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Abstract

Background: Overall life expectancy continues to rise, approaching 80 years of age in several developed countries.
However, healthy life expectancy lags far behind, which has, in turn, contributed to increasing costs in healthcare. One
way to improve health and attenuate the socio-economic impact of an aging population is to increase overall fitness
through physical activity. Telomere attrition or shortening is a well-known molecular marker in aging. As such, several
studies have focused on whether exercise influences health and aging through telomere biology. This systematic
review examines the recent literature on the effect of physical activity on telomere length (TL) and/or telomerase
activity as molecular markers of aging.

Methods: A focused search was performed in the databases PubMed and Web of Science for retrieving relevant
articles over the past ten years. The search contained the following keywords: exercise, sport, physical activity, fitness,
sedentary, physical inactivity, telomere, telomere length, t/s ratio, and telomerase. PRISMA guidelines for systematic
reviews were observed.

Results: A total of 43 articles were identified and categorized into randomized controlled trials (RCT), observational
or interventional studies. RCTs (n = 8) showed inconsistent findings of increased TL length with physical activity in,
e.g. obese, post-menopausal women. In comparison with a predominantly sedentary lifestyle, observational stud-
ies (n=27) showed significantly longer TL with exercise of moderate to vigorous intensity; however, there was no
consensus on the duration and type of physical activity and training modality. Interventional studies (n =8) also
showed similar findings of significantly longer TL prior to exercise intervention; however, these studies had smaller
numbers of enrolled participants (mostly of high-performance athletes), and the physical activities covered a range
of exercise intensities and duration. Amongst the selected studies, aerobic training of moderate to vigorous intensity
is most prevalent. For telomere biology analysis, TL was determined mainly from leukocytes using gPCR. In some
cases, especially in RCT and interventional studies, different sample types such as saliva, sperm, and muscle biopsies
were analyzed; different leukocyte cell types and potential genetic markers in regulating telomere biology were also
investigated.

Conclusions: Taken together, physical activity with regular aerobic training of moderate to vigorous intensity
appears to help preserve TL. However, the optimal intensity, duration of physical activity, as well as type of exercise
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still need to be further elucidated. Along with TL or telomerase activity, participants' fitness level, the type of physical
activity, and training modality should be assessed at different time points in future studies, with the plan for long-term
follow-up. Reducing the amount of sedentary behavior may have a positive effect of preserving and increasing TL.
Further molecular characterization of telomere biology in different cell types and tissues is required in order to draw
definitive causal conclusions on how physical activity affects TL and aging.
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Key Points

1. As life-expectancy increases, lifestyle choices like
exercise take on increasing importance in healthy
aging. Telomere attrition is a molecular marker of
aging. Thus, physical activity may influence the aging
process through telomere biology, namely TL and
telomerase activity.

2. The amount of reduction in sedentary behavior
appears to have a positive effect of preserving and
increasing TL. The current level of physical fitness
seems to have a more significant impact than the his-
tory of previous exercise on TL. Telomere dynam-
ics are tissue- and cell-specific and are also depend-
ent upon proliferative activity; as such, grasping the
molecular mechanisms induced by exercise remains
a challenge.

3. Detailed information should be included in future
studies (e.g., participants’ characteristics, level of fit-
ness, type of exercise training modality, telomere
analysis) in order to achieve greater study homoge-
neity and draw causal conclusions on the effects of
exercise on telomere dynamics and the aging process.

Introduction

With advancements in healthcare and improvements in
living standards, human life expectancy is now predicted
to be above 80 years of age in industrialized countries [1,
2]. Subsequently, the proportion of the elderly popula-
tion has steadily increased; and by 2050, approximately a
quarter of the world’s population will be over 65 years in
age [3]. With a growing and aging population, increased
costs in health care delivery have also transpired amongst
other socio-economic challenges [4]. Unfortunately,
healthy life expectancy lags far behind overall life expec-
tancy [5], which implies a more extended period of
morbidity [6]. To help curtail this financial impact and
improve overall health, primary prevention strategies
that incorporate lifestyle choices of a heathy diet and reg-
ular exercise have been promoted [7-9]. Not surprisingly,
the cosmetic industry continues to profit, with the search
of anti-aging and rejuvenation products attracting great
attention.

Aging is an inherent and complex biological process,
with several studies furthering our understanding at the
molecular level [10, 11]. Lopez-Otin et al. [12] describe
the main hallmarks of aging with respect to the following
underlying mechanisms: genomic instability, loss of pro-
teostasis, epigenetic alterations, mitochondrial dysfunc-
tion, cellular senescence, stem cell exhaustion, altered
intercellular communication, deregulated nutrient-sens-
ing, and telomere attrition. Amongst these hallmarks,
telomere attrition and the preservation of telomere
length (TL) have attracted much attention as a molecu-
lar marker of biological age [13]. Capping the arms of
each chromosome, telomeres are long repeated nucleo-
tide sequences whose primary function is to protect the
integrity of genomic DNA from degradation, thereby
maintaining genomic stability throughout the cell cycle
[14]. With each cell division, TL progressively shortens
by approximately 50-100 base pairs (bp) [15]. As TL
decreases over time, telomeres become too short for the
cell to divide any further, leading to cellular senescence
[16]. This relationship of aging with decreasing TL has
been confirmed by several studies [17-19]. Telomerase,
an enzyme containing the catalytic unit protein reverse
transcriptase, is considered the primary driver for rep-
licating telomeric regions. Telomerase activity in com-
bination with TL help to reflect the cell’s proliferation
potential [20].

Although TL and its attrition can be highly variable
amongst individuals with possible sex-specific differences
[17], TL remains stable from childhood to early adult-
hood and diminishes in late adulthood [16, 21]. Critically
short telomeres are associated with chromosomal degra-
dation, end-to-end fusion, and deficient recombination,
all of which promote the process of aging and age-related
pathologies [22, 23]. Furthermore, telomere attrition is
also associated with several chronic diseases and patho-
logical conditions such as diabetes, dyslipidemia, cardio-
vascular disease, cancer, and during psychological stress
[21, 24-28]. As such, TL is increasingly recognized as a
clinical tool in gauging the risk for age-related diseases
[29]. Some epidemiologic studies have even underpinned
an increased risk of premature mortality with TL short-
ening [30].
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Whether age-associated decline can be counteracted
by enhancing TL integrity or preserving TL through
primary prevention measures remains to be elucidated.
However, increasing data support that negative lifestyle
risk factors such as smoking and obesity are associated
with a deleterious effect on TL; and living an active life-
style has a beneficial effect on preserving TL [31-33],
suggesting the effects of anti-aging of physical activity at
the cellular level [34]. Physical activity is long-considered
to play a crucial role in health and aging by reducing the
risk of developing several chronic conditions [35]. Some
age-related diseases associated with shorter TL (e.g.
diabetes mellitus, hypertension, or cardiovascular dis-
ease) are suggested to be prevented, managed, or even
regressed by regular exercise [36—40].

The specific molecular mechanisms and potential
counteracting measures of biological aging are highly
complex. Aging, as defined by hallmark cellular pro-
cesses of senescence, fibrosis, inflammation, and stem
cell depletion in the presence of functional p53 [41], has
been shown to be inversely proportional to TL at the cel-
lular level. Furthermore, primary preventive measures of
healthy lifestyle choices such as regular physical exercise
increase healthy life expectancy. Also, the epidemiologi-
cal evidence suggests a strong relationship of preserving
TL with physical activity [42]. However, the impact of
physical activity on aging (with TL as a molecular marker
of aging) is not fully understood, as evidenced by 3 recent
yet different systematic reviews. Valente et al. [43] pooled
together a total of 7418 participants from 30 retrieved
articles and reported that, with very-low level of cer-
tainty, physically active individuals have longer telomeres
and stated that likely this effect was overestimated. Agu-
iar et al. [44] examined 11 retrieved studies on master
athletes (which included their own study) and found that
master athletes had longer telomeres in comparison with
age-matched controls. Song et al. [45] searched for RCTs
only and found inconclusive findings amongst their seven
retrieved RCT studies, which included predominantly
female participants and those diagnosed with cancer (e.g.
breast cancer).

The possible impact of physical activity on TL and
aging continues to be a topic of interest in sports medi-
cine research and beyond; however, there lacks a con-
sensus of the literature on whether the type of physical
activity (or inactivity) could possibly account for these
discrepancies in telomere biology and mechanisms that
regulate TL. Therefore, this systematic review aims to
examine the current literature on the impact of the level
and type of physical activity on TL as a molecular marker
of aging.
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Methods

A systematic review of the literature was conducted
in keeping with PRISMA guidelines. The review pro-
tocol is registered on PROSPERO (record number:
CRD42021252217).

Search Strategy
The online databases PubMed and Web of Science were
used to scan the available literature. The literature search
was performed in May 2021 by two independent review-
ers to identify the articles of interest based on the defined
inclusion criteria. Any disagreements were solved by con-
sensus, or a third-party reviewer was consulted when nec-
essary. As a further measure to include relevant papers,
references of included studies and retained reviews were
also screened. In 2015, Munstock et al. [46] performed a
complete search of the literature, and found only one RCT
in 2014 for their review. As such, articles over a focused
timeframe of 2011 to 2021 were included and analyzed.
The literature search was performed using a combination
of the following search terms: “telomere” OR “telomeres”
OR “telomerase” OR “telomere length” OR “t/s ratioc” AND
"physical activity" OR "physical exercise" OR “exercise” OR
“motor activity” OR “locomotor activity” OR “active lifestyle”
OR “inactive lifestyle” OR "physical inactive” OR sedentary
OR sport OR “aerobic exercise” OR “training” OR “endur-
ance training” OR “resistance training” OR “strength train-
ing” OR “isometric exercise” OR “isometric exercises” OR
“interval training” OR “high intensity training” OR "fitness”.
Titles or abstracts of the identified studies were exam-
ined, and duplicates were removed using the reference
software Mendeley (Elsevier B.V., Amsterdam, NL). Fur-
thermore, the full text of the manuscript was examined
if the title or abstract did not provide sufficient informa-
tion. All studies that met the inclusion selection criteria
were selected for full analysis and review.

Selection Criteria
Articles were included if the following inclusion criteria
were met:

1. The article assesses the impact of physical activity on
telomere biology (TL and/or telomerase activity).

2. The research was limited to articles published in
English or German from 2011 to 2021 and to articles
involving a human testing population.

3. Full-text manuscripts of original studies (randomized
controlled trial or RCT, observational, or interven-
tional) that compared the participants’ character-
istics (e.g. age, level of physical fitness), telomerase
biology measurements (e.g. relative or absolute TL
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and/or telomerase activity), and physical activity (e.g.
type, intensity, duration) were included.

Abstracts only, reviews, letters, responses, case series,
case studies and duplicated articles were excluded. Stud-
ies that assessed the effect of holistic lifestyle inter-
ventions but did not include physical activity as one
of the interventions were excluded. To achieve great
study homogeneity, studies with participants who were
under 18 years of age or with terminal illness were also
excluded.

The following variables were defined as crucial data,
with the goal to extract such information, if applicable,
for each of the selected studies: study type, sample size,
age, population, study protocol name, year or study time-
frame, the type of tissue sample collected for telomere
analysis, method of telomere analysis, type of physical
activity (with description of its frequency, duration and
intensity), physical fitness of participants, statistically
significant results, and time of follow-up. All statistically
significant results were screened for appropriate group-
ing, stratification, and corrections for potential bias, e.g.
age-matched, risk factors, different scales or assessment
parameters of physical fitness.

Results

A flow chart summarizing the algorithm and the quanti-
tative results of the search procedure is shown in Fig. 1.
The initial literature search yielded a total of 1,774 stud-
ies. After removing duplicates, 905 remaining titles
and abstracts were screened and analyzed based on the
inclusion criteria described. Of the 905 records, 391 arti-
cles were excluded since these studies did not address
telomere biology in association with exercise or vice
versa. A further 427 records were excluded since they
did not meet other inclusion criteria (e.g. human study
population, original research, publication date, etc.). A
total of 87 articles remained for full-text screening to
further evaluate eligibility. Of these 87 articles, 44 arti-
cles were then excluded: eighteen studies did not assess
any associations between parameters of telomere biol-
ogy and exercise; eleven studies evaluated the effects of
exercise on TL in relation to severe diseases (e.g. can-
cer); six articles focused on a study population that did
not meet the inclusion criteria of age (e.g. children) or
only in vitro experiments were conducted; five articles
did not investigate one of the defined parameters; and
four studies examined a combined intervention of sev-
eral different lifestyle changes on telomere biology; how-
ever physical activity was not corrected for potential
bias nor treated as independent variable. Taken together,
the final number of articles included for this systematic
review was 43.
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For each of the selected articles, the study type was
determined, and the article was then assigned into one
of three groups: RCT (8/43), interventional (8/43), and
observational (27/43) studies. A summary of the most
important characteristics and findings of the selected
studies are presented in Tables 1, 2, and 3. Several stud-
ies (33/43) investigated significant positive association
between TL and physical activity. The most frequently
utilized tissue- and cell-type for TL measurement were
leukocytes (27/43), and qPCR was the most common
method to evaluate changes in TL (33/43). A small num-
ber of studies (5/43) highlighted the acute effect of a sin-
gle exercise bout.

Several studies (33/43) found a statistically significant
difference in TL (absolute or relative change) with physi-
cal activity, based on grouping or stratification of par-
ticipants’ characteristics, level of fitness, physical activity
type, and/or corrections for potential bias. A small num-
ber of studies (5/43) reported a significant correlation
of TL with level of physical fitness; and an even smaller
number (4/43) described a negative correlation between
TL and exercise.

Discussion
A total of 43 studies were selected, and the majority (33
out of 43 studies) highlighted positive effects of exercise
on telomere dynamics. Four studies, however, described
telomere shortening as a result of physical exercise [47—
50]. To further characterize the quality of the studies, the
articles were examined and grouped based on their study
type of namely RCTs, interventional, and observational
studies (Tables 1, 2, 3). In comparison with a system-
atic review that covered all years up to 2014 but found
only one RCT study [46], 37 out of the 43 selected stud-
ies in this review were newly-identified articles, includ-
ing seven new RCTs. A similar yet different systematic
review by Arsenis in 2017 that also included studies with
influencers such as chronic stress found only 3 RCTs [51].
Further analysis of all 43 of the selected studies showed
that the findings are not also completely coherent, which
is elaborated in greater detail below.

RCT Studies

Upon closer examination (Table 1), the RCT studies were
inconsistent in their findings, with five of the eight RCTs
supporting TL preservation or lengthening with physi-
cal activity. The discrepancies amongst the three RCTs
may be attributed to differences in the physical charac-
teristics of the participants (e.g. age, obesity, sex-specific,
and level of physical activity). Friedenreich et al. [52]
conducted an RCT trial on a study population of 212
physically inactive, postmenopausal women. An aerobic
exercise intervention at 70-80% heart rate reserve was
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Fig. 1 Flow chart of the systematic review process (PRISMA)

prescribed for twelve months, and TL was measured and
compared against inactive peers. The results showed no
significant changes in leukocyte TL. The authors hypoth-
esized that the actual impact of exercise on telomere
dynamics depends on various factors of the participants
at their baseline, such as body mass index (BMI) or nutri-
tion habits. In another RCT study on a larger popula-
tion of 439 postmenopausal, overweight women, Mason
et al. [53] also showed no significant changes in TL after
twelve months of aerobic exercise intervention compared
to sedentary controls. Furthermore, weight loss was not
associated with an alteration of TL. However, TL was
positively associated with maximal oxygen uptake, which

is a crucial determinant in setting the upper limit of oxy-
gen uptake for endurance performance [54]. In contrast,
some of the selected RCT studies showed increased
TL [55-57] or telomerase activity [58] with exercise.
One possible explanation for this discrepancy might be
attributed to the duration of the exercise intervention of
approximately six to twelve months, which could be too
short of a timeframe to evoke any significant long-term
changes in TL. Thus, cohort studies involving an athlete
population could provide some valuable information in
this context, since the effects of regular exercise and a
high training volume over a longer period of time can be
considered.
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Interventional Studies

As shown in Table 2, several of the interventional cohort
studies on TL in high-performance athletes describe
a positive association of TL with regular and extended
participation in physical exercise [59-63]. However,
Nickels et al. [48]. reported a significantly shorter TL
of 8.1% in young elite swimmers in comparison with
their recreationally-active peers, with greater telomere
shortening observed amongst female athletes. These
conflicting findings might be attributed to differences in
exercise intensity, excessive training volume, or even in
the type of sport activity itself. Also, the impact of these
variables may also be sex-specific. Indeed, some stud-
ies suggest sex-specific variations in telomere dynamics
[64], and that these differences seem to impact the exer-
cise-induced effects on TL [49, 65]. Of note, this study
by Nickels et al. involved a fairly young cohort of athletes
(mean age of 20 years); thus, it is unclear whether these
findings can be extrapolated to the adult and elderly
population. Furthermore, TL is relatively stable until
young adulthood, and telomere attrition occurs predom-
inantly at an advanced age [16]. Multiple factors such as
age [66], BMI [67], sex [68], volume of training, training
modality [57], duration of physical activity, and method
of TL analysis [69] can all affect telomere dynamic
measurements.

Observational Studies

Amongst the 27 selected observational studies (Table 3),
several cross-sectional studies highlight a positive cor-
relation between exercise and telomere biology [60, 62,
70-77]. The Helsinki Birth Cohort was utilized by Astrom
et al. [78] to investigate the correlation between physi-
cal performance and TL in the elderly with a mean age
of 61 years. Physical performance was assessed using
the Senior Fitness Test at the start of the study and at
approximately ten years in follow-up. Poorer physical
performance correlated with statistically significant tel-
omere shortening after ten years in women [78]. Several
other cross-sectional investigations also showed simi-
lar statistically significant effects of physical exercise on
telomere dynamics [79-81]. Although the results from
cross-sectional studies seem promising, such epidemio-
logic studies are limited by characteristics in their design
(e.g. self-reporting of physical activity by questionnaire).
Furthermore, evaluating changes in TL from physical
activity via a cross-sectional study is limited to measure-
ments that are conducted at a single time point. Thus,
in order to assess whether physical exercise counteracts
age-related telomere attrition, better consensus amongst
observational studies and/or higher-quality evidence
from prospective studies is required in order to prove
causality.

Page 7 of 25

Taken together, a causal relation of physical activity
on TL can neither be asserted nor rejected amongst the
selected RCT, interventional, and observational studies.
Several aspects regarding the type of training modality,
and the intensity and duration of the physical activity on
telomere dynamics need to be further elucidated, and are
further discussed in the following sections. A summary
illustration is presented in Fig. 2. Future studies should
address influencing factors on telomere biology, along
with taking measurements of TL across different time
points, which are also described below.

Effects of Training Modality and Type of Physical Activity
on Telomere Biology

Training modality appears to be an important factor to
consider regarding its influence on telomere dynamics.
Nevertheless, such consideration of different training
modalities on telomere biology are scarce. In one RCT
study, Werner et al. [57] compared the impact of differ-
ent exercise modalities (e.g. resistance training or RT,
endurance training, and interval training) on TL and tel-
omerase activity. Endurance and interval training proto-
cols increased TL and telomerase activity; however, RT
did not register any such differences. Thus, although RT
could be integrated into other exercise modalities, RT
alone may not be sufficient as a substitute for endurance
or interval training to provoke any changes in TL.

With respect to type of exercise, an observational study
by Loprinzi et al. on the comparison of different physi-
cal activities of various metabolic demands (e.g., weight
lifting, basketball, bicycling, running) showed that only
running could be positively correlated with preserving
TL [82]. This association of TL preservation with running
might also help to explain the protective effects of aero-
bic exercise on the incidence of cardiovascular disease
and all-cause mortality [83] and that several chronic dis-
eases are associated with telomere attrition [40, 84]. One
possible explanation for the inconsistent findings of RT
on TL might be that aerobic exercise (which is not typical
in classical RT) is linked to a higher mean and maximum
heart rate, which leads to higher vascular shear stress
[85]. Since nitric oxide (NO) synthase and telomerase
activity are associated with exercise-induced vascular
protection [86], the elevated levels of NO released from
the vascular wall might contribute to alterations in tel-
omere dynamics. In another study, RT was implemented
over six months in an RCT trial, and no clear relationship
was shown between RT and TL [87]. In contrast, another
RCT study implemented RT for only three months; the
results showed an increase of telomerase enzyme activity
and other proteins potentially associated with the process
of biological aging, namely Sirtuin-1 (SIRT1), SIRT3, and
SIRT6 [58]. The seemingly beneficial results of this study
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might also be attributed to the cohort characteristics of
elderly men who performed a more demanding RT pro-
tocol in comparison with peers described in other stud-
ies. Of note, higher appendicular skeletal muscle index
(ASMI) is related to longer telomeres [88]. Since RT aims
to increase muscle mass, the preservation of skeletal
muscle has also been suggested to help delay telomere
attrition and attenuate biological aging.

With respect to endurance training, aerobic exercise
emerges as a promising intervention to help maintain
or even increase TL. In an RCT study by Puterman
et al. [55], aerobic exercise over six months led to sig-
nificantly longer TL in older adults who were previ-
ously inactive and highly-stressed in comparison with
sedentary controls. Of note, no increase in telomerase
activity was detected, even though such an increase was
hypothesized to help stabilize and potentially elongate
TL [17, 89]. One reason to account for this increase in
TL (in the absence of increased telomerase activity) is
that the study cohort consisted of chronically-stressed
and inactive individuals, and such characteristics are
associated with higher levels of oxidative stress and
inflammation [90-92]. Reducing levels of inflamma-
tion and oxidative stress with aerobic exercise may
have resulted in the reported telomere lengthening
[93, 94]. Moreover, endurance exercise was strongly
linked to longer telomeres in an athlete study popula-
tion: ultra-distance runners had 11% longer leukocyte
TL in comparison with their peers, which amounts to
approximately 16 years of age-related telomere short-
ening [63].

Overall, endurance exercise is the most investigated
training modality and is mainly associated with posi-
tive effects on telomere biology. Moreover, some types
of exercise may have greater benefit than others. In
one observational study, a comparison between mas-
ter sprinters and endurance runners revealed a better
profile of aging biomarkers in sprinters, including a
trend for longer TL. Endurance athletes had a better
NO profile, which is considered a marker of endothe-
lial function, whereas sprinters possessed a significantly
better redox balance and cytokine profile [95]. Future
studies would need to clarify whether running itself or
the intensity associated with running affects telomere
dynamics.

Effects of Exercise Intensity on Telomere Biology

Training intensity is a crucial factor not only in exercise
training programs but also in the setting of telomere
biology and aging [77]. However, the selected stud-
ies present inconsistent findings on whether moder-
ate or highly intense exercise has a beneficial impact
on telomere dynamics. Du et al. examined participants
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enrolled in the large-scale Nurses’ Health Study and
showed that moderate exercise (defined as energy expo-
sure of 3 METs or more) is already sufficient to pre-
serve leukocyte TL in women [76]. These findings are
in keeping with the results of Savela et al. [77]. Namely,
the relationship between physical activity level (in terms
of intensity and frequency) and TL was described as an
inverted U-shaped curve, indicating that a moderate
level of exercise shows a beneficial effect on TL; in con-
trast, low- and high-level of physical activity were asso-
ciated with shorter telomeres. Furthermore, a moderate
level of physical activity likely counteracts age-depend-
ent immunosenescence and prevents telomere shorten-
ing in specific T-cell populations. Namely, in a study by
Bastos et al. [96]., low- and even high-levels of physical
activity did not significantly affect immunosenescence in
CD8'CD28™ cells in comparison with a cell-line control.
Taken together, these findings suggest there are possible
positive effects of physical exercise on the immune sys-
tem in older adulthood and that the most beneficial exer-
cise intensity level in this context is exercise at moderate
intensity.

In comparison with other levels of exercise intensity,
Colon et al. [60] showed that TL was better preserved
through high-intensity training in comparison with exer-
cise at moderate intensity. This study was conducted with
competitive triathlon athletes at a high level of fitness as
the investigated cohort. As such, amongst the triathletes,
the applied training protocol might not have reached the
required intensity associated with detrimental effects to
TL as seen in other studies involving non-athletes. In a
study by Denham et al. [63], ultra-endurance athletes
possessed 11% longer telomeres (an approximate increase
of 324648 bp) in comparison with healthy inactive con-
trols, which corresponds to a difference of 16.2 years in
biological age. Recent studies [97, 98] also underline the
importance of exercise intensity on telomere biology, and
are in keeping with the results from Gagnon et al. [98].
In participants of a multi-day canoeing expedition (trav-
elling six hours a day for 2 weeks) at low-to- moderate
intensity, TL remained unchanged in comparison with
age-matched controls; however, there was a significant
improvement in their metabolic and oxidative profiles.
The increased enzymatic antioxidative activity was even
comparable to the redox-balancing benefits induced by
a training duration of several months. Nevertheless, the
exercise stimulus might have been insufficient to influ-
ence TL, since the physical activity was at a low-to-mod-
erate intensity [98]. Other studies [70, 71, 99] reported
a positive dose—response relationship between relative
telomere length (r'TL) and physical activity. A significant
linear trend of increasing rTL with vigorous physical
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activity emerged, but moderate physical activity was not
necessarily associated with any changes in TL.

In summary, the selected studies appear contradictory
on what exercise intensity has the greatest influence on
telomere dynamics. Also, the level of physical activity
(e.g. low, moderate, or high/vigorous) is not always clear
or described in greater detail in terms of its parameters
(e.g. intensity, duration, and frequency) to allow com-
parison. Since different types of physical activity gener-
ate different metabolic demands [100], further research is
needed to determine whether an optimal level of exercise
parameters can be achieved to slow down the biological
process of aging.

The Impact of Acute Exercise Episodes on Telomere Biology
Previous research suggests that acute exposure to stren-
uous exercise induces an increase in oxidative stress
[101, 102]. DNA damage from oxidative stress has been
shown to occur even after a few hours of exposure to
high-intensity aerobic exercise [103, 104]. Since oxida-
tive stress is also strongly associated with telomere attri-
tion [105] by inhibiting telomerase activity [106], the
effects of acute bouts of exercise on TL require closer
examination. Borghini et al. [47] reported a significantly
reduced rTL in athletes during and after completing an

ultra-long running distance endurance race (330 km)
as a result of oxidative DNA damage. However, TL was
better preserved amongst athletes in comparison with
sedentary controls; thus, these findings imply that regu-
lar endurance exercise still has beneficial effects on TL
over a longer period of time in comparison with inactiv-
ity. Antioxidant mechanisms might be sufficient in han-
dling an increase in reactive oxygen species (ROS) during
regular endurance exercise due to adaption over time;
however, such regulation mechanisms of ROS might be
overwhelmed by an elevation of oxidative stress from an
acute episode of high-intensity exercise.

In contrast, Laye et al. [107] showed no statistically sig-
nificant changes in TL after exposure to extreme physi-
ological stress of completing seven marathons in seven
days. Of note, TL was analyzed in peripheral blood mon-
onuclear cells or skeletal muscle biopsies. As previously
mentioned, this non-change might be attributed to the
above-average physical fitness level of the athletes. These
high-performance, long-distance athletes might be less
affected by ROS, which might correlate with a milder
effect of oxidative stress on telomere biology. As such,
these findings may not translate to the normal non-ath-
lete population. Moreover, telomerase activity, which is
described as a more accurate marker of muscle turnover
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than mean TL [108], could not be detected in the skeletal
muscle biopsies.

Although some evidence suggests an acute bout of
exercise has an immediate and detrimental effect on
TL, prolonged exposure to endurance exercise seems to
attenuate TL attrition, contribute to TL maintenance, or
even promote TL lengthening via milder ROS effects.

The Impact of Inactivity on Telomere Biology

Inactivity and sedentary behavior are reported to influ-
ence telomere biology [65], with strong association with
worse health outcomes and higher cardiovascular disease
risk [109, 110]. Especially in Western countries, while
formal participation in exercise has increased, a seden-
tary lifestyle has become more prevalent [111]. Along
with cardiovascular disease, there is an elevated risk for
other chronic diseases associated with a sedentary life-
style (e.g. metabolic syndrome, type 2 diabetes) that is
independent of the time spent on exercising [111-114].
Sedentary behavior is also linked to decreased muscle
mass and low muscle strength [115]. Furthermore, pro-
longed sitting is discussed to elevate inflammation and
oxidative stress levels [116, 117], subsequently contrib-
uting to telomere attrition. In an RCT study involving
elderly, sedentary, and overweight subjects, Sjogren et al.
[118] reported significant telomere lengthening by reduc-
ing sitting time; in contrast, increased time spent on exer-
cising was associated with telomere shortening. These
results indicate that reducing the time spent sitting in an
elderly at-risk population might be of greater importance
for TL maintenance than participation in actual exercise.
Fretts et al. [75] also underline the importance of move-
ment on a regular basis; study participants who accumu-
lated more steps per day had significantly longer TL and
vice versa. Despite the cross-sectional study design with
a single time point of data collection, this study stands
out from similar investigations because of its objective
measurement of activity where a pedometer was used to
count the daily steps instead of self-reported question-
naires. In comparison, an investigation of Edwards et al.
[73] showed only a significant association with TL in par-
ticipants who engaged in moderate-to-vigorous physi-
cal activity (for METs > 3); and no correlation between
the number of hours of sedentary behavior and TL was
detected.

In summary, the reduction of sedentary time appears
to have a positive impact on TL preservation; and
physical activity may not alone be able to attenuate the
adverse effects of sedentary behavior. The findings from
the selected studies seem slightly divergent, on whether
sedentary behavior or physical activity itself substan-
tially impacts telomere dynamics. Nevertheless, higher
physical activity levels and reduced sitting time are both
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strongly associated with TL preservation and attenuating
the aging process at a molecular level.

Effects of Previous Exercise History on Telomere Biology
Although numerous studies promote the beneficial
effects of physical exercise on TL, further clarification
is necessary on the required timeframe of the training
stimulus. For instance, former athletes are associated
with a healthier metabolic profile and a lower preva-
lence of developing cardiovascular risk factors [119-121].
Having a history of life-long training is even associated
with greater longevity in comparison with the general
population [122]. Rosa et al. showed that life-long train-
ing volume is proportional to TL [95], which is in paral-
lel to the findings by Hernando et al. [123]. Even though
extreme endurance exercise has been associated with ele-
vated levels of oxidative stress, TL was better preserved
in ultra-endurance athletes than in their age-matched
peers [123], particularly evident in elderly athletes who
had been training on a regular basis over many years. In
comparison, there was a lack of significant differences in
TL between young athletes and their age-matched inac-
tive controls, most likely due to the fewer number of
years engaged in regular training. These findings are con-
sistent with a study by Borghini et al. [47]. Namely, TL
was also better preserved in older endurance athletes in
comparison with age-matched inactive controls, and no
changes in TL were reported amongst younger endur-
ance athletes.

In contrast to an athlete population, a combined exer-
cise intervention of strength and aerobic training showed
significant telomere lengthening in leukocytes as early
as eight weeks in a population of obese, premenopausal
women [56]. These results suggest that perhaps a his-
tory of physical activity plays less of an influential role
than an individual’s health status and physical fitness
level at baseline. In fact, Laine et al. [124] showed that
former elite-class male athletes who restarted training
did not display any significant differences in TL later in
life compared to their age-matched active controls. The
history of vigorous training in these participants was
limited in their young adulthood, which is a stage in life
when exercise training might only exhibit a minor influ-
ence on telomere biology [125]. In addition, engagement
in regular exercise supports telomere maintenance in
the elderly, regardless of physical activity in early adult-
hood [65, 70]. Nevertheless, Saflenroth et al. showed
that longer periods of physical activity (over ten years)
are associated with longer rTL in comparison with inac-
tive controls [70]. However, it is unclear as to when the
period of activity (or inactivity) had occurred. Therefore,
it appears that it is never too late to start exercising and
benefit from its positive effects on health and telomeres.
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Exercise seems to have a stronger impact on TL preserva-
tion in later years, since TL attrition itself manifests to a
greater degree later in life, especially after 70 years of age,
with associated exacerbated senescence [126].

Effects of Exercise on TL at Different Ages?

For in vitro studies, there are convincing data on how
TL is associated with the replicative capacity of a cell.
However, due to inter-individual differences attributed to
endogenous (e.g. ethnicity, gender, genetic factors, BMI)
and exogenous factors (e.g. lifestyle choices and envi-
ronmental stressors), the process of biological aging and
its effect on TL is much harder to unravel in vivo [14].
Furthermore, assessing the impact of exercise on TL
presents further challenges, since differences in training
parameters or the type of exercise may show different
effects.

Amongst the selected studies, only a very few addressed
the effects of exercise on TL by comparing different age
groups [62, 95, 123, 127]. Furthermore, the majority of
the selected studies involved participants over 60 years
of age [49, 52, 53, 55, 58, 62, 65, 70, 77, 81, 87, 96, 118].
For RCTs, two out of the eight studies involved subjects
in their late 40 s and 50 s, and the remaining focused on
subjects over 60 years of age (Table 1). Thus, along with
the lack of data amongst younger subjects, further data
comparing the effects of exercise on TL at different age
groups is required.

The impact of exercise on TL might demonstrate a
more pronounced beneficial effect from the mid-40 s and
onwards, as several factors that accelerate telomere attri-
tion are also associated with aging. One of these influ-
encing factors might be the change in body composition
from a decrease in lean mass to an increase in adipose
tissue with age. [128, 129]. Physical exercise contributes
both in the maintenance of skeletal muscle mass and in
reducing body fat. As increased body fat composition is
linked to telomere attrition, the benefits of physical exer-
cise are twofold. [130]. This finding is in keeping with the
observational study by Aguiar et al. [61] that highlighted
an inverse correlation between body fat and TL in mid-
dle-aged master athletes compared to untrained age-
matched controls.

Possible Molecular Explanations for the Observed
Discrepancies in TL with Physical Activity

Changes in TL might be a more dynamic process than
previously assumed. Weischer et al. [50] reported sig-
nificant findings for both telomere shortening and elon-
gation, which were found in 56% and 44% of all the
participants respectively (n=4,576) at 10-year follow.
In another study, even within two years of follow-up,
there was a significant decrease in TL [65]. Indeed, how
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exercise modulates telomere dynamics is not yet fully
understood. Several studies provide possible explana-
tions, highlighting crucial influential factors and molec-
ular processes [61, 127, 131]. Possible explanations that
could account for such discrepancies in TL are further
described below.

Tissue-Specific and Cell-Specific Differences in Telomere
Biology

As part of the Genotype Tissue Expression (GTEx) pro-
ject on post-mortem tissues, TL has been shown to be
negatively correlated with age in the majority of the>20
different tissues examined [132]. This inverse associa-
tion of TL with age was most remarkable amongst tis-
sues from the aorta, stomach, whole blood, and kidney.
However, TL from muscle was found to be neither posi-
tively nor negatively correlated with age. Furthermore,
amongst different samples of tissue from the same organ
and from the same individual, TL can vary by a factor of
sixfold or more [133]. Whole blood may be an attractive
model-candidate for TL analysis, based on its accessibil-
ity and processibility: however, it is also a tissue that is
prone to telomere biology disorders (TBDs) which are
characterized by loss of function mutation in telomere
maintenance genes resulting in shorter TL.

Almost all of the selected studies analyzed TL using
leukocytes and/or whole blood. However, telomere short-
ening and the impact of exercise on telomere dynamics
might be cell-type specific [134, 135]. Also, TL varies
across different somatic tissues in proportion to their
replicative activity [136]. Therefore, the results of stud-
ies that analyze TL from one cell type cannot necessarily
be generalized to other cell types. Changes in TL result
not only from the frequent replication of somatic cells,
but also from exposure to environmental toxins; and
both are associated with a diminished function of post-
mitotic cells [137]. Skeletal muscle, for instance, contains
mainly post-mitotic myonuclei, which would suggest that
the TL remains relatively constant and unchanged due
to the small number of cells undergoing replication and
turnover during a lifespan [138]. Magi et al. [139] dem-
onstrate the differences in TL across different cell types,
where TL was longest in muscle cells and shortest in leu-
kocytes. However, TL was strongly correlated between
these tissues when differences in their replicative activity
were considered. Namely, telomere attrition rates were
similar in highly proliferative blood cells compared to
minimally proliferative muscle cells. As such, one pro-
posal has been to normalize TL in leukocytes against TL
in a post-mitotic tissue like skeletal muscle or fat [42].
However, in a study by Hiam et al. [140] that investigated
the effect of aerobic capacity on TL in leukocytes and
muscle across a broad age range of 18 to 87 years, there
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was no association of TL in skeletal muscle with aging
and longer TL was not observed in either leukocytes or
skeletal muscle. One possible explanation for this dis-
crepancy is that TL varies amongst different lymphocyte
subpopulations [141, 142]. As such, there is also the pos-
sibility that the observed TL changes could be an artifact
caused by a redistribution of leukocyte subpopulations.
Moreover, telomeres of leukocytes shorten by only about
33 base pairs per year [143], which is hard to detect with
standard telomere measurement methods. TL also oscil-
lates over time in whole blood samples due to shifts in
cell populations [144].

Since telomeres are susceptible to oxidative stress
[145], the antioxidant capacity of different cells (espe-
cially immune cells) could lead to differences in TL,
especially in a study cohort of endurance athletes. In this
context, Ludlow et al. [135] suggest that the protective
effects of chronic exercise regarding age-related telomere
shortening are cell-specific. This finding is also congru-
ent with the study by Denham et al. [134], whereby TL
derived from whole blood leukocytes was longer (by 6.1%
on average) amongst endurance athletes in comparison
with inactive controls. However, no significant difference
in TL derived from peripheral blood mononuclear cells
was observed. Granulocytes might play an important
role in investigating the effects of exercise on telomere
dynamics, since these cells represent up to 75% of the
leukocyte population. As glycolysis is the predominant
metabolic pathway of granulocytes [146], granulocytes
might be more influenced by intense exercise training.
As such, the effects of exercise on TL in leukocytes may
be more reflective of its effects on TL in granulocytes.
Finally, in comparison with other cell types. Leukocytes
have a relatively short lifespan of up to 3 days. Taken
together, differences in TL across different tissue types
and heterogenicity in subpopulation cell-types need to be
carefully considered in TL analysis.

Effects of Oxidative Stress on Telomere Biology

Increased levels of oxidative stress due to free radicals
and/or a decrease of antioxidants are presumed causes
of telomere attrition and aging [147]. With regular physi-
cal exercise, pro-oxidant levels are reduced and antioxi-
dant defense mechanisms are enhanced, resulting in an
improved oxidative balance [94, 148]. Furthermore, the
elevation of oxygen uptake with intense exercise induces
an increase of superoxide radicals and other ROS, which
leads to elevated levels of oxidative stress. However, exer-
cise on a regular basis provokes similar adaptations seen
with acute bouts of training by upregulating antioxida-
tive enzymes, thereby improving the redox balance [149].
These changes might further reduce oxidative DNA
damage, and thus diminish age-dependent telomere
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shortening [139, 150, 151]. The findings by Aguiar et al.
[61] are in concordance with previous studies, showing
that sprinter athletes had a better oxidative profile and
longer telomeres compared to their age-matched con-
trols. Furthermore, body fat was inversely correlated with
both TL and markers of oxidative stress, further high-
lighting the negative effects of adiposity in aging.

Proteins and Molecular Pathways that Influence Telomere
Biology

Capping the ends of chromosomes, telomeres, by defi-
nition, include both the repeating nucleotide sequences
(e.g. G-strand or repeating 5-TTAGGG-3’ sequences,
C-strand or repeating 3’-AATCCC-5 sequences and
G-rich overhang or G-overhang) and their associated
proteins. Telomerase, a ribonucleoprotein, elongates
telomeres through its own intrinsic RNA sequence and
reverse transcriptase enzyme. As such, telomere mainte-
nance involves factors that influence telomerase activity
through tertiary telomeric structures (e.g., T-loop for-
mation, D-loop formation, telomeric repeat-containing
RNA or TERRA) and through specialized proteins (e.g.,
shelterin and the CST complex) [152].

In brief, shelterin is a complex of 6 proteins (TRF1,
TRF2, POT1, RAPI1, TIN2, and TPP1) that bind to telo-
meric DNA, with each shelterin protein having its own
unique function in telomere maintenance. For example,
TRF1 helps to upregulate TERRA transcription [153];
TREF2 is involved in the formation of T-loop structure
which acts as a physical obstacle against aberrant acti-
vation of DNA-damage repair (DDR) mechanisms; and
RAP1 has been shown to help promote epigenetic-silenc-
ing of genes proximal to telomeres, a process known as
the telomere position effect (TPE) [154]. When gene
silencing occurs over long-distances of DNA via long
telomeres looping back in the chromatin, the phenom-
enon is referred to as TPE-over long distances or TPE-
OLD. The expression of #/TERT is thought to be regulated
by a TPE-OLD [155, 156]. Both TTP1 and POT1 are
involved in regulating telomerase by promoting proces-
sivity. In contrast, the interaction of telomerase with the
CST complex (which consists of three proteins of CTCI1,
STN1, and TEN1 or CST in humans) is thought to inhibit
telomerase activity, thereby preventing aberrant telomere
extension [157].

Accelerated cell aging is often explained by a lack of
telomerase activity [158, 159]. Exercise has been shown
to increase telomerase activity measured by an increased
expression of KWTERT, with TERT as the crucial cata-
lytic subunit of telomerase [160]. Consistent with these
findings, Cluckey et al. [127] reported increased #TERT
expression after an acute bout of high-intensity exercise,
and this increase attenuated with age. Denham et al. [161]



Schellnegger et al. Sports Medicine - Open (2022) 8:111

examined 15 retrieved studies on mammals (human and
rodent) and found that a single bout of exercise or long-
term exercise upregulated TERT and telomerase activity
in non-cancerous cells. In addition, elderly participants
showed a significant upregulation of the shelterin pro-
tein TRF2, which is considered a negative regulator of
telomerase activity [162], possibly through regulation of
WTERT expression by TPE-OLD.

Diman et al. [131] identified nuclear respiratory fac-
tor (NRF1), the dimeric form of which is a transcription
factor involved in cellular growth and metabolism, as a
crucial regulator of telomere transcription in vitro. With
upstream regulation of NRF1 by adenosine 5-monophos-
phate (AMP)-activated protein kinase (AMPK), phar-
macological activation of AMPK in cancer cell lines led
to an upregulation of TERRA, thereby suggesting a link
between cellular fitness and telomere metabolism. By
analyzing skeletal muscle biopsies, increased levels of
TERRA (which is associated with AMPK activation)
were found with endurance exercise of 45 min of cycling.
Taken together, these data suggest that the AMPK path-
way regulates telomere transcription. Since most telom-
eres from muscle cells are likely covered with TERRA, it
is hypothesized that exercise enables renewing of TERRA
pools, subsequently preserving TL [131]. In addition,
exercise-induced elevation of blood lactate might con-
tribute to telomere protection by increasing NRF1 and
AMPK-mediated expression of TERRA [131].

Overall, telomere biology is a highly complex process,
and recent studies support that there are differences in
the regulation of TL and telomerase in different tissue-
and cell-types. Furthermore, oxidation levels seem to play
a crucial role in telomere dynamics during training, both
in the acute and chronic setting. Therefore, it remains a
challenge to determine which molecular pathways influ-
ence telomere biology through physical exercise.

Methods of Detecting TL and their Limitations

There are a number of different techniques in TL analy-
sis [163]. By far, the most commonly used method in TL
analysis is qPCR. This technique involves high through-
put amplification of a small amount of telomeric DNA (T)
that is compared against a single copy gene (S) to gener-
ate T/S ratio. As such, this ratio provides a relative TL in
a sample. However, with qPCR, the amount of short and
long telomeres, and differences in TL between individual
chromosomes cannot be determined. The shortest of tel-
omeres segments propagate DDR and other downstream
events like cellular senescence. Therefore, a number of
techniques aim to quantify short telomere segments.
Terminal Restriction Fragment (TRF) determines the
average TL via Southern Blot analysis. However, larger
amounts of DNA are required (3 pg) and the detection
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limit is restricted to smaller telomere fragments of 2 kb.
The Telomere Shortest Length Assay (TeSLA) [163] is a
technique that involves a small amount of DNA (1 pg)
and can detect any of the telomeric ends of chromosomes
from<1 kb to 18 kb, along with average TL. However,
TeSLA is limited to low throughput, and quantification
of longer telomeres in mice can be problematic. Prior to
TeSLA, similar methods of Single Telomere Length Anal-
ysis (STELA) [164] and Universal STELA (U-STELA)
[165] were developed to detect TL using a combination of
ligation, PCR and Southern Blot techniques. Both STELA
and U-STELA are also low throughput but require
greater amounts of telomeric DNA in comparison with
TeSLA. In contrast, Quantitative Fluorescence In Situ
Hybridization (Q-FISH) labels telomeric ends of chromo-
somes for visualization under fluorescence microscopy.
Flow-FISH also labels telomeres with fluorescent probes;
however this method of detection involves fluorescence
activated cell sorting (FACS) analysis. Q-FISH techniques
have been instrumental in showing that the shortest of
telomeric DNA segments, not the average TL, are crucial
for cell viability and chromosomal stability in mice [166].
However, these methods are limited by their hybridizing
fluorescent probe or peptide nucleic acid (PNA) probe,
which consists of telomeric repeats of CCCTAAA. As
such, PNA probes can potentially generate false positive
results by binding to other regions of DNA with telom-
eric repeats located away from chromosome ends.

Conclusions

This systematic review summarizes and supports the
growing body of evidence that physical activity has an
impact on telomere attrition and thus on the aging pro-
cess. While the majority of the included studies highlight
positive effects of physical activity on telomere dynam-
ics, there lacks a consensus on the most beneficial exer-
cise type and training modality (intensity, duration and
frequency). Furthermore, inactivity is a major risk fac-
tor for cardiovascular disease and several other chronic
disease conditions, independent of exercise. Notably, the
amount of reduction in sedentary behavior has a pro-
found and positive effect on preserving and/or increas-
ing TL. With respect to history of previous exercise,
current level of physical fitness appears to have a more
important beneficial role than previous exercise on TL.
In fact, amongst athletes, a history of physical activ-
ity during youth does not appear to play a protective
role in preserving or increasing TL. Nevertheless, there
is strong evidence that, lifelong elite- or master-athletes
will have increased TL in comparison with inactive con-
trols. Although the majority of the studies underscore the
beneficial role of physical activity on telomere dynamics
and aging, the molecular events in TL preservation and/
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or elongation remain poorly understood. Along with
further understanding of telomere biology and potential
deleterious events at the molecular level (e.g. oxidative
stress), tissue- and cell-type differences in their analyses
of TL and telomerase need to also be considered. Future
studies should provide more detailed information on the
physical fitness level of the participants, as well as char-
acteristics of the exercise training modality, for standard-
ization and comparison, in order to draw more definitive
conclusions.

Abbreviations

ACSM: American College of Sports Medicine; ADMA: Asymmetric dimethy-
larginine; AET: Aerobic endurance training; AMPK: AMP-activated protein
kinase; CRF: Cardiorespiratory fitness; CRP: C-reactive protein; CST. CTC1-
STN1-TENT; ddPCR: Droplet digital polymerase chain reaction; ELISA: Enzyme
linked immunosorbent assay; FACS: Fluorescence activated cell sorting; FISH:
Flow-fluorescence in situ hybridization; GTEx: Genotype tissue expression;
IPAQ: International Physical Activity Questionnaire; hTERT: Human telomerase
reverse transcriptase; HR: Heart rate; LTL: Leucocyte telomere length; LTPA:
Leisure time physical activity; MET: Metabolic equivalent of task; MET-h/w:
Metabolic equivalent of task-hours per week; MVPA: Moderate to vigorous
physical activity; MNC: Mononuclear cells; NHANES: National Health and
Nutrition Examination Survey; NRF1: Nuclear respiratory factor 1; gPCR:

(Real time) quantitative polymerase chain reaction; gRT-PCR: Quantitative
reverse transcription polymerase chain reaction; PA: Physical activity; PBMC:
Peripheral blood mononuclear cells; PNA: Peptide nucleic acid; POT: Protec-
tion of telomeres; PWV: Pulse wave velocity; gPCR: Quantitative polymerase
chain reaction; qRT-PCR: Quantitative reverse transcription polymerase chain
reaction; RAP1: Repressor/activator protein 1; RM: Repetitions maximum,; rTL:
Relative telomere length; RT: Resistance training; SFT: Senior fitness test; TBD:
Telomere biology disorder; TIN2: TRF1- and TRF2-interacting nuclear protein
2; TL: Telomere length; TERRA: Telomeric repeat-containing RNA; TPE-OLD:
Telomere position effects-over long distances; TPP1: Tripeptidyl-peptidase 1;
TRF: Terminal restriction fragment; TRF1: Telomeric repeat-binding factor 1;
TRF2: Telomeric repeat-binding factor 2; TRAP: Telomerase repeat amplification
protocol; VO,max: Maximal oxygen consumption; WATCH: Weight, activity, and
time contributes to health.

Acknowledgements
Not applicable.

Author Contributions

MS and LPK conceived the article; MS and ACL conducted the literature search
and review, methodology, investigations, analysis, writing and review of the
manuscript. All authors (MS, ACL, NH and LPK) were involved in reviewing and
contributing to the manuscript. All authors approved the final version of the
manuscript.

Funding
The authors report no financial support/funding for this review. The authors
alone are responsible for the content and writing of the paper.

Availability of Data and Materials

Data sharing is not applicable to this article as no datasets were generated
during the current study.

Declarations

Ethics Approval and Consent to Participate
Not applicable.

Consent for Publication
Not applicable.

Page 21 of 25

Competing interests
Marlies Schellnegger, Alvin Lin, Niels Hammer and Lars-Peter Kamolz declare
that they have no competing interests.

Author details

'COREMED - Cooperative Centre for Regenerative Medicine, JOANNEUM
RESEARCH Forschungsgesellschaft mbH, Neue Stiftingtalstrasse 2, 8010 Graz,
Austria. 2Division of Plastic, Aesthetic and Reconstructive Surgery, Depart-
ment of Surgery, Medical University of Graz, Auenbruggerplatz 29, 8036 Graz,
Austria. *Division of Macroscopic and Microscopic Anatomy, Gottfried Schatz
Research Center for Cell Signaling, Metabolism and Aging, Medical University
of Graz, Harrachgasse 21, 8010 Graz, Austria.

Received: 31 December 2021 Accepted: 7 August 2022
Published online: 04 September 2022

References

1. Max Roser, Esteban Ortiz-Ospina, Hannah Ritchie. Roser-Life-Expec-
tancy-Our-World-in-Data-withlreland-20200929-1908. Our World Data.
2013;1-26.

2. KontisV, Bennett JE, Mathers CD, Li G, Foreman K, Ezzati M. Future life
expectancy in 35 industrialised countries: projections with a Bayesian
model ensemble. Lancet. 2017;389:1323-35.

3. FlattT, Partridge L. Horizons in the evolution of aging. BMC Biol.
2018;16:93.

4. Seals DR, Justice JN, LaRocca TJ. Physiological geroscience: target-
ing function to increase healthspan and achieve optimal longevity. J
Physiol. 2016;594:2001-24.

5. Crimmins EM. Lifespan and healthspan: past, present, and promise.
Gerontologist. 2015;55:901-11.

6. Global, regional, and national disability-adjusted life-years (DALYs)
for 359 diseases and injuries and healthy life expectancy (HALE) for
195 countries and territories, 1990-2017: a systematic analysis for
the Global Burden of Disease Study 2017. Lancet (London, England).
2018;392:1859-922.

7. Russo GL, Spagnuolo C, Russo M, Tedesco |, Moccia S, Cervellera C.
Mechanisms of aging and potential role of selected polyphenols in
extending healthspan. Biochem Pharmacol. England; 2020;173:113719.

8. LiY, Schoufour J, Wang DD, Dhana K, Pan A, Liu X, et al. Healthy lifestyle
and life expectancy free of cancer, cardiovascular disease, and type 2
diabetes: prospective cohort study. BMJ. 2020;368: 16669.

9. Abbott A. Ageing: growing old gracefully. Nature 2004. p. 116-8.

10. da Costa JP, Vitorino R, Silva GM, Vogel C, Duarte AC, Rocha-Santos T. A
synopsis on aging-theories, mechanisms and future prospects. Ageing
Res Rev. 2016;29:90-112.

11. Ferrucci L, Levine ME, Kuo P-L, Simonsick EM. Time and the metrics of
aging. Circ Res. 2018;123:740-4.

12. Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. The Hall-
marks of Aging Europe PMC Funders Group. Cell. 2013;153:1194-217.
Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC38
36174/pdf/emss-55354.pdf

13. Fasching CL. Telomere length measurement as a clinical biomarker of
aging and disease. Crit Rev Clin Lab Sci. 2018;55:443-65.

14. Turner KJ, Vasu V, Griffin DK. Telomere biology and human phenotype.
Cells. 2019;8.

15. Sanders JL, Newman AB. Telomere length in epidemiology: A bio-
marker of aging, age-related disease, both, or neither? Epidemiol Rev.
2013;35:112-31.

16. Oeseburg H, de Boer RA, van Gilst WH, van der Harst P. Telomere biol-
ogy in healthy aging and disease. Pflugers Arch. 2010;459:259-68.

17. Lulkiewicz M, Bajsert J, Kopczynski P, Barczak W, Rubis B. Tel-
omere length: how the length makes a difference. Mol Biol Rep.
2020;47:7181-8.

18. Wang Q, ZhanY, Pedersen NL, Fang F, Hagg S. Telomere length and all-
cause mortality: a meta-analysis. Ageing Res Rev. 2018;48:11-20.

19. Khan'SS, Singer BD, Vaughan DE. Molecular and physiological
manifestations and measurement of aging in humans. Aging Cell.
2017,16:624-33.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3836174/pdf/emss-55354.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3836174/pdf/emss-55354.pdf

Schellnegger et al. Sports Medicine - Open

20.

22.

23.
24.

25.

26.

27.

28.

29.

30.
31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

(2022)8:111

Razgonova MP, Zakharenko AM, Golokhvast KS, Thanasoula M, Sarandi
E, Nikolouzakis K, et al. Telomerase and telomeres in aging theory and
chronographic aging theory (review). Mol Med Rep. 2020;22:1679-94.
Rizvi S, Raza ST, Mahdi F. Telomere length variations in aging and age-
related diseases. Curr Aging Sci. 2014;7:161-7.

Blackburn EH, Epel ES, Lin J. Human telomere biology: a contributory
and interactive factor in aging, disease risks, and protection. Science.
2015;350:1193-8.

Calado RT, Young NS. Telomere diseases. N Engl J Med.
2009;361:2353-65.

Cleal K, Norris K, Baird D. Telomere length dynamics and the evolution
of cancer genome architecture. Int J Mol Sci. 2018;19.

Ridout KK, Khan M, Ridout SJ. Adverse childhood experiences run deep:
toxic early life stress, telomeres, and mitochondrial DNA copy number,
the biological markers of cumulative stress. Bioessays. United States;
2018;40:1800077.

Ridout KK, Ridout SJ, Guille C, Mata DA, Akil H, Sen S. Physician-training
stress and accelerated cellular aging. Biol Psychiatry. 2019,86:725-30.
Guzzardi MA, lozzo P, Salonen M, Kajantie E, Eriksson JG. Rate of
telomere shortening and metabolic and cardiovascular risk factors:

a longitudinal study in the 1934-44 Helsinki Birth Cohort Study. Ann
Med. 2015;47:499-505.

Aulinas A, Ramirez M-J, Barahona M-J, Valassi E, Resmini E, Mato E, et al.
Dyslipidemia and chronic inflammation markers are correlated with
telomere length shortening in Cushing’s syndrome. PLoS ONE. 2015;10:
e0120185.

Kuo C-L, Pilling LC, Kuchel GA, Ferrucci L, Melzer D. Telomere length and
aging-related outcomes in humans: a Mendelian randomization study
in 261,000 older participants. Aging Cell. 2019;18: e13017.

Herrmann M, Pusceddu I, Marz W, Herrmann W. Telomere biology and
age-related diseases. Clin Chem Lab Med. 2018;56:1210-22.

Balan E, Decottignies A, Deldicque L. Physical activity and nutrition: Two
promising strategies for telomere maintenance? Nutrients. 2018;10.
Crous-Bou M, Molinuevo J-L, Sala-Vila A. Plant-rich dietary pat-

terns, plant foods and nutrients, and telomere length. Adv Nutr.
2019;10:5296-303.

Valdes AM, Andrew T, Gardner JP, Kimura M, Oelsner E, Cherkas LF, et al.
Obesity, cigarette smoking, and telomere length in women. Lancet
(London, England). England; 2005;366:662-4.

Rebelo-Marques A, Lages ADS, Andrade R, Ribeiro CF, Mota-Pinto A,
Carrilho F, et al. Aging hallmarks: the benefits of physical exercise. Front
Endocrinol. 2018;9:1-15.

Daskalopoulou C, Stubbs B, Kralj C, Koukounari A, Prince M, Prina AM.
Physical activity and healthy ageing: a systematic review and meta-
analysis of longitudinal cohort studies. Ageing Res Rev. 2017;38:6-17.
Harridge SDR, Lazarus NR. Physical activity, aging, and physiological
function. Physiology. 2017.

Lemanne D, Cassileth B, Gubili J. The role of physical activity in

cancer prevention, treatment, recovery, and survivorship. Oncology
2013;27:580-5.

Sampath Kumar A, Maiya AG, Shastry BA, Vaishali K, Ravishankar N,
Hazari A, et al. Exercise and insulin resistance in type 2 diabetes mel-
litus: a systematic review and meta-analysis. Ann Phys Rehabil Med.
2019;62:98-103.

Ozemek C, Laddu DR, Lavie CJ, Claeys H, Kaminsky LA, Ross R, et al.

An update on the role of cardiorespiratory fitness, structured exercise
and lifestyle physical activity in preventing cardiovascular disease and
health risk. Prog Cardiovasc Dis. 2018;61:484-90.

Denham J, O'Brien BJ, Charchar FJ. Telomere length maintenance and
cardio-metabolic disease prevention through exercise training. Sports
Med. 2016;46:1213-37.

Chakravarti D, LaBella KA, DePinho RA. Telomeres: history, health, and
hallmarks of aging. Cell. 2021;184:306-22.

Semeraro MD, Smith C, Kaiser M, Levinger I, Duque G, Gruber HJ, et al.
Physical activity, a modulator of aging through effects on telomere
biology. Aging. 2020;12:13803-23.

Valente C, Andrade R, Alvarez L, Rebelo-Marques A, Stamatakis E,
Espregueira-Mendes J. Effect of physical activity and exercise on tel-
omere length: systematic review with meta-analysis. J Am Geriatr Soc.
2021;69:3285-300.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 22 of 25

Aguiar SS, Sousa CV, Santos PA, Barbosa LP, Maciel LA, Coelho-Junior HJ,
et al. Master athletes have longer telomeres than age-matched non-
athletes. A systematic review, meta-analysis and discussion of possible
mechanisms. Exp Gerontol 2021;146:111212.

Song S, Lee E, Kim H. Does Exercise Affect Telomere length? A system-
atic review and meta-analysis of randomized controlled trials. Medicina.
2022;58.

Mundstock E, Zatti H, Louzada FM, Oliveira SG, Guma FTCR, Paris MM,
et al. Effects of physical activity in telomere length: Systematic review
and meta-analysis. Ageing Res Rev 2015;22:72-80. https://doi.org/10.
1016/j.arr.2015.02.004

Borghini A, Giardini G, Tonacci A, Mastorci F, Mercuri A, Mrakic-Sposta

S, et al. Chronic and acute effects of endurance training on telomere
length. Mutagenesis. 2015;30:711-6.

Nickels M, Mastana S, Denniff M, Codd V, Akam E. Elite swimmers
possess shorter telomeres than recreationally active controls. Gene.
2021;769.

Jantunen H, Wasenius NS, Guzzardi MA, lozzo P, Kajantie E, Kautiainen H,
et al. Physical activity and telomeres in old age: a longitudinal 10-year
follow-up study. Gerontology. 2020;66:315-22.

Weischer M, Bojesen SE, Nordestgaard BG. Telomere shortening unre-
lated to smoking, body weight, physical activity, and alcohol intake:
4,576 general population individuals with repeat measurements 10
years apart. PLOS Genet. 2014;10.

Arsenis NC, You T, Ogawa EF, Tinsley GM, Zuo L. Physical activity and
telomere length: impact of aging and potential mechanisms of action.
Oncotarget. 2017,8:45008-19.

Friedenreich CM, Wang Q, Ting NS, Brenner DR, Conroy SM, McIntyre JB,
et al. Effect of a 12-month exercise intervention on leukocyte telomere
length: results from the ALPHA Trial. Cancer Epidemiol. 2018;56:67-74.
Mason C, Risques R-A, Xiao L, Duggan CR, Imayama |, Campbell KL, et al.
Independent and combined effects of dietary weight loss and exercise
on leukocyte telomere length in postmenopausal women. Obesity.
2013;21:E549-54.

Bassett DRJ, Howley ET. Limiting factors for maximum oxygen uptake
and determinants of endurance performance. Med Sci Sports Exerc.
2000;32:70-84.

Puterman E, Weiss J, Lin J, Schilf S, Slusher AL, Johansen KL, et al.
Aerobic exercise lengthens telomeres and reduces stress in family car-
egivers: a randomized controlled trial—Curt Richter Award Paper 2018.
Psychoneuroendocrinology. 2018;98:245-52.

Brandao CFC, Nonino CB, de Carvalho FG, Nicoletti CF, Noronha NY, San
Martin R, et al. The effects of short-term combined exercise training on
telomere length in obese women: a prospective, interventional study.
Sport Med—Open. Sports Medicine—Open; 2020,6.

Werner CM, Hecksteden A, Morsch A, Zundler J, Wegmann M, Kratzsch
J, et al. Differential effects of endurance, interval, and resistance training
on telomerase activity and telomere length in a randomized, controlled
study. Eur Heart J. 2019;40:34-46.

Hooshmand-Moghadam B, Eskandari M, Golestani F, Rezae S,
Mahmoudi N, Gaeini AA. The effect of 12-week resistance exercise train-
ing on serum levels of cellular aging process parameters in elderly men.
Exp Gerontol. England; 2020;141:111090.

Denham J, O'Brien BJ, Prestes PR, Brown NJ, Charchar FJ. Increased
expression of telomere-regulating genes in endurance athletes with
long leukocyte telomeres. J Appl Physiol. 2016;120:148-58.

Colon M, Hodgson A, Donlon E, Murphy JEJ. Effects of competitive
triathlon training on telomere length. J Aging Phys Act. 2019;27:510-4.
Aguiar SS, Rosa TS, Sousa CV, Santos PA, Barbosa LP, Deus LA, et al.
Influence of body fat on oxidative stress and telomere length of master
athletes. J Strength Cond Res. 2019.

Hagman M, Werner C, Kamp K, Fristrup B, Hornstrup T, Meyer T, et al.
Reduced telomere shortening in lifelong trained male football players
compared to age-matched inactive controls. Prog Cardiovasc Dis.
2020;63:738-49.

Denham J, Nelson CP, O'Brien BJ, Nankervis SA, Denniff M, Harvey JT,

et al. Longer leukocyte telomeres are associated with ultra-endurance
exercise independent of cardiovascular risk factors. PLoS ONE. 2013;8:
€69377.

Jylhéva J, Pedersen NL, Hagg S. Biological age predictors. EBioMedicine.
2017;21:29-36.


https://doi.org/10.1016/j.arr.2015.02.004
https://doi.org/10.1016/j.arr.2015.02.004

Schellnegger et al. Sports Medicine - Open

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

(2022)8:111

Stenback V, Mutt SJ, Leppéluoto J, Gagnon DD, Mékeld KA, Jokelainen
J, et al. Association of physical activity with telomere length among
elderly adults—The Oulu Cohort 1945. Front Physiol. 2019;10:444.
Pusceddu |, Kleber M, Delgado G, Herrmann W, Marz W, Herrmann M.
Telomere length and mortality in the Ludwigshafen Risk and Cardiovas-
cular Health study. PLoS ONE. 2018;13: e0198373.

Mangge H, Renner W, Almer G, Gruber H-J, Zelzer S, Moeller R, et al.
Subcutaneous adipose tissue distribution and telomere length. Clin
Chem Lab Med. 2019;57:1358-63.

Lapham K, Kvale MN, Lin J, Connell S, Croen LA, Dispensa BP, et al.
Automated assay of telomere length measurement and informatics for
100,000 subjects in the genetic epidemiology research on adult health
and aging (GERA) cohort. Genetics. 2015;200:1061-72.

Lin J, Smith DL, Esteves K, Drury S. Telomere length measurement by
gPCR—summary of critical factors and recommendations for assay
design. Psychoneuroendocrinology. 2019,99:271-8.

SaRenroth D, Meyer A, Salewsky B, Kroh M, Norman K, Steinhagen-
Thiessen E, et al. Sports and exercise at different ages and leukocyte
telomere length in later life—data from the berlin aging Study Il (BASE-
II). PLoS ONE. 2015;10: €0142131.

Latifovic L, Peacock SD, Massey TE, King WD. The Influence of Alcohol
Consumption, Cigarette Smoking, and Physical Activity on Leuko-

cyte Telomere Length. CANCER Epidemiol BIOMARKERS \& Prev.
2016;25:374-80.

Dankel SJ, Loenneke JP, Loprinzi PD. The impact of overweight/obesity
duration and physical activity on telomere length: An application of the
WATCH paradigm. Obes Res \& Clin Pract. 2017;11:247-52.

Edwards MK, Loprinzi PD. Sedentary behavior, physical activity and
cardiorespiratory fitness on leukocyte telomere length. Heal Promot
Perspect. 2017;7:22-7.

Shadyab AH, LaMonte MJ, Kooperberg C, Reiner AP, Carty CL, Manini
TM, et al. Association of accelerometer-measured physical activity with
leukocyte telomere length among older women. J Gerontol Ser A-Biol
Sci Med Sci. 2017;72:1532-7.

Fretts AM, Mete M, Howard BV, Best LG, Siscovick DS, Eilat-Adar S, et al.
Physical activity and telomere length in American Indians: the Strong
Heart Study. Eur J Epidemiol. 2018;33:497-500.

Du M, Prescott J, Kraft P, Han J, Giovannucci E, Hankinson SE, et al.
Physical activity, sedentary behavior, and leukocyte telomere length in
women. Am J Epidemiol. 2012;175:414-22.

Savela S, Saijonmaa O, Strandberg TE, Koistinen P, Strandberg AY, Tilvis
RS, et al. Physical activity in midlife and telomere length measured in
old age. Exp Gerontol. 2013;48:81-4.

Astrom MJ, von Bonsdorff MB, Perala M-M, Salonen MK, Rantanen T,
Kajantie E, et al. Telomere length and physical performance among
older people-The Helsinki Birth Cohort Study. Mech Ageing Dev.
Ireland; 2019;183:111145.

Shadyab AH, LaMonte MJ, Kooperberg C, Reiner AP, Carty CL, Manini
TM, et al. Leisure-time physical activity and leukocyte telomere length
among older women. Exp Gerontol. 2017,95:141-7.

Loprinzi PD, Loenneke JP, Blackburn EH. Movement-based behaviors
and leukocyte telomere length among US adults. Med Sci Sports Exerc.
2015;47:2347-52.

Sillanpaa E, Tormakangas T, Rantanen T, Kaprio J, Sipila S. Does telomere
length predict decline in physical functioning in older twin sisters dur-
ing an 11-year follow-up? Age (Omaha). 2016;38.

Loprinzi PA, Sng E. Mode-specific physical activity and leukocyte
telomere length among US adults: implications of running on cellular
aging. Prev Med. 2016;85:17-9.

Pedisic Z, Shrestha N, Kovalchik S, Stamatakis E, Liangruenrom N, Grgic
J, etal. Is running associated with a lower risk of all-cause, cardiovas-
cular and cancer mortality, and is the more the better? A systematic
review and meta-analysis. Br J Sports Med. 2020,54:898-905.

Tamura Y, Takubo K, Aida J, Araki A, Ito H. Telomere attrition and diabe-
tes mellitus. Geriatr Gerontol Int. Japan; 2016;16 Suppl 1:66-74.

Green DJ, Hopman MTE, Padilla J, Laughlin MH, Thijssen DHJ. Vascular
adaptation to exercise in humans: role of hemodynamic stimuli. Physiol
Rev.2017,97:495-528.

Werner C, Furster T, Widmann T, P&ss J, Roggia C, Hanhoun M, et al.
Physical exercise prevents cellular senescence in circulating leukocytes
and in the vessel wall. Circulation. 2009;120:2438-47.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

101.

102.

103.

105.

106.

Page 23 of 25

Tosevska A, Franzke B, Hofmann M, Vierheilig |, Schober-Halper B, Oesen
S, et al. Circulating cell-free DNA, telomere length and bilirubin in the
Vienna Active Ageing Study: exploratory analysis of a randomized,
controlled trial. Sci Rep. 2016;6:38084.

Chen L, Shivappa N, Dong X, Ming J, Zhao Q, Xu H, et al. Association
between appendicular skeletal muscle index and leukocyte telomere
length in adults: A study from National Health and Nutrition Examina-
tion Survey (NHANES) 1999-2002. Clin Nutr. England; 2020.

Saretzki G. Telomeres, telomerase and ageing. Subcell Biochem.
2018;90:221-308.

Xin M, Jin X, Cui X, Jin C, Piao L, Wan Y, et al. Dipeptidyl peptidase-4
inhibition prevents vascular aging in mice under chronic stress:
modulation of oxidative stress and inflammation. Chem Biol Interact.
2019;314:108842.

Wirtz PH, von Kénel R. Psychological Stress, Inflammation, and coronary
heart disease. Curr Cardiol Rep. 2017;19:111.

Rohleder N. Stress and inflammation—the need to address the gap in
the transition between acute and chronic stress effects. Psychoneu-
roendocrinology. 2019;105:164-71.

Gioscia-Ryan RA, Clayton ZS, Zigler MC, Richey JJ, Cuevas LM, Rossman
MJ, et al. Lifelong voluntary aerobic exercise prevents age- and Western
diet- induced vascular dysfunction, mitochondrial oxidative stress and
inflammation in mice. J Physiol. 2021;599:911-25.

Seals DR, Nagy EE, Moreau KL. Aerobic exercise training and vas-

cular function with ageing in healthy men and women. J Physiol.
2019;597:4901-14.

Rosa TS, Passos Neves RV, Deus LA, Sousa CV, Aguiar S da S, de Souza
MK, et al. Sprint and endurance training in relation to redox balance,
inflammatory status and biomarkers of aging in master athletes. Nitric
Oxide-Biol Chem. 2020;102:42-51.

Bastos MF, Matias M de ST, Alonso ACAC, Silva LCR, de Araujo AL, Silva
PR, et al. Moderate levels of physical fitness maintain telomere length in
non-senescent T CD8(+) cells of aged men. Clinics. 2020;75:e1628.
Eigendorf J, Melk A, Haufe S, Boethig D, Berliner D, Kerling A, et al.
Effects of personalized endurance training on cellular age and vascular
function in middle-aged sedentary women. Eur. J. Prev. Cardiol. 2019. p.
1903-6.

Gagnon DD, Dormanta S, Ritchie S, Mutt SJ, Stenback V, Walkowiak J,

et al. Multi-day prolonged low- to moderate-intensity endurance exer-
cise mimics training improvements in metabolic and oxidative profiles
without concurrent chromosomal changes in healthy adults. Front
Physiol. 2019;10.

Ogawa EF, Leveille SG, Wright JA, Shi L, Camhi SM, You T. Physical activ-
ity domains/recommendations and leukocyte telomere length in US
adults. Med Sci Sports Exerc. 2017;49:1371-8.

Muniesa CA, Verde Z, Diaz-Urena G, Santiago C, Gutierrez F, Diaz E,

et al. Telomere length in elite athletes. Int J Sports Physiol Perform.
2017;12:994-6.

Mrakic-Sposta S, Gussoni M, Moretti S, Pratali L, Giardini G, Tacchini P,

et al. Effects of mountain ultra-marathon running on ROS production
and oxidative damage by micro-invasive analytic techniques. PLoS
ONE. 2015;10: e0141780.

Skenderi KP, Tsironi M, Lazaropoulou C, Anastasiou CA, Matalas A-L,
Kanavaki |, et al. Changes in free radical generation and antioxi-

dant capacity during ultramarathon foot race. Eur J Clin Investig.
2008;38:159-65.

Tanimura 'Y, Shimizu K, Tanabe K, Kono |, Ajisaka R. Effects of three
consecutive days exercise on lymphocyte DNA damage in young men.
Eur J Appl Physiol. 2010;110:307-14.

. Tryfidou DV, McClean C, Nikolaidis MG, Davison GW. DNA damage fol-

lowing acute aerobic exercise: a systematic review and meta-analysis.
Sports Med. 2020;50:103-27.

Guan J-Z, Guan W-P, Maeda T, Makino N. Effect of vitamin E administra-
tion on the elevated oxygen stress and the telomeric and subtelomeric
status in Alzheimer’s disease. Gerontology. 2012;58:62-9.

Matthews C, Gorenne |, Scott S, Figg N, Kirkpatrick P, Ritchie A, et al.
Vascular smooth muscle cells undergo telomere-based senescence in
human atherosclerosis: effects of telomerase and oxidative stress. Circ
Res. 2006;99:156-64.



Schellnegger et al. Sports Medicine - Open

107.

108.

109.

110.

112.

113.

114.

115.

117.

120.

122.

125.

127.

(2022)8:111

Laye MJ, Solomon TPJ, Karstoft K, Pedersen KK, Nielsen SD, Pedersen BK.
Increased shelterin mRNA expression in peripheral blood mononuclear
cells and skeletal muscle following an ultra-long-distance running
event. J Appl Physiol. 2012;112:773-81.

Kadi F, Ponsot E. The biology of satellite cells and telomeres in human
skeletal muscle: effects of aging and physical activity. Scand J Med Sci
Sports. 2010;20:39-48.

de Rezende LFM, Rey-Lopez JP, Matsudo VKR, do Carmo Luiz O. Seden-
tary behavior and health outcomes among older adults: a systematic
review. BMC Public Health. 2014;14:333.

Carter S, Hartman Y, Holder S, Thijssen DH, Hopkins ND. Sedentary
behavior and cardiovascular disease risk: mediating mechanisms. Exerc
Sport Sci Rev. 2017;45:80-6.

Patterson R, McNamara E, Tainio M, de S& TH, Smith AD, Sharp SJ, et al.
Sedentary behaviour and risk of all-cause, cardiovascular and cancer
mortality, and incident type 2 diabetes: a systematic review and dose
response meta-analysis. Eur J Epidemiol. 2018;33:811-29.

Lavie CJ, Ozemek C, Carbone S, Katzmarzyk PT, Blair SN. Sed-

entary behavior, exercise, and cardiovascular health. Circ Res.
2019;124:799-815.

Dunstan DW, Howard B, Healy GN, Owen N.Too much sitting—a health
hazard. Diabetes Res Clin Pract. 2012,97:368-76.

Biswas A, Oh PI, Faulkner GE, Bajaj RR, Silver MA, Mitchell MS, et al. Sed-
entary time and its association with risk for disease incidence, mortality,
and hospitalization in adults: a systematic review and meta-analysis.
Ann Intern Med. 2015;162:123-32.

Li R, Xia J, Zhang XI, Gathirua-Mwangi WG, Guo J, Li Y, et al. Associations
of muscle mass and strength with all-cause mortality among US older
adults. Med Sci Sports Exerc. 2018;50:458-67.

Lessiani G, Santilli F, Boccatonda A, lodice P, Liani R, Tripaldi R, et al.
Arterial stiffness and sedentary lifestyle: role of oxidative stress. Vascul
Pharmacol. 2016;79:1-5.

Healy GN, Matthews CE, Dunstan DW, Winkler EAH, Owen N. Sedentary
time and cardio-metabolic biomarkers in US adults: NHANES 2003-06.
Eur Heart J. 2011;32:590-7.

Sjogren P, Fisher R, Kallings L, Svenson U, Roos G, Hellénius M-L. Stand
up for health-avoiding sedentary behaviour might lengthen your
telomeres: secondary outcomes from a physical activity RCT in older
people. BrJ Sports Med. 2014;48:1407-9.

Johansson JK, Kujala UM, Sarna S, Karanko H, Puukka PJ, Jula AM. Car-
diovascular health in former elite male athletes. Scand J Med Sci Sports.
2016;26:535-43.

Laine MK, Kujala UM, Eriksson JG, Wasenius NS, Kaprio J, Bickmand HM,
et al. Former male elite athletes and risk of hypertension in later life. J
Hypertens. 2015;33:1549-54.

Laine MK, Eriksson JG, Kujala UM, Kaprio J, Loo B-M, Sundvall J, et al.
Former male elite athletes have better metabolic health in late life than
their controls. Scand J Med Sci Sports. 2016;26:284-90.

Sanchis-Gomar F, Olaso-Gonzalez G, Corella D, Gomez-Cabrera MC, Vina
J.Increased average longevity among the “Tour de France” cyclists. Int J
Sports Med. 2011;32:644-7.

Hernando B, Gil-Barrachina M, Tomas-Bort E, Martinez-Navarro |,
Collado-Boira E, Hernando C. The effect of long-term ultra-endurance
exercise and SOD2 genotype on telomere shortening with age. J Appl
Physiol. 2020;129:873-9.

Laine MK, Eriksson JG, Kujala UM, Raj R, Kaprio J, Backmand HM, et al.
Effect of intensive exercise in early adult life on telomere length in later
life in men. J Sport Sci Med. 2015;14:239-45.

LaRoccaTJ, Seals DR, Pierce GL. Leukocyte telomere length is preserved
with aging in endurance exercise-trained adults and related to maximal
aerobic capacity. Mech Ageing Dev. 2010;131:165-7.

Crocco P, De Rango F, Dato S, Rose G, Passarino G. Telomere length as

a function of age at population level parallels human survival curves.
Aging. 2021;13:204-18.

Cluckey TG, Nieto NC, Rodoni BM, Traustadattir T. Preliminary evidence
that age and sex affect exercise-induced hTERT expression. Exp Geron-
tol. 2017,96:7-11.

Itoh H, Kaneko H, Kiriyama H, Kamon T, Mizuno Y, Morita H, et al. Asso-
ciation between changes in body weight and fat weight in middle age
general population. Int Heart J. 2020;61:15-20.

129.

130.

132.

133.

134.

135.

136.

137.

141.

147.

148.

149.

150.

152.

Page 24 of 25

Verkouter |, Noordam R, Loh NY, van Dijk KW, Zock PL, Mook-Kanamori
DO, et al. The relation between adult weight gain, adipocyte volume,
and the metabolic profile at middle age. J Clin Endocrinol Metab.
2021;106:4438-47.

Willis LH, Slentz CA, Bateman LA, Shields AT, Piner LW, Bales CW, et al.
Effects of aerobic and/or resistance training on body mass and fat mass
in overweight or obese adults. J Appl Physiol. 2012;113:1831-7.

Diman A, Boros J, Poulain F, Rodriguez J, Purnelle M, Episkopou H, et al.
Nuclear respiratory factor 1 and endurance exercise promote human
telomere transcription. Sci Adv. 2016;2.

Demanelis K, Jasmine F, Chen LS, Chernoff M, Tong L, Delgado D,

et al. Determinants of telomere length across human tissues. Science.
2020;3609.

Dlouha D, Maluskova J, Kralova Lesna |, Lanska V, Hubacek JA. Compari-
son of the relative telomere length measured in leukocytes and eleven
different human tissues. Physiol Res. 2014;63:5343-50.

Denham J. Lack of association between PBMC telomere length and
endurance exercise. J Appl Biomed. 2017;15:9-13.

Ludlow AT, Witkowski S, Marshall MR, Wang J, Lima LCJ, Guth LM, et al.
Chronic exercise modifies age-related telomere dynamics in a tissue-
specific fashion. J Gerontol Ser A Biol Sci Med Sci. 2012,67:911-26.
Daniali L, Benetos A, Susser E, Kark JD, Labat C, Kimura M, et al.
Telomeres shorten at equivalent rates in somatic tissues of adults. Nat
Commun. 2013;4:1597.

Ishikawa N, Nakamura K-I, Izumiyama-Shimomura N, Aida J, Matsuda Y,
AraiT, et al. Changes of telomere status with aging: An update. Geriatr
Gerontol Int. 2016;16 Suppl 1:30-42.

Decary S, Mouly V, Hamida CB, Sautet A, Barbet JP, Butler-Browne GS.
Replicative potential and telomere length in human skeletal muscle:
implications for satellite cell-mediated gene therapy. Hum Gene Ther.
1997,8:1429-38.

Magi F, Dimauro I, Margheritini F, Duranti G, Mercatelli N, Fantini C,

et al. Telomere length is independently associated with age, oxidative
biomarkers, and sport training in skeletal muscle of healthy adult males.
Free Radic Res. 2018;52:639-47.

Hiam D, Smith C, Voisin S, Denham J, Yan X, Landen S, et al. Aerobic
capacity and telomere length in human skeletal muscle and leukocytes
across the lifespan. Aging. 2020;12:359-69.

Lin J, Cheon J, Brown R, Coccia M, Puterman E, Aschbacher K, et al.
Systematic and cell type-specific telomere length changes in subsets of
lymphocytes. J Immunol Res. 2016;2016:5371050.

Lin J, Epel E, Cheon J, Kroenke C, Sinclair E, Bigos M, et al. Analyses and
comparisons of telomerase activity and telomere length in human

T and B cells: insights for epidemiology of telomere maintenance. J
Immunol Methods. 2010;352:71-80.

Martens UM, Brass V, Sedlacek L, Pantic M, Exner C, Guo Y, et al. Telomere
maintenance in human B lymphocytes. Br J Haematol. 2002;119:810-8.
Svenson U, Nordfjall K, Baird D, Roger L, Osterman P, Hellenius M-L, et al.
Blood cell telomere length is a dynamic feature. PLoS ONE. 2011;6.
Coluzzi E, Leone S, Sgura A. Oxidative Stress Induces Telomere dysfunc-
tion and senescence by replication fork arrest. Cells. 2019;8.

Kumar S, Dikshit M. Metabolic insight of neutrophils in health and
disease. Front Immunol. 2019;10:2099.

Droge W. Free radicals in the physiological control of cell function.
Physiol Rev. 2002,82:47-95.

Gomes MJ, Martinez PF, Pagan LU, Damatto RL, Cezar MDM, Lima ARR,
et al. Skeletal muscle aging: influence of oxidative stress and physical
exercise. Oncotarget. 2017,8:20428-40.

Sousa CV, Aguiar SS, Santos PA, Barbosa LP, Knechtle B, Nikolaidis PT,

et al. Telomere length and redox balance in master endurance runners:
the role of nitric oxide. Exp Gerontol. 2019;117:113-8.

Reichert S, Stier A. Does oxidative stress shorten telomeres in vivo? A
review. Biol Lett. 2017;13.

Barnes RP, Fouquerel E, Opresko PL. The impact of oxidative DNA
damage and stress on telomere homeostasis. Mech Ageing Dev.
2019;177:37-45.

Lim CJ, Cech TR. Shaping human telomeres: from shelterin and CST
complexes to telomeric chromatin organization. Nat Rev Mol Cell Biol.
2021;22:283-98.

Marién RM, Montero JJ, Lopez de Silanes |, Grafa-Castro O, Martinez

P, Schoeftner S, et al. TERRA regulate the transcriptional landscape of



Schellnegger et al. Sports Medicine - Open

154.

155.

156.

157.

158.

159.

161.

162.

163.

164.

165.

166.

167.

(2022)8:111

pluripotent cells through TRF1-dependent recruitment of PRC2. Elife.
2019;8.

Tennen R, Bua DJ, Wright WE, Chua KF. SIRT6 is required for main-
tenance of telomere position effect in human cells. Nat Commun.
2011;2:433.

Vinayagamurthy S, Ganguly A, Chowdhury S. Extra-telomeric impact
of telomeres: emerging molecular connections in pluripotency or
stemness. J Biol Chem. 2020;295:10245-54.

Kim W, Ludlow AT, Min J, Robin JD, Stadler G, Mender |, et al. Regulation
of the human telomerase gene TERT by telomere position effect-over
long distances (TPE-OLD): implications for aging and cancer. PLoS Biol.
2016;14:e2000016.

Rossiello F, Jurk D, Passos JF, d’Adda di Fagagna F. Telomere dysfunction
in ageing and age-related diseases. Nat Cell Biol. 2022,24:135-47.
Bernardes de Jesus B, Vera E, Schneeberger K, Tejera AM, Ayuso E, Bosch
F, et al. Telomerase gene therapy in adult and old mice delays aging
and increases longevity without increasing cancer. EMBO Mol Med.
2012;4:691-704.

Pariczyszyn A, Boniewska-Bernacka E, Goc A. The role of telomeres

and telomerase in the senescence of postmitotic cells. DNA Repair.
2020;95:102956.

Chilton WL, Marques FZ, West J, Kannourakis G, Berzins SP, O'Brien BJ,
et al. Acute exercise leads to regulation of telomere-associated genes
and microRNA expression in immune cells. PLoS ONE. 2014;9: €92088.
Denham J, Sellami M. Exercise training increases telomerase reverse
transcriptase gene expression and telomerase activity: A systematic
review and meta-analysis. Ageing Res Rev. England; 2021;70:101411.
Smith EM, Pendlebury DF, Nandakumar J. Structural biology of telom-
eres and telomerase. Cell Mol Life Sci. 2020;77:61-79.

Lai T-P, Zhang N, Noh J, Mender |, Tedone E, Huang E, et al. A method
for measuring the distribution of the shortest telomeres in cells and
tissues. Nat Commun. 2017;8:1356.

Baird DM, Rowson J, Wynford-Thomas D, Kipling D. Extensive allelic
variation and ultrashort telomeres in senescent human cells. Nat Genet.
2003;33:203-7.

Bendix L, Horn PB, Jensen UB, Rubelj |, Kolvraa S. The load of short tel-
omeres, estimated by a new method, Universal STELA, correlates with
number of senescent cells. Aging Cell. 2010;9:383-97.

Hemann MT, Strong MA, Hao LY, Greider CW. The shortest telomere, not
average telomere length, is critical for cell viability and chromosome
stability. Cell. 2001;107:67-77.

Denham J. The association between sperm telomere length,
cardiorespiratory fitness and exercise training in humans. Biomed J.
2019;42:430-3.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 25 of 25

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Physical Activity on Telomere Length as a Biomarker for Aging: A Systematic Review
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Search Strategy
	Selection Criteria

	Results
	Discussion
	RCT Studies
	Interventional Studies
	Observational Studies
	Effects of Training Modality and Type of Physical Activity on Telomere Biology
	Effects of Exercise Intensity on Telomere Biology
	The Impact of Acute Exercise Episodes on Telomere Biology
	The Impact of Inactivity on Telomere Biology
	Effects of Previous Exercise History on Telomere Biology
	Effects of Exercise on TL at Different Ages?
	Possible Molecular Explanations for the Observed Discrepancies in TL with Physical Activity
	Tissue-Specific and Cell-Specific Differences in Telomere Biology
	Effects of Oxidative Stress on Telomere Biology
	Proteins and Molecular Pathways that Influence Telomere Biology
	Methods of Detecting TL and their Limitations

	Conclusions
	Acknowledgements
	References


