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Abstract
Physical activity and sports have repeatedly been reported to be associated with telomere

length. We studied the association of different types of sports across different stages of life

on relative leukocyte telomere length (rLTL) in advanced age.815 participants (397 men)

from the Berlin Aging Study II aged over 61 years were included in the analysis. rLTL

was measured by real time PCR and physical activity was determined retrospectively by

questionnaire, assessing type and duration of sports in the past as well as currently. Five

separate multiple linear regression models adjusted for various control variables were per-

formed. 67.3% of participants exercised currently, whereas 19.4% performed sports only

between the age of 20 and 30. rLTL was higher in subjects who stated to exercise currently

(N = 456), and in subjects who engaged in endurance (N = 138) or intensive activity sports

(N = 32). Current physical activity was positively associated with rLTL in the risk factor

adjusted regression model (β = 0.26, p < 0.001) and practicing sports for a minimum of 10

years preceding the assessment had a significant effect on rLTL (β = 0.39, p = 0.011). The

highest impact was seen for intensive activity sports (β = 0.79, p < 0.001) and physical activ-

ity since at least 42 years (β = 0.47, p = 0.001). However, physical activity only between 20

and 30 years of age did not affect rLTL in old age when compared to no sports at all (β =

-0.16, p = 0.21). Physical activity is clearly associated with longer rLTL. The effect is seen

with longer periods of physical activity (at least 10 years), with intensive sports activities

having the greatest impact on rLTL. Our data suggest that regular physical activity for at

least 10 years is necessary to achieve a sustained effect on rLTL.

Introduction
The ends of the linear chromosomes, telomeres, represent a highly organized structure consist-
ing of a hexanucleotide repeat (in humans [TTAGGG]), the so called ‘core telomeric proteins’
of the shelterin complex, and a growing number of associated proteins with telomere related
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functions (reviewed in [1, 2]). It is widely accepted that telomere length, which can be esti-
mated with different methods such as southern blot or quantitative PCR, reflects biological age
when analyzed on the population level (reviewed in [3]).

Several cross-sectional studies report an inverse association between telomere length and
various health related risk factors (e.g. [4–7]) and quite a few age related human diseases have
been shown to be associated with shorter telomeres ([8–10]; reviewed in [11]). Mainly based
on observations from cross-sectional studies, it is suggested that lifestyle associated risk factors
impact telomere length in later life; however, little data supporting this assumption are avail-
able. Indeed, data from a 2014 study refute this assumption since no correlation of body weight,
smoking status, physical activity, and alcohol intake with changes in telomere length during 10
years of observation was found, although cross-sectionally these lifestyle factors were signifi-
cantly correlated with telomere length [7].

Among the repeatedly reported lifestyle related risk factors associated with shorter telomere
length are increased body mass index (meta-analysis in [6]), increased waist-to-hip ratio (e.g.
[4, 5, 12]), smoking (e.g. [5, 8]), alcohol consumption (e.g. [7, 13]) and physical inactivity [7,
14]. However, other studies have not found these associations (e.g. [7, 12, 15–17]), which
might be due to differences in the studied cohorts and in the analysis methods used. While the
association between physical activity/sport and telomere length is studied extensively using
cross-sectional data, so far the effects of sport and exercise across different stages of life, related
to telomere length in old age, is not examined. The current study addresses this question by
analyzing a large sample of community-dwelling participants aged 61 years or older, drawn
from the Berlin Aging Study II (BASE-II).

Results
A total of 814 older BASE-II participants (age ranging between 61 and 82; a total of 397 men)
were included in this analysis. Approximately 67.3% of the BASE-II respondents stated that
they exercised currently, while 19.4% stated they only exercised regularly between 20 and 30
years of age (see Table 1).

Figs 1 to 4 show relative leukocyte telomere length according to different sport variables. Fig
1 displays the differences between rLTL for study participants who are currently active and

Table 1. Descriptive Statistics of the Study Population.

Variables Mean, standard deviation, respectively % Total number of observations*

Relative telomere length (rLTL) 1.1 ± 0.2 814

Age (years) 68.8 ± 3.4 814

Male (%) 48.8 814

Married (%) 54.3 814

Father’s age at birth (years) 33.3 ± 6.6 732

Years of education 13.7 ± 3.8 814

Equivalized household income (EUR) 1841.321 ± 970.8 761

Body mass index 26.7 ± 4.3 814

Heavy alcohol intake (%) 27.5 811

Smoker (%) 7.2 809

Physically active (%) 67.3 810

Physically active only in the age of 20–30 (%) 19.4 444

Years since physical activity is practised 18.9 ± 22.2 787

*Total number of observation varies by variables due to item nonresponse.

doi:10.1371/journal.pone.0142131.t001
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those who are not. The median rLTL was significantly higher for participants who were cur-
rently active (t = -2.228, p = 0.013). However, the differences were rather small. This was not
surprising, as the categorisation “currently active” considers neither the length of the activity
period nor the type of activity practised.

Regarding the types of sport currently practised, Fig 2 provides some interesting insights as
the one-way ANOVA revealed significant differences (F = 6.08, p< 0.001). The graphs for
inactivity, resistance training, endurance and other types of sport showed fairly similar pat-
terns, while individuals who engaged in intensive activity showed slightly higher values of
rLTL. The post hoc Tukey’s test revealed significant differences for respondents engaged in
intensive activity compared to inactive respondents (p = 0.011), and respondents who engaged
in resistance training (p = 0.021): intensive activity is related to significant longer telomeres
compared to these types of sport.

The period since when the current activity was practised was considered in Fig 3. The com-
parison of the four groups revealed a slightly, but significant, higher rLTL with increasing dura-
tion of physical activity (F = 4.39, p = 0.0048). The post hoc Tukey’s test revealed significant

Fig 1. Standardized values of rLTL by current activity. Individuals of the currently physically active group showed significantly longer telomeres when
compared to the inactive group (inactive group, N = 223; active group, N = 456). Two-tailed p-values were determined using the independent T-test.

doi:10.1371/journal.pone.0142131.g001
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difference between the most active group (more than 41 years) and the current inactive group
(p = 0.017) as well as the group physically active since 1 to 9 years (p = 0.035).

In contrast, physical activity practiced only between the age of 20 and 30 years does not
associate with rLTL in later life. Fig 4 displays even slightly shorter rLTL for those individuals
who have exercised in young age between 20 and 30 compared to those individuals who have
never practiced sports. However, this difference is not significant (t = 0.358, p = 0.721).

The multivariate analysis confirmed the results of these bivariate distributions. The multiple
regressions enabled us to estimate the impact of physical activity aspects on relative telomere
length in dependence of potentially influential covariates. Descriptives of covariates according
to sports types currently practiced are shown in Table A in S1 File. Since our different variables
regarding physical activity are dependent upon each other, we decided to estimate separate
models for each variable (Table 2). Model 1 of Table 2 displays the results of the basic regres-
sion model including only control variables but no information on physical activity. We found

Fig 2. Standardized values of rLTL by type of sports currently practiced. Individuals of the different groups of sport types showed significant differences
in telomere length (inactive group, N = 223; group intensive activity, N = 32; group resistance training, N = 177; group endurance, N = 138; group other type of
sports, N = 106). The p-value was determined conducting one-way ANOVA. The post hoc Tukey’s test revealed significant differences for respondents
engaged in intensive activity compared to inactive respondents (p = 0.011), and respondents who engaged in resistance training (p = 0.021).

doi:10.1371/journal.pone.0142131.g002
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a significant effect of gender on relative telomere length. Male participants showed significantly
longer telomeres compared to female participants. This effect remained constant across regres-
sion models.

We did not find any association between participants’ age, marital status, father’s age at
birth, years of education, income, body mass index, alcohol intake above cut-off value defined
by DHS, or current smoking status and the participant’s relative telomere length.

In model 2, we added the status of current physical activity, which turned out to be posi-
tively correlated with relative telomere length (β = 0.26, p< 0.001). In contrast, physical activ-
ity performed only during the age of 20 to 30 (model 4) compared to a totally sport-free

Fig 3. Standardized values of rLTL by exercise duration. Individuals of the different groups regarding duration since physical activity was practiced
showed significant differences (p = 0.0048) in the length of telomeres (inactive group, N = 113; group active 1 to 9 years, N = 46; group active 10 to 41 years,
N = 73; group active more than 41 years, N = 78). The p-value was determined conducting one-way ANOVA. The post hoc Tukey’s test revealed a significant
difference between physical activity since more than 41 years and current inactivity (p = 0.017). Moreover relative telomere length of the group active more
than 41 years differs significantly from the group physically active 1 to 9 years (p = 0.035).

doi:10.1371/journal.pone.0142131.g003
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lifestyle did not affect relative telomere length in later life (> 60 years). However, model 4 cen-
tered on a specific subpopulation of the BASE-II participants, namely those who were not cur-
rently exercising. Due to this focus, the sample size was reduced in this regression model and
comparisons with the other models should be made with caution.

Fig 4. Standardized values of rLTL by sport in young age only. Individuals of the physically active group in the age 20 to 30 showed no significant
differences in telomere length when compared to the inactive group which never engaged in sports (inactive group, N = 38; group physically active in young
age only, N = 74). Two-tailed p-values were determined using the independent T-test.

doi:10.1371/journal.pone.0142131.g004
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Table 2. Regression Models for Relative Telomere Length (rLTL).

Variables Model 1a Model 2b Model 3c Model 4d Model 5e

Age 0.00 0.01 0.01 0.04 0.01

(0.01) (0.01) (0.01) (0.03) (0.02)

Male 0.55*** 0.58*** 0.53*** 0.45* 0.41***

(0.08) (0.08) (0.08) (0.22) (0.12)

Married -0.10 -0.11 -0.10 -0.08 -0.07

(0.08) (0.08) (0.08) (0.23) (0.13)

Father’s age at birth -0.00 -0.00 -0.00 -0.01 -0.00

(0.01) (0.01) (0.01) (0.01) (0.01)

Years of education 0.03 0.03 0.04 0.01 0.05

(0.03) (0.03) (0.03) (0.08) (0.05)

Income 0.07 0.03 0.01 0.36 0.03

(0.08) (0.08) (0.08) (0.18) (0.12)

Body mass index -0.00 0.00 0.00 -0.02 0.01

(0.01) (0.01) (0.01) (0.02) (0.01)

Alcohol intake above cut-off value by DHS -0.07 -0.06 -0.08 0.02 -0.05

(0.07) (0.07) (0.07) (0.18) (0.11)

Smoker 0.03 0.06 0.10 0.50 0.27

(0.15) (0.15) (0.15) (0.32) (0.20)

Physically active 0.26***

(0.08)

Type of physical activity (Reference: no sports)

intensive activity 0.79***

(0.20)

resistance training 0.18

(0.09)

Endurance 0.26*

(0.10)

other types of sports 0.24* (0.11)

Physically active only in the age of 20–30 (vs. never active) -0.16 (0.21)

Duration since activity is practiced (Reference: no sports)

Physically active for 1 to 9 years 0.00 (0.17)

Physically active for 10 to 41 years 0.39* (0.15)

Physically active for 42 to 72 years 0.47*** (0.14)

Constant -0.98 -1.15 -1.09 -5.17 -1.36

(1.08) (1.08) (1.08) (3.01) (1.51)

Observations 681 679 676 112 310

R2 0.08 0.10 0.11 0.13 0.10

Note: Standard errors in parentheses. Significance levels

*** p<0.001

** p<0.01

* p<0.5.
a Model 1 refers to a regression for Relative Telomere Length (rLTL) including the basic covariates set: age, gender, married, father’s age at birth, years of

education, income, body mass index, Alcohol intake above cut-off value by DHS, smoking status.
b Model 2 refers to a regression for Relative Telomere Length (rLTL) including the basic covariates set + current physical activity status.
c Model 3 refers to a regression for Relative Telomere Length (rLTL) including the basic covariates set +type of physical activity currently practiced.
d Model 4 refers to a regression for Relative Telomere Length (rLTL) including the basic covariates set + physical activity status regarding the age 20–30.
e Model 5 refers to a regression for Relative Telomere Length (rLTL) including the basic covariates set + the duration since the current physical activity is

practiced.

doi:10.1371/journal.pone.0142131.t002
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As displayed in model 5, the years of exercise influence relative telomere length. Remark-
ably, practicing sports for less than 10 years does not have a significant effect on relative telo-
mere length (β = 0.00, p = 0.981). The variable reflecting a minimum of 42 years of physical
activity showed the strongest association with relative telomere length (β = 0.47, p = 0.001).
Regarding the types of sport, model 3 displays a strong positive association of intensive activity
(β = 0.79, p< 0.001) and the significant but comparatively weaker impact of endurance sport
with relative telomere length (β = 0.26, p = 0.011). In contrast, types of sport that can be
defined as resistance training do not impact relative telomere length.

After adjusting for morbidity, as measured by an index largely based on the domains of the
Charlson Index, the results remain stable across all models. These models are provided in
Table B in S1 File. Overall, our regression models explain about 10% of variation in the relative
telomere length.

Discussion
In the current study, we have assessed the rLTL of 814 BASE-II participants aged 61 and older
in relation to lifestyle factors that, in the literature, are associated with telomere length. We par-
ticularly focused on physical activity and sport, investigating the relationship between current
sporting activity, sport in different stages of life, and rLTL. As described earlier [18], BASE-II
men showed significantly longer telomeres than women, even after adjustment for known co-
variates, a finding most likely explained by the method used for rLTL estimation ([18, 19]). We
have previously shown that BASE-II participants of the older group (from which the subjects
of the current analysis were drawn) had significantly shorter rLTL when compared to the
younger group of BASE-II participants [18]. The fact that the participants’ age was not a signif-
icant determinant of rLTL in the current study is likely due to the narrow age range of the sub-
jects studied.

Similar to several other studies, physical activity and sport were among the lifestyle factors
positively associated with rLTL in the current study. Looking at different types of sport clearly
revealed a closer association between intensive activity sports and rLTL, when compared to the
degree of association between endurance sports and rLTL. Earlier studies on endurance exer-
cise and telomere length have yielded conflicting results (reviewed in [20]). Examination of 17
habitually exercising and 15 sedentary older study participants revealed longer LTL (estimated
by Southern blot) in the exercising group [21]. Denham and colleagues found significantly lon-
ger telomeres (rLTL) in 67 male ultra-marathon runners when compared to rLTL of 56 male
controls [22]. Similarly, two other studies compared relative telomere length of endurance ath-
letes with sedentary subjects [23] or subjects exercising at a medium level [24] and found lon-
ger telomeres in the athletes groups. These findings are contrasted by results from Rae et al.,
who found no difference in mean LTL (estimated by Southern blot) between 18 experienced
endurance runners (42 ± 7 years of age) and 19 sedentary controls (39 ± 10 years of age) [25].
Mathur and colleagues also found no difference between 17 marathon runners and 15 age- and
sex-matched healthy, sedentary control subjects [26]. A drawback of most of these and other
similar studies is the small sample size, because this increases the risk that unconsidered con-
founders might have impacted on the results. While our study did not explicitly include mara-
thon runners, we were able to distinguish endurance exercising participants from subjects
pursuing sports at other activity levels using this large BASE-II sample of community-dwelling
older participants. In addition, we were able to consider many of the known covariates such as
lifestyle factors, the father’s age at birth and socio-economic factors.

One limitation of our study is that the data on physical activity and sports were self-reported
and might therefore be biased. This bias might be of particular relevance where the interval
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between physical activity and self-report is especially long. Another drawback is the cross-sec-
tional nature of the current analysis which does not allow any causal inferences.

It seems, however, plausible that the association between physical activity and telomere
length, as frequently described in the literature and also found in the BASE-II participants
studied here, reflects the individual histories of physical activity and their impact on telomere
length, and this is what is also suggested by our results, at least to some degree. In a study per-
formed by Savela and colleagues physical activity in midlife was associated with telomere
length (southern blot) in old age [27]. However, the comparability between this investigation
and our study is limited because the authors used the information on physical activity assessed
in midlife of the study population and the telomere length data measured in old age of the par-
ticipants with no further information on continuity of physical activity between the two time
points.

The variables “exercise duration” with the outcomes “currently not active”, “physically
active for 1 to 9 years”, “physically active for 10 to 41 years” and “physically active more than
41 years” were significantly associated with rLTL in our study. More interestingly, our data sug-
gest that at least 10 years of regular sports activity is needed in order to impact rLTL.

Physical activity performed only during young adulthood (age between 20–30 years), how-
ever, was not predictive for rLTL in old age. This was surprising in the context of the idea that
the number of cell divisions and, as a prerequisite, the number of DNA replications (associated
with telomere shortening as a consequence of each replication), is influenced by lifestyle factors
and that less cellular regenerative activity, e.g. because of less oxidative stress, is needed in indi-
viduals with health-conscious behavior, resulting in less telomere shortening. This would
implicate a ‘cellular memory’ of lifestyle during different stages of life in the form of longer/
shorter telomeres. Our data, however, do not support this view, since sport only in early adult-
hood was not predictive for rLTL in advanced age. This observation goes along with findings of
a publication using data from the Copenhagen City Heart Study. In that study, physical activity
and other lifestyle factors were significantly associated with telomere length, both measured
twice with a 10 years interval. The change of telomere length during the 10 years, however, was
not associated with baseline and inter-observational physical activity, and also not with other
lifestyle factors investigated [7]. The authors speculate that underrepresentation of participants
with short telomeres may have biased the analysis, explaining at least in part the strong associa-
tions between lifestyle factors and telomere length observed cross-sectionally.

In the context of our results we agree with this view and hypothesize that another part of the
explanation is that physical activity indeed impacts on telomere length; however, with the limi-
tation that only the 10 years prior the point of investigation are of relevance with respect to
telomere length, with probably similar time frames for other lifestyle factors. It is not yet clear
which mechanism(s) drive the impact of physical activity on telomere length. It might be less
regenerative activity or increased enzymatic activity (or a combination of both) that decelerate
telomere shortening or even result in telomere extension as an effect of physical activity.
Indeed, there is some evidence for the latter in the literature [28].

The fact that the impact of physical activity on telomere length is limited and fades due to
periods of inactivity might also have an evolutionary aspect. All studies on physical activity and
telomere length are performed on populations who differ dramatically in their lifestyle from
prehistoric man [28]. During evolution, humans adapted to the requirements of hunting and
gathering, including a higher level of regular physical activity and this is what humans are still
adapted to. If telomere length can be positively influenced by physical activity, it seems reason-
able that this influence is limited in order not to turn it to a negative effect.

In conclusion we provide further cross-sectional evidence for a beneficial role of physical
activity and sports with respect to telomere length. Our retrospective view on the association
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between physical activity pursued in different stages of life and telomere length indicated that
this association becomes visible following at least 10 years of regular physical activity prior to
the examination. Our results, however, also suggest that continuous physical activity is neces-
sary to achieve a sustained effect on telomere length throughout life.

Materials and Methods
BASE-II is a study on healthy aging covering residents of the greater metropolitan area of Ber-
lin, Germany. The sample consists of a cohort of about 1,600 older individuals (aged 60–75 in
2009) and a cohort of 600 younger individuals (aged 20–35 in 2009) (for a detailed description
of the study see [29]). For this analysis, we included all individuals who were over 60 years of
age in 2012 and who participated both in the medical examination and the socio-economic
module (for a description of this module which is a related study of the Socio-Economic Panel
Study (SOEP) see [30]). This results in a final sample size of 814 participants. All participants
gave written informed consent and the Ethics Committee of the Charité-Universitätsmedizin
Berlin approved the study (approval number EA2/029/09).

Relative leukocyte telomere length (rLTL)
The measurement of rLTL in BASE-II was described previously in detail [18]. Briefly, genomic
DNA was extracted from EDTA blood using the LGC ‘Plus XL manual kit’ (LGC, Germany,
Berlin). rLTL was measured using a modified quantitative PCR protocol originally described
by Cawthon [31]. All samples were measured in triplicate and their mean was used for further
analysis when the ct values of both PCRs (telomere PCR and single copy gene [36B4] PCR)
showed a variation coefficient< 2%. The rLTL was subsequently calculated according to Pfaffl
et al. [32]. Pooled DNA from 10 randomly selected subjects was used as the reference
(rLTL = 1).

Physical activity
Information on physical activity was taken from the 2012 socio-economic survey of BASE-II,
where participants were asked whether they currently practise a sport, what type of sport they
practise, and when they started practising this type of sport. Additionally, it was surveyed
whether respondents practised another type of sport in the past or had ever engaged in physical
activity. The year of the beginning and the end of the physical activity was also documented.
This information enabled us to generate a variety of indicators of physical activity. For our
analysis we used the following indicators: (i) current status of physical activity (no/yes); (ii)
type of sport currently practised (0 = no sport; 1 = intensive activity e.g. badminton, basketball,
skiing; 2 = resistance training, e.g. bodybuilding, gymnastics; 3 = endurance, e.g. cycling, jog-
ging, inline skating; 4 = other type of sport); (iii) whether the respondent only participated in
sport in young adulthood (between the age of 20 to 30; 0 = no sport at all, 1 = sport in young
adulthood); and (iv) for how long has the participant been exercising (0 = if not exercising cur-
rently, 1 = 1 to 9 years, 2 = 10 to 41 years, 3 = more than 41 years).

Control variables
In addition to the indicators of physical activity, we controlled for age in years, gender, marital
status, father’s age at birth, years of education and the logarithm of the equalized household
income. For the purpose of calculating an equalized household income, each person of a house-
hold received a weight. While children received the weight 0.3, the first adult received the
weight 1 and all other adults in the household received the weight 0.5. The equalized household
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income was then calculated by dividing the net household income by the weighted household
size.

In addition, we included health-related indicators in the analysis, namely body mass index,
current smoking status (no/yes), and alcohol intake above cut-off values defined by the Ger-
man Centre for Addiction Issues (DHS). The DHS defines a cut-off value of 24 g per day for
men and 12 g per day for women as non-hazardous alcohol intake [33]. Accordingly, we used a
variable that is 1 for women who drank at least 12.5 g alcohol per day and for men who drank
at least 25 g alcohol per day.

In order to allow controlling for morbidity we computed an index based on participant-
reported and physician-observed medical diagnosis (for details see [34]). This morbidity index
largely covers the categories and weighted classification scheme used by the Charlson Index
[35].

Statistical analysis
First, we compared column scatter graphs (GraphPad Prism 6) displaying the distribution of
telomere length by different aspects regarding physical activity. We used either t-tests or
ANOVA with post-hoc tests (Tukey’s test with the Tukey–Kramer adjustment for unequal
sample sizes) to reveal potential differences between groups.

Second, we estimated five different multiple linear regression models, with robust standard
errors to account for possible heteroscedasticity, in order to assess the relationship between
physical activity and relative telomere length, while adjusting for a variety of covariates. We
used the STATA statistical software package, version 13, for analysis.

The first model contains only the control variables. In the other models, we included differ-
ent information on physical activity, namely, a binary variable indicating whether respondents
currently exercise (model 2); the type of sport currently performed (model 3); a binary variable
indicating whether respondents exercised only between 20 and 30 years of age, or did not exer-
cise at all (model 4). In addition, we included information regarding exercise duration in
model 5. The categorisation enabled us to see whether physical activity for a period of less than
10 years already associates with relative telomere length. Since the measurement of the relative
telomere length was conducted on samples collected during a longer period of time (from 2009
to 2014), we were faced with the problem that telomere length information was in some cases
newer than the information on physical activity. We run robustness checks to disentangle pos-
sible effects on our regression estimates. We could only observe differences for the duration of
physical activity (model 5) in the effects. Therefore, we decided to run the regression for model
5 on the reduced sample, ignoring all cases where the telomere length was measured prior to
2012.

Supporting Information
S1 File. Table A. Descriptives of Covariates by Sports Types currently practiced. Table B.
Regression Models for Relative Telomere Length (rLTL) controlling for Morbidity.
(DOCX)

Author Contributions
Conceived and designed the experiments: ID DS. Performed the experiments: AM BS. Ana-
lyzed the data: DS. Contributed reagents/materials/analysis tools: MK EST. Wrote the paper:
ID DS KN.

Association of Sports and Exercise with Telomere Length

PLOS ONE | DOI:10.1371/journal.pone.0142131 December 2, 2015 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142131.s001


References
1. de Lange T. Shelterin: the protein complex that shapes and safeguards human telomeres. Genes &

development. 2005; 19(18):2100–10. doi: 10.1101/gad.1346005 PMID: 16166375.

2. Diotti R, Loayza D. Shelterin complex and associated factors at human telomeres. Nucleus. 2011; 2
(2):119–35. doi: 10.4161/nucl.2.2.15135 PMID: 21738835; PubMed Central PMCID: PMC3127094.

3. Muezzinler A, Zaineddin AK, Brenner H. A systematic review of leukocyte telomere length and age in
adults. Ageing research reviews. 2013; 12(2):509–19. doi: 10.1016/j.arr.2013.01.003 PMID: 23333817.

4. Buxton JL, Das S, Rodriguez A, Kaakinen M, Couto Alves A, Sebert S, et al. Multiple measures of adi-
posity are associated with mean leukocyte telomere length in the northern Finland birth cohort 1966.
PloS one. 2014; 9(6):e99133. doi: 10.1371/journal.pone.0099133 PMID: 24919187; PubMed Central
PMCID: PMC4053385.

5. Huzen J, Wong LS, van Veldhuisen DJ, Samani NJ, Zwinderman AH, Codd V, et al. Telomere length
loss due to smoking and metabolic traits. Journal of internal medicine. 2014; 275(2):155–63. doi: 10.
1111/joim.12149 PMID: 24118582.

6. Muezzinler A, Zaineddin AK, Brenner H. Body mass index and leukocyte telomere length in adults: a
systematic review and meta-analysis. Obesity reviews: an official journal of the International Associa-
tion for the Study of Obesity. 2014; 15(3):192–201. doi: 10.1111/obr.12126 PMID: 24165286.

7. Weischer M, Bojesen SE, Nordestgaard BG. Telomere shortening unrelated to smoking, body weight,
physical activity, and alcohol intake: 4,576 general population individuals with repeat measurements 10
years apart. PLoS genetics. 2014; 10(3):e1004191. doi: 10.1371/journal.pgen.1004191 PMID:
24625632; PubMed Central PMCID: PMC3953026.

8. Rode L, Bojesen SE, Weischer M, Vestbo J, Nordestgaard BG. Short telomere length, lung function
and chronic obstructive pulmonary disease in 46,396 individuals. Thorax. 2013; 68(5):429–35. doi: 10.
1136/thoraxjnl-2012-202544 PMID: 23268483.

9. Shen Q, Zhao X, Yu L, Zhang Z, Zhou D, Kan M, et al. Association of leukocyte telomere length with
type 2 diabetes in mainland Chinese populations. The Journal of clinical endocrinology and metabo-
lism. 2012; 97(4):1371–4. doi: 10.1210/jc.2011-1562 PMID: 22319045.

10. Zee RY, Castonguay AJ, Barton NS, Germer S, Martin M. Mean leukocyte telomere length shortening
and type 2 diabetes mellitus: a case-control study. Translational research: the journal of laboratory and
clinical medicine. 2010; 155(4):166–9. doi: 10.1016/j.trsl.2009.09.012 PMID: 20303464.

11. Bojesen SE. Telomeres and human health. Journal of internal medicine. 2013; 274(5):399–413. doi:
10.1111/joim.12083 PMID: 24127938.

12. Lee M, Martin H, Firpo MA, Demerath EW. Inverse association between adiposity and telomere length:
The Fels Longitudinal Study. American journal of human biology: the official journal of the Human Biol-
ogy Council. 2011; 23(1):100–6. doi: 10.1002/ajhb.21109 PMID: 21080476; PubMed Central PMCID:
PMC3245638.

13. Strandberg TE, Strandberg AY, Saijonmaa O, Tilvis RS, Pitkala KH, Fyhrquist F. Association between
alcohol consumption in healthy midlife and telomere length in older men. The Helsinki Businessmen
Study. European journal of epidemiology. 2012; 27(10):815–22. doi: 10.1007/s10654-012-9728-0
PMID: 22875407.

14. Cherkas LF, Hunkin JL, Kato BS, Richards JB, Gardner JP, Surdulescu GL, et al. The association
between physical activity in leisure time and leukocyte telomere length. Archives of internal medicine.
2008; 168(2):154–8. doi: 10.1001/archinternmed.2007.39 PMID: 18227361.

15. Needham BL, Adler N, Gregorich S, Rehkopf D, Lin J, Blackburn EH, et al. Socioeconomic status,
health behavior, and leukocyte telomere length in the National Health and Nutrition Examination Sur-
vey, 1999–2002. Social science & medicine. 2013; 85:1–8. doi: 10.1016/j.socscimed.2013.02.023
PMID: 23540359; PubMed Central PMCID: PMC3666871.

16. Sun Q, Shi L, Prescott J, Chiuve SE, Hu FB, De Vivo I, et al. Healthy lifestyle and leukocyte telomere
length in U.S. women. PloS one. 2012; 7(5):e38374. doi: 10.1371/journal.pone.0038374 PMID:
22675460; PubMed Central PMCID: PMC3365002.

17. Willeit P, Raschenberger J, Heydon EE, Tsimikas S, Haun M, Mayr A, et al. Leucocyte telomere length
and risk of type 2 diabetes mellitus: new prospective cohort study and literature-based meta-analysis.
PloS one. 2014; 9(11):e112483. doi: 10.1371/journal.pone.0112483 PMID: 25390655; PubMed Central
PMCID: PMC4229188.

18. Meyer A, Salewsky B, Buchmann N, Steinhagen-Thiessen E, Demuth I. Relative Leukocyte Telomere
Length, Hematological Parameters and Anemia—Data from the Berlin Aging Study II (BASE-II). Geron-
tology (in press, 101159/000430950). 2015.

Association of Sports and Exercise with Telomere Length

PLOS ONE | DOI:10.1371/journal.pone.0142131 December 2, 2015 12 / 13

http://dx.doi.org/10.1101/gad.1346005
http://www.ncbi.nlm.nih.gov/pubmed/16166375
http://dx.doi.org/10.4161/nucl.2.2.15135
http://www.ncbi.nlm.nih.gov/pubmed/21738835
http://dx.doi.org/10.1016/j.arr.2013.01.003
http://www.ncbi.nlm.nih.gov/pubmed/23333817
http://dx.doi.org/10.1371/journal.pone.0099133
http://www.ncbi.nlm.nih.gov/pubmed/24919187
http://dx.doi.org/10.1111/joim.12149
http://dx.doi.org/10.1111/joim.12149
http://www.ncbi.nlm.nih.gov/pubmed/24118582
http://dx.doi.org/10.1111/obr.12126
http://www.ncbi.nlm.nih.gov/pubmed/24165286
http://dx.doi.org/10.1371/journal.pgen.1004191
http://www.ncbi.nlm.nih.gov/pubmed/24625632
http://dx.doi.org/10.1136/thoraxjnl-2012-202544
http://dx.doi.org/10.1136/thoraxjnl-2012-202544
http://www.ncbi.nlm.nih.gov/pubmed/23268483
http://dx.doi.org/10.1210/jc.2011-1562
http://www.ncbi.nlm.nih.gov/pubmed/22319045
http://dx.doi.org/10.1016/j.trsl.2009.09.012
http://www.ncbi.nlm.nih.gov/pubmed/20303464
http://dx.doi.org/10.1111/joim.12083
http://www.ncbi.nlm.nih.gov/pubmed/24127938
http://dx.doi.org/10.1002/ajhb.21109
http://www.ncbi.nlm.nih.gov/pubmed/21080476
http://dx.doi.org/10.1007/s10654-012-9728-0
http://www.ncbi.nlm.nih.gov/pubmed/22875407
http://dx.doi.org/10.1001/archinternmed.2007.39
http://www.ncbi.nlm.nih.gov/pubmed/18227361
http://dx.doi.org/10.1016/j.socscimed.2013.02.023
http://www.ncbi.nlm.nih.gov/pubmed/23540359
http://dx.doi.org/10.1371/journal.pone.0038374
http://www.ncbi.nlm.nih.gov/pubmed/22675460
http://dx.doi.org/10.1371/journal.pone.0112483
http://www.ncbi.nlm.nih.gov/pubmed/25390655


19. Gardner M, Bann D, Wiley L, Cooper R, Hardy R, Nitsch D, et al. Gender and telomere length: system-
atic review and meta-analysis. Experimental gerontology. 2014; 51:15–27. doi: 10.1016/j.exger.2013.
12.004 PMID: 24365661.

20. Ludlow AT, Ludlow LW, Roth SM. Do telomeres adapt to physiological stress? Exploring the effect of
exercise on telomere length and telomere-related proteins. BioMed research international. 2013;
2013:601368. doi: 10.1155/2013/601368 PMID: 24455708; PubMed Central PMCID: PMC3884693.

21. LaRocca TJ, Seals DR, Pierce GL. Leukocyte telomere length is preserved with aging in endurance
exercise-trained adults and related to maximal aerobic capacity. Mechanisms of ageing and develop-
ment. 2010; 131(2):165–7. doi: 10.1016/j.mad.2009.12.009 PMID: 20064545; PubMed Central
PMCID: PMC2845985.

22. Denham J, Nelson CP, O'Brien BJ, Nankervis SA, Denniff M, Harvey JT, et al. Longer leukocyte telo-
meres are associated with ultra-endurance exercise independent of cardiovascular risk factors. PloS
one. 2013; 8(7):e69377. doi: 10.1371/journal.pone.0069377 PMID: 23936000; PubMed Central
PMCID: PMC3729964.

23. Borghini A, Giardini G, Tonacci A, Mastorci F, Mercuri A, Sposta SM, et al. Chronic and acute effects of
endurance training on telomere length. Mutagenesis. 2015; 30(5):711–6. doi: 10.1093/mutage/gev038
PMID: 26001753.

24. Osthus IB, Sgura A, Berardinelli F, Alsnes IV, Bronstad E, Rehn T, et al. Telomere length and long-term
endurance exercise: does exercise training affect biological age? A pilot study. PloS one. 2012; 7(12):
e52769. doi: 10.1371/journal.pone.0052769 PMID: 23300766; PubMed Central PMCID: PMC3530492.

25. Rae DE, Vignaud A, Butler-Browne GS, Thornell LE, Sinclair-Smith C, Derman EW, et al. Skeletal mus-
cle telomere length in healthy, experienced, endurance runners. European journal of applied physiol-
ogy. 2010; 109(2):323–30. doi: 10.1007/s00421-010-1353-6 PMID: 20101406.

26. Mathur S, Ardestani A, Parker B, Cappizzi J, Polk D, Thompson PD. Telomere length and cardiorespi-
ratory fitness in marathon runners. Journal of investigative medicine: the official publication of the Amer-
ican Federation for Clinical Research. 2013; 61(3):613–5. doi: 10.231/JIM.0b013e3182814cc2 PMID:
23360839.

27. 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. Experimental gerontology. 2013; 48(1):81–4. doi: 10.
1016/j.exger.2012.02.003 PMID: 22386580.

28. Ornish D, Lin J, Chan JM, Epel E, Kemp C, Weidner G, et al. Effect of comprehensive lifestyle changes
on telomerase activity and telomere length in men with biopsy-proven low-risk prostate cancer: 5-year
follow-up of a descriptive pilot study. The Lancet Oncology. 2013; 14(11):1112–20. doi: 10.1016/
S1470-2045(13)70366-8 PMID: 24051140.

29. Bertram L, Bockenhoff A, Demuth I, Duzel S, Eckardt R, Li SC, et al. Cohort profile: The Berlin Aging
Study II (BASE-II). International journal of epidemiology. 2014; 43(3):703–12. doi: 10.1093/ije/dyt018
PMID: 23505255.

30. Böckenhoff A, Saßenroth D, Kroh M, Siedler T, Eibich P, Wagner GG. The Socio-Economic Module of
the Berlin Aging Study II (SOEP-BASE): Description, Structure, and Questionnaire. SOEPpapers, 568.
Available: http://wwwdiwde/sixcms/detailphp?id=diw_01c425017de. 2013.

31. Cawthon RM. Telomere measurement by quantitative PCR. Nucleic acids research. 2002; 30(10):e47.
PMID: 12000852; PubMed Central PMCID: PMC115301.

32. Pfaffl MW. A newmathematical model for relative quantification in real-time RT-PCR. Nucleic acids
research. 2001; 29(9):e45. PMID: 11328886; PubMed Central PMCID: PMC55695.

33. Seitz H, Bühringer G. Seitz H., Bühringer G. Empfehlungen des wissenschaftlichen Kuratoriums der
DHS zu Grenzwerten für den Konsum alkoholischer Getränke Deutsche Hauptstelle für Suchtfragen,
Hamm. Available: http://wwwdhsde. 2008.

34. Gerstorf D, Hulur G, Drewelies J, Eibich P, Duezel S, Demuth I, et al. Secular Changes in Late-Life
Cognition andWell-Being: Towards a Long Bright Future With a Short Brisk Ending? Psychology and
aging. 2015. doi: 10.1037/pag0000016 PMID: 25799003.

35. Charlson ME, Pompei P, Ales KL, MacKenzie CR. A new method of classifying prognostic comorbidity
in longitudinal studies: development and validation. Journal of chronic diseases. 1987; 40(5):373–83.
PMID: 3558716.

Association of Sports and Exercise with Telomere Length

PLOS ONE | DOI:10.1371/journal.pone.0142131 December 2, 2015 13 / 13

http://dx.doi.org/10.1016/j.exger.2013.12.004
http://dx.doi.org/10.1016/j.exger.2013.12.004
http://www.ncbi.nlm.nih.gov/pubmed/24365661
http://dx.doi.org/10.1155/2013/601368
http://www.ncbi.nlm.nih.gov/pubmed/24455708
http://dx.doi.org/10.1016/j.mad.2009.12.009
http://www.ncbi.nlm.nih.gov/pubmed/20064545
http://dx.doi.org/10.1371/journal.pone.0069377
http://www.ncbi.nlm.nih.gov/pubmed/23936000
http://dx.doi.org/10.1093/mutage/gev038
http://www.ncbi.nlm.nih.gov/pubmed/26001753
http://dx.doi.org/10.1371/journal.pone.0052769
http://www.ncbi.nlm.nih.gov/pubmed/23300766
http://dx.doi.org/10.1007/s00421-010-1353-6
http://www.ncbi.nlm.nih.gov/pubmed/20101406
http://dx.doi.org/10.231/JIM.0b013e3182814cc2
http://www.ncbi.nlm.nih.gov/pubmed/23360839
http://dx.doi.org/10.1016/j.exger.2012.02.003
http://dx.doi.org/10.1016/j.exger.2012.02.003
http://www.ncbi.nlm.nih.gov/pubmed/22386580
http://dx.doi.org/10.1016/S1470-2045(13)70366-8
http://dx.doi.org/10.1016/S1470-2045(13)70366-8
http://www.ncbi.nlm.nih.gov/pubmed/24051140
http://dx.doi.org/10.1093/ije/dyt018
http://www.ncbi.nlm.nih.gov/pubmed/23505255
http://wwwdiwde/sixcms/detailphp?id=diw_01c425017de
http://www.ncbi.nlm.nih.gov/pubmed/12000852
http://www.ncbi.nlm.nih.gov/pubmed/11328886
http://wwwdhsde
http://dx.doi.org/10.1037/pag0000016
http://www.ncbi.nlm.nih.gov/pubmed/25799003
http://www.ncbi.nlm.nih.gov/pubmed/3558716

