy of vastus lateralis
muscle was performed, and RNA was extracted to evaluate the
transcriptome profile. Interestingly, they found that this type
of training helped reverse the transcriptional signature of older
individuals to that of younger in most genes affected by both
age and exercise.

Murphy et al. (2008) found that 12 weeks of resistance training
performed at moderate intensity improved muscle oxidative
capacity, myofibril damage and regeneration and higher fraction
of neural cell adhesion molecule (NCAM)-positive satellite cells
in eight patients with single, large-scale sporadic mitochondrial
DNA (mtDNA) deletions. In the same context, it has been
demonstrated that resistance exercise training was advised to
patients with mitochondrial disease, referred to as “gene shifting”
(Johnston et al., 2007).

Dimauro et al. (2016) investigated the effect of 12-week of low
frequency, moderate intensity, explosive-type resistance training
(3–4 sets of 10–12 repetitions at 70% of 1RM) on TL, global
DNA methylation, TRF2, Ku80, SIRT1, SIRT2 and global protein
acetylation, proteins such as Bcl-2, Bax and Caspase-3 and
oxidative status in 72-year-old individuals. DNA was analyzed
using whole blood. Relative to the control group, those who
completed the resistance training exhibited longer TL after the
intervention period. Although they found no changes in TRF2,
Ku80 protein expression among groups, there were significant

lower protein expression of antioxidant proteins in PBMCs
(MnSOD, TrxR1 and serum MPO) in the trained group following
the intervention. Interestingly in this study, the global DNA
methylation level was lower in the trained group compared to
control cohort, with no changes of SIRT1 and SIRT2 content.
Dimauro et al. (2016) suggested that TL shortening is linked to
changes in redox homeostasis markers.

Soares et al. (2015) investigated the effect of 16-week of
combined strength and aerobic training including session of
moderate intensity aerobic exercises at 55–75% of heart rate
reserve (walking, running, biking, rowing, and elliptical) and
moderate intensity strength exercises at 55–75% of 1RM (2–3
sets of 10–15 repetitions) in 50 healthy adult (40 years) and
older (70 years) subjects. To measure DNA damage, authors
used the DNA strand breaks (DNA SBs) and oxidative DNA
damage (FPG-sensitive sites). Interestingly, the intense training
and in combination with aerobic exercise attenuated DNA SBs,
FPG-sensitive sites, and Malondialdehyde (MDA) levels, without
changes in OGG1 activity, the main enzyme regulating the
excision of 8-oxoguanine (8-oxoG). Such results were assumed
to be due to reductions in oxidative stress levels through
decreased ROS and lower production of oxidants. Their results
were supported by higher total antioxidant capacity in trained
individuals compared to their age-matched control group.

In another study, Franzke et al. (2014) study the effect
of 6-month of strength or resistance training (low to heavy
intensity) combined with or without a diet strategy based on
supplementation of protein and vitamin, on DNA strand breaks
in old (65 years) and elderly (98 years) men and women. To
assess the DNA damage, they measured the net amount of
FPG-sensitive sites and for oxidative stress they calculated the
superoxide dismutase (SOD), the catalase (CAT) activity and
Glutathione peroxidase (GSH-Px). They identified an increased
rate of DNA damage in all groups despite their different genders,
yet the increased rate was within normal ranges when compared
to previous studies.

Recently, Gargallo et al. (2018) investigated the effect of 16-
week progressive resistance training program with elastic bands
performed at a moderate (15-submaximal repetitions at 70% of
1RM) and high intensity intensities (6-submaximal repetitions
at 85% of the 1RM) on systemic redox state, DNA damage, and
fitness level of sedentary older women (age range 60–75 y). The
8-OHdG assay in urine by high-pressure liquid chromatography-
electrochemical detection (HPLC-EC) was used to determine
DNA oxidation. The research group found that more intense
resistance training resulted in increases of oxidative stress
expressed by higher urine 8-OHdG levels and lower antioxidant
tripeptide GSH, while moderate training allow reduction in DNA
damage with no alteration in GSH or the GSSG/GSH ratio despite
improvement in physical performances in both groups.

It is reasonable to investigate the role of hormones,
particularly those involved in anabolic processes, to explain
adaptations to resistance training. Hormones play a key
role in regulating telomere damage. In fact, Bayne and Liu
(2005) explained in their review how growth hormones and
growth factors are involved in telomere length regulation. They
concluded that the estrogen upregulates hTERT gene expression
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and telomerase activity in several estrogen receptor (ER) of
positive cancer cell lines, while androgen increased this activity
in prostate cancer cells but reduced it in normal prostate. Sex
hormones seem to facilitate telomere elongation in vivo, as the
administration of the danazol for 24 months leads to telomere
elongation in patients with various telomere-related diseases
(Townsley et al., 2016). Numerous other studies found also
that while TGF-β reduces telomerase activity (Katakura et al.,
1999; Yang et al., 2001), EGF, IGF-1 and IGFBP-3 increase
its activity (Maida et al., 2002; Budiyanto et al., 2003; Moore
et al., 2003; Wetterau et al., 2003). Resistance training has
been shown to alter secretion of growth factors and growth
hormones by reducing the aging effect of these hormones
(Sellami et al., 2017). Epel (2009) suggested that reduction of
anabolic hormones such as testosterone, growth hormones and
IGF-1 is correlated with reduction of TL, but with resistance
training, the anabolic hormones seem to be enhanced, which
may be favorable to counteract the negative effects of age on
TL. Indeed, mice treated with either IGF-1 or growth hormone
exhibited up-regulated myocardial telomerase activity (14-fold
and eightfold, respectively) (Werner et al., 2008). In addition,
a reduction in oxidative stress has also been demonstrated
following resistance training, which could enhance telomerase
activity (Fitzpatrick, 2006; Fitzpatrick et al., 2007). Furthermore,
shorter TL is linked to higher adiposity (Gardner et al., 2005) and
resistance training has been shown to improve body weight and
composition in young and adult subjects.

DISCUSSION AND SUMMARY

There appears to be inconsistencies amongst investigations
studying the effect of exercise training on TL: positive
relationships, no statistically significant association and inverted
U-shaped relationships have been described (Du et al., 2012;
Savela et al., 2013; Denham et al., 2014). The lack of consistent
findings are possibly due to differences in ethnic/genetic diversity
of subjects between studies, study populations’ age range, method
of DNA extraction and the type of cell analyzed, but mainly the
different type of exercise training (intensity and volume) and
its quantification.

The consensus from the above studies is that, in sedentary
individuals TL decreases with age, yet in individuals who are
moderately active longer telomeres are observed. However,
extreme long-duration endurance training for an extended
portion of one’s lifetime may result in telomere shortening, at

least in skeletal muscle. Endurance exercise does not appear to be
detrimental to leukocyte or muscle TL maintenance, according
to the current data on endurance exercise and resistance training.
There could, however, be an upper limit to the protective effect
of exercise depending on volume (duration and frequency) and
intensity of training, considering shorter muscle telomeres were
inversely correlated to maximal strength and training history
(years and hours spent training) (Collins et al., 2003).

CONCLUSION

Chronic exercise is an inexpensive activity that plays important
roles in telomere maintenance and DNA methylation levels,
possibly through its ability to lower oxidative stress and
inflammation. Most studies have shown that regular physical
activity increases the activity of telomerase and attenuates
telomere shortening in human leukocytes. The current review
demonstrated that aerobic exercise training and/or endurance
training appears the most effective in conserving telomere length
when compared to other type of training based on anaerobic
exercises. In addition, the low volume with moderate intensity
resistance training appears beneficial to maintain the TL in
older adult, though longitudinal studies are required to confirm
these assertions.

Although sprint-training causes marked changes in the
leukocyte DNA methylome, results of the effect of sprint training
are still scarce in comparison to other exercise interventions and
do not currently support the “anti-aging” effects. As such, further
understanding of global DNA methylation, oxidative damage,
and telomere length would shed light on the role of epigenetic
modifications at play in physical conditioning and may ultimately
support the development of effective therapy to counteract the
deleterious effects of aging.

AUTHOR CONTRIBUTIONS

MS and NB conceived the review and drafted the manuscript.
MS, NB, MP, JD, and ME revised the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This work is part of grant no. UREP26-043-3-018 (ME and MS).

REFERENCES
Adwan-Shekhidem, H., and Atzmon, G. (2018). “The epigenetic regulation

of telomere maintenance in aging,” in Epigenetics of Aging and
Longevity, eds A. M. Vaiserman and A. Moskalev (Cambridge,
MA: Academic Press), 119–136. doi: 10.1016/B978-0-12-811060-7.00
005-X

Ahmad, S., Heraclides, A., Sun, Q., Elgzyri, T., Rönn, T., Ling, C., et al. (2012).
Telomere length in blood and skeletal muscle in relation to measures of
glycaemia and insulinaemia. Diabetic Med. 29, e377–e381. doi: 10.1111/j.1464-
5491.2012.03737.x

Allshire, R. C., Dempster, M., and Hastie, N. D. (1989). Human telomeres contain
at least three types of G–rich repeat distributed non-randomly. Nucleic Acids
Res. 17, 4611–4627. doi: 10.1093/nar/17.12.4611

Allsopp, R. C., Vaziri, H., Patterson, C., Goldstein, S., Younglai, E. V., Futcher, A. B.,
et al. (1992). Telomere length predicts replicative capacity of human fibroblasts.
Proc. Natl. Acad. Sci.U.S.A. 89, 10114–10118. doi: 10.1073/pnas.89.21.10114

Armanios, M., and Blackburn, E. H. (2013). Erratum: the telomere syndromespu7.
Nat. Rev. Genet. 14:235. doi: 10.1038/nrg3436

Arsenis, N. C., You, T., Ogawa, E. F., Tinsley, G. M., and Zuo, L. (2017). Physical
activity and telomere length: impact of aging and potential mechanisms of
action. Oncotarget 8:45008. doi: 10.18632/oncotarget.16726

Frontiers in Genetics | www.frontiersin.org 8 August 2021 | Volume 12 | Article 652497

https://doi.org/10.1016/B978-0-12-811060-7.00005-X
https://doi.org/10.1016/B978-0-12-811060-7.00005-X
https://doi.org/10.1111/j.1464-5491.2012.03737.x
https://doi.org/10.1111/j.1464-5491.2012.03737.x
https://doi.org/10.1093/nar/17.12.4611
https://doi.org/10.1073/pnas.89.21.10114
https://doi.org/10.1038/nrg3436
https://doi.org/10.18632/oncotarget.16726
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-652497 August 2, 2021 Time: 13:28 # 9

Sellami et al. Structural DNA Changes With Exercise

Barres, R., Yan, J., Egan, B., Treebak, J. T., Rasmussen, M., Fritz, T., et al. (2012).
Acute exercise remodels promoter methylation in human skeletal muscle. Cell
Metab. 15, 405–411. doi: 10.1016/j.cmet.2012.01.001

Baumgartner, R. N., Koehler, K. M., Gallagher, D., Romero, L., Heymsfield, S. B.,
Ross, R. R., et al. (1998). Epidemiology of sarcopenia among the elderly in
New Mexico. Am. J. Epidemiol. 147, 755–763. doi: 10.1093/oxfordjournals.aje.
a009520

Bayne, S., and Liu, J. P. (2005). Hormones and growth factors regulate telomerase
activity in ageing and cancer. Mol. Cell. Endocrinol. 240, 11–22. doi: 10.1016/j.
mce.2005.05.009

Belviranlı, M., and Gökbel, H. (2006). Acute exercise induced oxidative stress and
antioxidant changes. Eur. J. Gen. Med. 3, 126–131. doi: 10.29333/ejgm/82392

Blackburn, E. H. (2005). Telomeres and telomerase: their mechanisms of action and
the effects of altering their functions. FEBS Lett. 579, 859–862. doi: 10.1016/j.
febslet.2004.11.036

Blackburn, E. H., and Epel, E. S. (2012). Telomeres and adversity: too toxic to
ignore. Nature 490, 169–171. doi: 10.1038/490169a

Bodnar, A. G., Ouellette, M., Frolkis, M., Holt, S. E., Chiu, C. P., Morin, G. B., et al.
(1998). Extension of life-span by introduction of telomerase into normal human
cells. science 279, 349–352. doi: 10.1126/science.279.5349.349

Borghini, A., Giardini, G., Tonacci, A., Mastorci, F., Mercuri, A., Sposta, S. M., et al.
(2015). Chronic and acute effects of endurance training on telomere length.
Mutagenesis 30, 711–716. doi: 10.1093/mutage/gev038

Budiyanto, A., Bito, T., Kunisada, M., Ashida, M., Ichihashi, M., and Ueda,
M. (2003). Inhibition of the epidermal growth factor receptor suppresses
telomerase activity in HSC-1 human cutaneous squamous cell carcinoma cells.
J. Invest. Dermatol. 121, 1088–1094. doi: 10.1046/j.1523-1747.2003.12529.x

Bunout, D., Backhouse, C., Leiva, L., Barrera, G., Sierralta, W., de la Maza, M. P.,
et al. (2009). Relationship between protein and mitochondrial DNA oxidative
injury and telomere length and muscle loss in healthy elderly subjects. Arch.
Gerontol. Geriatr. 48, 335–339. doi: 10.1016/j.archger.2008.02.016

Çakır-Atabek, H., Özdemir, F., and Çolak, R. (2015). Oxidative stress and
antioxidant responses to progressive resistance exercise intensity in trained and
untrained males. Biol. Sport 32:321. doi: 10.5604/20831862.1176302

Calle, M. C., and Fernandez, M. L. (2010). Effects of resistance training on the
inflammatory response. Nutr. Res. Pract. 4, 259–269. doi: 10.4162/nrp.2010.
4.4.259

Cassidy, S., Thoma, C., Houghton, D., and Trenell, M. I. (2017). High-intensity
interval training: a review of its impact on glucose control and cardiometabolic
health. Diabetologia 60, 7–23. doi: 10.1007/s00125-016-4106-1

Cawthon, R. M. (2002). Telomere measurement by quantitative PCR. Nucleic Acids
Res. 30, e47. doi: 10.1093/nar/30.10.e47

Chakarov, S., Petkova, R., Russev, G. C., and Zhelev, N. (2014). DNA damage
and mutation. Types of DNA damage. Biodiscovery 11:e8957. doi: 10.7750/
BioDiscovery.2014.11.1

Chen, M. F., Hsu, H. C., and Lee, Y. T. (1994). Effects of acute exercise on the
changes of lipid profiles and peroxides, prostanoids, and platelet activation in
hypercholesterolemic patients before and after treatment. Prostaglandins 48,
157–174. doi: 10.1016/0090-6980(94)90016-7

Chilton, W. L., Marques, F. Z., West, J., Kannourakis, G., Berzins, S. P., O’Brien,
B. J., et al. (2014). Acute exercise leads to regulation of telomere-associated
genes and microRNA expression in immune cells. PLoS One 9:e92088. doi:
10.1371/journal.pone.0092088

Coffey, V. G., and Hawley, J. A. (2007). The molecular bases of training adaptation.
Sports Med. 37, 737–763. doi: 10.2165/00007256-200737090-00001

Collins, M., Renault, V., Grobler, L. A., Gibson, A. S. C., Lambert, M. I., Derman,
E. W., et al. (2003). Athletes with exercise-associated fatigue have abnormally
short muscle DNA telomeres. Med. Sci. Sports Exerc. 35, 1524–1528. doi:
10.1249/01.MSS.0000084522.14168.49

Davison, G. W., George, L., Jackson, S. K., Young, I. S., Davies, B., Bailey, D. M.,
et al. (2002). Exercise, free radicals, and lipid peroxidation in type 1 diabetes
mellitus. Free Radic. Biol. Med. 33, 1543–1551. doi: 10.1016/S0891-5849(02)
01090-0

Denham, J. (2018). Exercise and epigenetic inheritance of disease risk. Acta Physiol.
222, e12881. doi: 10.1111/apha.12881

Denham, J., Marques, F. Z., Bruns, E. L., O’Brien, B. J., and Charchar, F. J. (2016a).
Epigenetic changes in leukocytes after 8 weeks of resistance exercise training.
Eur. J. Appl. Physiol. 116, 1245–1253. doi: 10.1007/s00421-016-3382-2

Denham, J., Nelson, C. P., O’Brien, B. J., Nankervis, S. A., Denniff, M., Harvey, J. T.,
et al. (2013). Longer leukocyte telomeres are associated with ultra-endurance
exercise independent of cardiovascular risk factors. PLoS One 8:e69377. doi:
10.1371/journal.pone.0069377

Denham, J., O’Brien, B. J., and Charchar, F. J. (2016b). Telomere length
maintenance and cardio-metabolic disease prevention through exercise
training. Sports Med. 46, 1213–1237. doi: 10.1007/s40279-016-0482-4

Denham, J., O’Brien, B. J., Harvey, J. T., and Charchar, F. J. (2015a). Genome-wide
sperm DNA methylation changes after 3 months of exercise training in humans.
Epigenomics 7, 717–731. doi: 10.2217/epi.15.29

Denham, J., O’Brien, B. J., Marques, F. Z., and Charchar, F. J. (2014). Changes in
the leukocyte methylome and its effect on cardiovascular-related genes after
exercise. J. Appl. Physiol. 118, 475–488. doi: 10.1152/japplphysiol.00878.2014

Denham, J., O’Brien, B. J., Marques, F. Z., and Charchar, F. J. (2015b). Changes
in the leukocyte methylome and its effect on cardiovascular-related genes after
exercise. J. Appl. Physiol. (Bethesda, Md. : 1985) 118, 475–488. doi: 10.1152/
japplphysiol.00878.2014

Denham, J., O’Brien, B. J., Prestes, P. R., Brown, N. J., and Charchar, F. J. (2016c).
Increased expression of telomere-regulating genes in endurance athletes with
long leukocyte telomeres. J. Appl. Physiol. (1985) 120, 148–158. doi: 10.1152/
japplphysiol.00587.2015

Deswaerte, V., Nguyen, P., West, A., Browning, A. F., Yu, L., Ruwanpura, S. M.,
et al. (2018). Inflammasome adaptor ASC Suppresses apoptosis of gastric cancer
cells by an IL18-mediated inflammation-independent mechanism. Cancer Res.
78, 1293–1307. doi: 10.1158/0008-5472.CAN-17-1887

Dimauro, I. R., Scalabrin, M., Fantini, C., Grazioli, E., Valls, M. R. B., Mercatelli, N.,
et al. (2016). Resistance training and redox homeostasis: correlation with age-
associated genomic changes. Redox Biol. 10, 34–44. doi: 10.1016/j.redox.2016.
09.008

Dizon, L. A., Seo, D. Y., Kim, H. K., Kim, N., Ko, K. S., Rhee, B. D., et al.
(2013). Exercise perspective on common cardiac medications. Integr. Med. Res.
2, 49–55. doi: 10.1016/j.imr.2013.04.006

Dong, Y., Huang, Y., Gutin, B., Raed, A., Dong, Y., and Zhu, H. (2017).
Associations between global DNA methylation and telomere length in healthy
adolescents. Sci. Rep. 7:4210. doi: 10.1038/s41598-017-04493-z

Du, M., Prescott, J., Kraft, P., Han, J., Giovannucci, E., Hankinson, S. E., et al.
(2012). Physical activity, sedentary behavior, and leukocyte telomere length in
women. Am. J. Epidemiol. 175, 414–422. doi: 10.1093/aje/kwr330

Effros, R. B., Dagarag, M., Spaulding, C., and Man, J. (2005). The role of CD8+
T-cell replicative senescence in human aging. Immunol. Rev. 205, 147–157.
doi: 10.1111/j.0105-2896.2005.00259.x

Eisenberg, D. T. A. (2011). An evolutionary reiview of human telomere biology:
the thrifty telomere hypothesis and notes on potential adaptive paternal effects.
Am. J. Hum. Biol. 23, 149–167. doi: 10.1002/ajhb.21127

Epel, E. S. (2009). Psychological and metabolic stress: a recipe for accelerated
cellular aging. Hormones (Athens) 8, 7–22. doi: 10.14310/horm.2002.1217

Fabre, O., Ingerslev, L. R., Garde, C., Donkin, I., Simar, D., and Barres, R. (2018).
Exercise training alters the genomic response to acute exercise in human
adipose tissue. Epigenomics 10, 1033–1050. doi: 10.2217/epi-2018-0039

Fisher-Wellman, K., and Bloomer, R. J. (2009). Acute exercise and oxidative stress:
a 30-year history. Dyn. Med. 8, 1–25. doi: 10.1186/1476-5918-8-1

Fitzpatrick, A. L. (2006). Leukocyte telomere length and cardiovascular disease in
the cardiovascular health study. Am. J. Epidemiol. 165, 14–21. doi: 10.1093/aje/
kwj346

Fitzpatrick, A. L., Kronmal, R. A., Gardner, J. P., Psaty, B. M., Jenny, N. S., Tracy,
R. P., et al. (2007). Leukocyte telomere length and cardiovascular disease in
the cardiovascular health study. Am. J. Epidemiol. 165, 14–21. doi: 10.1093/
aje/kwj346

Fleg, J. L., Morrell, C. H., Bos, A. G., Brant, L. J., Talbot, L. A., Wright, J. G.,
et al. (2005). Accelerated longitudinal decline of aerobic capacity in healthy
older adults. Circulation 112, 674–682. doi: 10.1161/CIRCULATIONAHA.105.
545459

Floyd, R. A., Hensley, K., Jaffery, F., Maidt, L., Robinson, K., Pye, Q., et al.
(1999). Increased oxidative stress brought on by pro-inflammatory cytokines
in neurodegenerative processes and the protective role of nitrone-based free
radical traps. Life Sci. 65, 1893–1899. doi: 10.1016/S0024-3205(99)00443-9

Flynn, M. G., McFarlin, B. K., Phillips, M. D., Stewart, L. K., and Timmerman,
K. L. (2003). Toll-like receptor 4 and CD14 mRNA expression are lower in

Frontiers in Genetics | www.frontiersin.org 9 August 2021 | Volume 12 | Article 652497

https://doi.org/10.1016/j.cmet.2012.01.001
https://doi.org/10.1093/oxfordjournals.aje.a009520
https://doi.org/10.1093/oxfordjournals.aje.a009520
https://doi.org/10.1016/j.mce.2005.05.009
https://doi.org/10.1016/j.mce.2005.05.009
https://doi.org/10.29333/ejgm/82392
https://doi.org/10.1016/j.febslet.2004.11.036
https://doi.org/10.1016/j.febslet.2004.11.036
https://doi.org/10.1038/490169a
https://doi.org/10.1126/science.279.5349.349
https://doi.org/10.1093/mutage/gev038
https://doi.org/10.1046/j.1523-1747.2003.12529.x
https://doi.org/10.1016/j.archger.2008.02.016
https://doi.org/10.5604/20831862.1176302
https://doi.org/10.4162/nrp.2010.4.4.259
https://doi.org/10.4162/nrp.2010.4.4.259
https://doi.org/10.1007/s00125-016-4106-1
https://doi.org/10.1093/nar/30.10.e47
https://doi.org/10.7750/BioDiscovery.2014.11.1
https://doi.org/10.7750/BioDiscovery.2014.11.1
https://doi.org/10.1016/0090-6980(94)90016-7
https://doi.org/10.1371/journal.pone.0092088
https://doi.org/10.1371/journal.pone.0092088
https://doi.org/10.2165/00007256-200737090-00001
https://doi.org/10.1249/01.MSS.0000084522.14168.49
https://doi.org/10.1249/01.MSS.0000084522.14168.49
https://doi.org/10.1016/S0891-5849(02)01090-0
https://doi.org/10.1016/S0891-5849(02)01090-0
https://doi.org/10.1111/apha.12881
https://doi.org/10.1007/s00421-016-3382-2
https://doi.org/10.1371/journal.pone.0069377
https://doi.org/10.1371/journal.pone.0069377
https://doi.org/10.1007/s40279-016-0482-4
https://doi.org/10.2217/epi.15.29
https://doi.org/10.1152/japplphysiol.00878.2014
https://doi.org/10.1152/japplphysiol.00878.2014
https://doi.org/10.1152/japplphysiol.00878.2014
https://doi.org/10.1152/japplphysiol.00587.2015
https://doi.org/10.1152/japplphysiol.00587.2015
https://doi.org/10.1158/0008-5472.CAN-17-1887
https://doi.org/10.1016/j.redox.2016.09.008
https://doi.org/10.1016/j.redox.2016.09.008
https://doi.org/10.1016/j.imr.2013.04.006
https://doi.org/10.1038/s41598-017-04493-z
https://doi.org/10.1093/aje/kwr330
https://doi.org/10.1111/j.0105-2896.2005.00259.x
https://doi.org/10.1002/ajhb.21127
https://doi.org/10.14310/horm.2002.1217
https://doi.org/10.2217/epi-2018-0039
https://doi.org/10.1186/1476-5918-8-1
https://doi.org/10.1093/aje/kwj346
https://doi.org/10.1093/aje/kwj346
https://doi.org/10.1093/aje/kwj346
https://doi.org/10.1093/aje/kwj346
https://doi.org/10.1161/CIRCULATIONAHA.105.545459
https://doi.org/10.1161/CIRCULATIONAHA.105.545459
https://doi.org/10.1016/S0024-3205(99)00443-9
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-652497 August 2, 2021 Time: 13:28 # 10

Sellami et al. Structural DNA Changes With Exercise

resistive exercise-trained elderly women. J. Appl. Physiol. 95, 1833–1842. doi:
10.1152/japplphysiol.00359.2003

Forero, D. A., González-Giraldo, Y., López-Quintero, C., Castro-Vega, L. J.,
Barreto, G. E., and Perry, G. (2016). Meta-analysis of telomere length in
alzheimer’s disease. J. Gerontol. A Biol. Sci. Med. Sci. 71, 1069–1073. doi:
10.1093/gerona/glw053

Fraga, M. F., Ballestar, E., Paz, M. F., Ropero, S., Setien, F., Ballestar, M. L., et al.
(2005). Epigenetic differences arise during the lifetime of monozygotic twins.
Proc. Natl. Acad. Sci.U.S.A. 102, 10604–10609. doi: 10.1073/pnas.0500398102

Franzke, B., Halper, B., Hofmann, M., Oesen, S., Jandrasits, W., Baierl, A.,
et al. (2014). The impact of six months strength training, nutritional
supplementation or cognitive training on DNA damage in institutionalised
elderly. Mutagenesis 30, 147–153. doi: 10.1093/mutage/geu074

Gardner, J. P., Li, S., Srinivasan, S. R., Chen, W., Kimura, M., Lu, X., et al.
(2005). Rise in insulin resistance is associated with escalated telomere attrition.
Circulation 111, 2171–2177. doi: 10.1161/01.CIR.0000163550.70487.0B

Gardner, M. P., Martin-Ruiz, C., Cooper, R., Hardy, R., Sayer, A. A., Cooper,
C., et al. (2013). Telomere length and physical performance at older ages: an
individual participant meta-analysis. PLoS One 8:e69526. doi: 10.1371/journal.
pone.0069526

Gargallo, P., Colado, J. C., Juesas, A., Hernando-Espinilla, A., Estañ-Capell,
N., Monzó-Beltran, L., et al. (2018). The effect of moderate-versus high-
intensity resistance training on systemic redox state and DNA damage in
healthy older women. Biol. Res. Nurs. 20, 205–217. doi: 10.1177/10998004177
53877

Garland, S. N., Johnson, B., Palmer, C., Speck, R. M., Donelson, M., Xie,
S. X., et al. (2014). Physical activity and telomere length in early stage
breast cancer survivors. Breast Cancer Res. 16:413. doi: 10.1186/s13058-014-
0413-y

Grazioli, E., Dimauro, I., Mercatelli, N., Wang, G., Pitsiladis, Y., Di Luigi, L., et al.
(2017). Physical activity in the prevention of human diseases: role of epigenetic
modifications. BMC Genomics 18:802. doi: 10.1186/s12864-017-4193-5

Greider, C. W. (1996). Telomere length regulation. Annu. Rev. Biochem. 65,
337–365. doi: 10.1146/annurev.bi.65.070196.002005

Hagstrom, A. D., and Denham, J. (2018). The effect of resistance training on
telomere length in women recovering from breast cancer. J. Funct. Morphol.
Kinesiol. 3:9. doi: 10.3390/jfmk3010009

Hannum, G., Guinney, J., Zhao, L., Zhang, L., Hughes, G., Sadda, S., et al. (2013).
Genome-wide methylation profiles reveal quantitative views of human aging
rates. Mol. Cell 49, 359–367. doi: 10.1016/j.molcel.2012.10.016

Hansson, G. K., and Hermansson, A. (2011). The immune system in
atherosclerosis. Nat. Immunol. 12, 204–212. doi: 10.1038/ni.2001

Harley, C. B., Futcher, A. B., and Greider, C. W. (1990). Telomeres shorten during
ageing of human fibroblasts. Nature 345, 458–460. doi: 10.1038/345458a0

Hegele, R. A., and Dichgans, M. (2009). Advances in stroke 2009 update on the
genetics of stroke and cerebrovascular disease. Stroke 41, e63–e66. doi: 10.1161/
STROKEAHA.109.571034

Henriksen, E. J. (2002). Invited review: Effects of acute exercise and exercise
training on insulin resistance. J. Appl. Physiol. 93, 788–796. doi: 10.1152/
japplphysiol.01219.2001

Heunks, L. M., Viña, J., Van Herwaarden, C. L., Folgering, H. T., Gimeno, A.,
and Dekhuijzen, P. R. (1999). Xanthine oxidase is involved in exercise-induced
oxidative stress in chronic obstructive pulmonary disease. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 277, R1697–R1704. doi: 10.1152/ajpregu.1999.277.6.
R1697

Hiam, D., Smith, C., Voisin, S., Denham, J., Yan, X., Landen, S., et al. (2020).
Aerobic capacity and telomere length in human skeletal muscle and leukocytes
across the lifespan. Aging (Albany NY) 12, 359–369. doi: 10.18632/aging.102627

Horvath, S., and Raj, K. (2018). DNA methylation-based biomarkers and the
epigenetic clock theory of ageing. Nat. Rev. Genet. 19, 371–384. doi: 10.1038/
s41576-018-0004-3

Huang, E., Cheng, S. H., Dressman, H., Pittman, J., Tsou, M. H., Horng, C. F.,
et al. (2003). Gene expression predictors of breast cancer outcomes. Lancet 361,
1590–1596. doi: 10.1016/S0140-6736(03)13308-9

Issa, J. P. J., Ottaviano, Y. L., Celano, P., Hamilton, S. R., Davidson, N. E., and
Baylin, S. B. (1994). Methylation of the oestrogen receptor CpG island links
ageing and neoplasia in human colon. Nat. Genet. 7:536. doi: 10.1038/ng0894-
536

Jacques, M., Hiam, D., Craig, J., Barrès, R., Eynon, N., and Voisin, S. (2019).
Epigenetic changes in healthy human skeletal muscle following exercise–
a systematic review. Epigenetics 14, 633–648. doi: 10.1080/15592294.2019.
1614416

Jimenez, L., Lefevre, G., Richard, R., Duvallet, A., and Rieu, M. (2000). Exercise
does not induce oxidative stress in trained heart transplant recipients. Med. Sci.
Sports Exerc. 32, 2018–2023. doi: 10.1097/00005768-200012000-00008

Johnston, A. P., De Lisio, M., and Parise, G. (2007). Resistance training, sarcopenia,
and the mitochondrial theory of aging. Appl. Physiol. Nutr. Metab. 33, 191–199.
doi: 10.1139/H07-141

Kadi, F., Ponsot, E., Piehl-Aulin, K., Mackey, A., Kjaer, M., Oskarsson, E.,
et al. (2008). The effects of regular strength training on telomere length
in human skeletal muscle. Med. Sci. Sports Exerc. 40:82. doi: 10.1249/mss.
0b013e3181596695

Kappei, D., and Londoño-Vallejo, J. A. (2008). Telomere length inheritance and
aging. Mech. Ageing Dev. 129, 17–26. doi: 10.1016/j.mad.2007.10.009

Kaszubowska, L. (2008). Telomere shortening and ageing of the immune system.
J. Physiol. Pharmacol. 59 Suppl 9, 169–186. doi: <doi>

Katakura, Y., Nakata, E., Miura, T., and Shirahata, S. (1999). Transforming growth
factor beta triggers two independent-senescence programs in cancer cells.
Biochem. Biophys. Res. Commun. 255, 110–115. doi: 10.1006/bbrc.1999.0129

Khan, S., Naidoo, D. P., and Chuturgoon, A. A. (2012). Telomeres and
atherosclerosis. Cardiovasc. J. Afr. 23:563. doi: 10.5830/CVJA-2012-056

Krauss, J., Farzaneh-Far, R., Puterman, E., Na, B., Lin, J., Epel, E., et al. (2011).
Physical fitness and telomere length in patients with coronary heart disease:
findings from the heart and soul study. PLoS One 6:e26983. doi: 10.1371/
journal.pone.0026983

Laaksonen, D. E., Atalay, M., Niskanen, L., Uusitupa, M., Hänninen, O., and Sen,
C. K. (1996). Increased resting and exercise-induced oxidative stress in young
IDDM men. Diabetes Care 19, 569–574. doi: 10.2337/diacare.19.6.569

Laine, M. K., Eriksson, J. G., Kujala, U. M., Raj, R., Kaprio, J., Bäckmand, H. M.,
et al. (2015). Effect of intensive exercise in early adult life on telomere length in
later life in men. J. Sports Sci. Med. 194:239. doi: <doi>

LaRocca, T. J., Seals, D. R., and Pierce, G. L. (2010). Leukocyte telomere length
is preserved with aging in endurance exercise-trained adults and related to
maximal aerobic capacity. Mech. Ageing Dev. 131, 165–167. doi: 10.1016/j.mad.
2009.12.009

Larsen, F. J., Schiffer, T. A., Ørtenblad, N., Zinner, C., Morales-Alamo, D.,
Willis, S. J., et al. (2015). High-intensity sprint training inhibits mitochondrial
respiration through aconitase inactivation. FASEB J. 30, 417–427. doi: 10.1096/
fj.15-276857

Laye, M. J., Solomon, T. P., Karstoft, K., Pedersen, K. K., Nielsen, S. D., and
Pedersen, B. K. (2012). Increased shelterin mRNA expression in peripheral
blood mononuclear cells and skeletal muscle following an ultra-long-distance
running event. J. Appl. Physiol. (Bethesda, Md. : 1985) 112, 773–781. doi:
10.1152/japplphysiol.00997.2011

Lewis, K. A., and Tollefsbol, T. O. (2016). Regulation of the telomerase reverse
transcriptase subunit through epigenetic mechanisms. Front. Genet. 7:83. doi:
10.3389/fgene.2016.00083

Lisoway, A. J., Zai, C. C., Tiwari, A. K., and Kennedy, J. L. (2018). DNA
methylation and clinical response to antidepressant medication in major
depressive disorder: a review and recommendations. Neurosci. Lett. 669, 14–23.
doi: 10.1016/j.neulet.2016.12.071

Liu, M., and Liu, F. (2010). Transcriptional and post-translational regulation of
adiponectin. Biochem. J. 425, 41–52. doi: 10.1042/BJ20091045

Lu, Q., Qiu, X., Hu, N., Wen, H., Su, Y., and Richardson, B. (2006). Epigenetics,
disease, and therapeutic interventions. Ageing Res. Rev. 5, 449–467. doi: 10.
1016/j.arr.2006.07.001

Ludlow, A. T., Gratidao, L., Ludlow, L. W., Spangenburg, E. E., and Roth, S. M.
(2017). Acute exercise activates p38 MAPK and increases the expression of
telomere−protective genes in cardiac muscle. Exp. Physiol. 102, 397–410. doi:
10.1113/EP086189

Ludlow, A. T., Ludlow, L. W., and Roth, S. M. (2013). Do telomeres adapt to
physiological stress? Exploring the effect of exercise on telomere length and
telomere-related proteins. BioMed. Res. Int. 2013:601368. doi: 10.1155/2013/
601368

Ludlow, A. T., Zimmerman, J. B., Witkowski, S., Hearn, J. W., Hatfield, B. D.,
and Roth, S. M. (2008). Relationship between physical activity level, telomere

Frontiers in Genetics | www.frontiersin.org 10 August 2021 | Volume 12 | Article 652497

https://doi.org/10.1152/japplphysiol.00359.2003
https://doi.org/10.1152/japplphysiol.00359.2003
https://doi.org/10.1093/gerona/glw053
https://doi.org/10.1093/gerona/glw053
https://doi.org/10.1073/pnas.0500398102
https://doi.org/10.1093/mutage/geu074
https://doi.org/10.1161/01.CIR.0000163550.70487.0B
https://doi.org/10.1371/journal.pone.0069526
https://doi.org/10.1371/journal.pone.0069526
https://doi.org/10.1177/1099800417753877
https://doi.org/10.1177/1099800417753877
https://doi.org/10.1186/s13058-014-0413-y
https://doi.org/10.1186/s13058-014-0413-y
https://doi.org/10.1186/s12864-017-4193-5
https://doi.org/10.1146/annurev.bi.65.070196.002005
https://doi.org/10.3390/jfmk3010009
https://doi.org/10.1016/j.molcel.2012.10.016
https://doi.org/10.1038/ni.2001
https://doi.org/10.1038/345458a0
https://doi.org/10.1161/STROKEAHA.109.571034
https://doi.org/10.1161/STROKEAHA.109.571034
https://doi.org/10.1152/japplphysiol.01219.2001
https://doi.org/10.1152/japplphysiol.01219.2001
https://doi.org/10.1152/ajpregu.1999.277.6.R1697
https://doi.org/10.1152/ajpregu.1999.277.6.R1697
https://doi.org/10.18632/aging.102627
https://doi.org/10.1038/s41576-018-0004-3
https://doi.org/10.1038/s41576-018-0004-3
https://doi.org/10.1016/S0140-6736(03)13308-9
https://doi.org/10.1038/ng0894-536
https://doi.org/10.1038/ng0894-536
https://doi.org/10.1080/15592294.2019.1614416
https://doi.org/10.1080/15592294.2019.1614416
https://doi.org/10.1097/00005768-200012000-00008
https://doi.org/10.1139/H07-141
https://doi.org/10.1249/mss.0b013e3181596695
https://doi.org/10.1249/mss.0b013e3181596695
https://doi.org/10.1016/j.mad.2007.10.009
https://doi.org/<doi>
https://doi.org/10.1006/bbrc.1999.0129
https://doi.org/10.5830/CVJA-2012-056
https://doi.org/10.1371/journal.pone.0026983
https://doi.org/10.1371/journal.pone.0026983
https://doi.org/10.2337/diacare.19.6.569
https://doi.org/<doi>
https://doi.org/10.1016/j.mad.2009.12.009
https://doi.org/10.1016/j.mad.2009.12.009
https://doi.org/10.1096/fj.15-276857
https://doi.org/10.1096/fj.15-276857
https://doi.org/10.1152/japplphysiol.00997.2011
https://doi.org/10.1152/japplphysiol.00997.2011
https://doi.org/10.3389/fgene.2016.00083
https://doi.org/10.3389/fgene.2016.00083
https://doi.org/10.1016/j.neulet.2016.12.071
https://doi.org/10.1042/BJ20091045
https://doi.org/10.1016/j.arr.2006.07.001
https://doi.org/10.1016/j.arr.2006.07.001
https://doi.org/10.1113/EP086189
https://doi.org/10.1113/EP086189
https://doi.org/10.1155/2013/601368
https://doi.org/10.1155/2013/601368
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-652497 August 2, 2021 Time: 13:28 # 11

Sellami et al. Structural DNA Changes With Exercise

length, and telomerase activity. Med. Sci. Sports Exerc. 40, 1764–1771. doi:
10.1249/MSS.0b013e31817c92aa

Maida, Y., Kyo, S., Kanaya, T., Wang, Z., Yatabe, N., Tanaka, M., et al. (2002).
Direct activation of telomerase by EGF through Ets-mediated transactivation
of TERT via MAP kinase signaling pathway. Oncogene 21, 4019–4071. doi:
10.1038/sj.onc.1205509

Mason, C., Risques, R. A., Xiao, L., Duggan, C. R., Imayama, I., Campbell, K. L.,
et al. (2013). Independent and combined effects of dietary weight loss and
exercise on leukocyte telomere length in postmenopausal women. Obesity 21,
E549–E554. doi: 10.1002/oby.20509

Mastaloudis, A., Leonard, S. W., and Traber, M. G. (2001). Oxidative stress in
athletes during extreme endurance exercise. Free Radic. Biol. Med. 31, 911–922.
doi: 10.1016/S0891-5849(01)00667-0

Mastaloudis, A., Yu, T. W., O’Donnell, R. P., Frei, B., Dashwood, R. H., and Traber,
M. G. (2004). Endurance exercise results in DNA damage as detected by the
comet assay. Free Radic. Biol. Med. 36, 966–975. doi: 10.1016/j.freeradbiomed.
2004.01.012

Matthews, C., Gorenne, I., Scott, S., Figg, N., Kirkpatrick, P., Ritchie, A., et al.
(2006). Vascular smooth muscle cells undergo telomere-based senescence
in human atherosclerosis. Circ. Res. 99, 156–164. doi: 10.1161/01.RES.
0000233315.38086.bc

Maynard, S., Keijzers, G., Hansen, A. M., Osler, M., Molbo, D., Bendix, L., et al.
(2015). Associations of subjective vitality with DNA damage, cardiovascular risk
factors and physical performance. Acta Physiol. (Oxford, England) 213, 156–170.
doi: 10.1111/apha.12296

McGee, S. L., and Hargreaves, M. (2019). Epigenetics and exercise. Trends
Endocrinol. Metab. 30, 636–645. doi: 10.1016/j.tem.2019.06.002

Melov, S., Tarnopolsky, M. A., Beckman, K., Felkey, K., and Hubbard, A. (2007).
Resistance exercise reverses aging in human skeletal muscle. PLoS One 2:e465.
doi: 10.1371/journal.pone.0000465
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