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a b s t r a c t
The principal objective was to determine the extent to which physical activity (PA) accounts for differences in
leukocyte telomere length (LTL) in a large random sample of U.S. adults. Another purpose was to assess the extent to which multiple demographic and lifestyle covariates affect the relationship between PA and LTL. A total of
5823 adults from the National Health and Nutrition Examination Survey (NHANES 1999–2002) were studied
cross-sectionally. Employing the quantitative polymerase chain reaction method, LTL was compared to standard
reference DNA. PA was indexed using MET-minutes using self-reported frequency, intensity, and duration of participation in 62 physical activities. Covariates were controlled statistically. Telomeres were 15.6 base pairs shorter
for each year of chronological age (F = 723.2, P b 0.0001). PA was inversely related to LTL after adjusting for all
the covariates (F = 8.3, P = 0.0004). Telomere base pair differences between adults with High activity and those
in the Sedentary, Low, and Moderate groups were 140, 137, and 111, respectively. Adults with High activity were
estimated to have a biologic aging advantage of 9 years (140 base pairs ÷ 15.6) over Sedentary adults. The difference in cell aging between those with High and Low activity was also signiﬁcant, 8.8 years, as was the difference
between those with High and Moderate PA (7.1 years). Overall, PA was signiﬁcantly and meaningfully associated
with telomere length in U.S. men and women. Evidently, adults who participate in high levels of PA tend to have
longer telomeres, accounting for years of reduced cellular aging compared to their more sedentary counterparts.
© 2017 Published by Elsevier Inc.

1. Introduction
Dozens of investigations indicate that all-cause mortality decreases
as physical activity (PA) increases (Samitz et al., 2011), even among
those at high risk (Booth et al., 2016). Research also shows that coronary
heart disease mortality is much lower in the physically active compared
to the inactive (Sattelmair et al., 2011). Risk of other chronic diseases,
such as breast cancer (Wu et al., 2013), type 2 diabetes (Aune et al.,
2015), hypertension (Whelton et al., 2002), and general cancer (Li et
al., 2016; Liu et al., 2016) tend to be signiﬁcantly lower in active adults
compared to their sedentary counterparts. Moreover, in a recent metaanalysis including 80 studies and over 1.3 million participants, physical
activity, particularly vigorous activity, was shown to be especially valuable for reducing mortality (Samitz et al., 2011).
There are many mechanisms through which regular PA could reduce
disease and mortality. One of these pathways could be telomere length
(Mundstock et al., 2015a). Telomeres are nucleoprotein structures positioned at the end of chromosomes. These end-caps protect genetic information and reduce degradation over time. As a consequence of
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mitosis, telomeres naturally shorten. As telomeres shorten, cell senescence increases and eventually cell apoptosis results.
In general, telomere shortening contributes to biologic aging and
telomere shortening can be hastened by a number of factors that promote inﬂammation and oxidative stress (Houben et al., 2008;
Wolkowitz et al., 2011). For example, obesity (Mundstock et al.,
2015b), smoking (Huzen et al., 2014), poor diet (Lian et al., 2015;
Marcon et al., 2012; Lee et al., 2015), type 2 diabetes (Zhao et al.,
2013), and low socioeconomic levels (Shiels et al., 2011) are all predictive of shorter telomeres in adults.
Because telomere length is a biomarker of cell aging, the relationship
between chronological age and telomere length is substantial
(Needham et al., 2013; Brown et al., 2016). Evidence is growing in support of the concept that telomere length accounts for differences in the
function and fate of cells (Aubert & Lansdorp, 2008). Using nearly
20,000 adults, researchers showed that adults with telomeres in the
shortest category had 25% greater risk of death compared to those in
the longest telomere category (Weischer et al., 2012). Similarly, Njajou
et al. found that telomere length accounted for years of healthy life
(Njajou et al., 2009), and other researchers revealed that shorter telomeres predict higher mortality in women (Carty et al., 2015).
As summarized in a recent meta-analysis (Mundstock et al., 2015a),
several investigations have studied the relationship between physical
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activity and telomere length using a variety of methods and N 41,000
subjects. To date, roughly 54% of studies have failed to detect a signiﬁcant relationship, 41% have found a positive association, and 5% have
uncovered a curvilinear relationship. The authors (Mundstock et al.,
2015a) conclude that “a possible signiﬁcant association between physical activity and telomere length remains an open question” (p. 70).
One of the weaknesses of studies that have investigated the link between PA and telomere length is the methods employed to measure PA.
According to Mundstock et al., a wide-variety of methods have been
used, many which have not been validated (Mundstock et al., 2015a).
Another issue has been the failure of some investigations to control
for potential mediating variables.
The present study was designed to overcome some of the limitations
of past studies by using a comprehensive and valid measure of PA, by
controlling for a number of potential mediating variables, by using a
large sample of randomly selected U.S. adults, and by presenting results
based on U.S. PA guidelines. The primary purpose was to determine the
extent to which PA, indexed using MET-minutes, accounts for differences in telomere length in 5823 U.S. men and women. Ancillary objectives were to ascertain the extent demographic and lifestyle factors
affect the PA and telomere relationship, and to determine if current
U.S. activity guidelines optimize the association between physical activity and telomere length.
2. Methods
2.1. Sample
The National Health and Nutrition Examination Survey (NHANES) is
an ongoing study conducted by the Centers for Disease Control and Prevention (CDC) that provides estimates of the lifestyle, health, and nutrition status of U.S. civilians. In order for NHANES ﬁndings to be
generalized broadly across the U.S., a multistage, probability sampling
design is employed (Curtin et al., 2012).
NHANES data containing telomere length values are available for
only a 4-year period, 1999–2002. The telomere data became accessible
to the public in November 2014. All of the data used in the present
study are cross-sectional. Moreover, the NHANES data sets are all posted
online and are available to the public (NHANES, 1999–2006).
During the 1999–2000 and 2001–2002 NHANES cycles, all participants ages 20 years and older were invited to give a DNA sample. Of
the 10,291 eligible adults, 7827 adults provided a valid DNA sample
(76%). Participants ≥85 years old were excluded because NHANES recorded the age of all participants ≥ 85 years old as 85 to maximize
conﬁdentiality.
Participants were required to have complete data. A total of 5823
participants, 2766 men and 3057 women, were included in the analyses.
The National Center for Health Statistics Ethics Review Board approved
collection of the NHANES data and posting of the ﬁles for public use
(NHANES, 1999–2014). Written informed consent was acquired from
each NHANES participant.
2.2. Measurement methods
The exposure variable was physical activity, indexed using METminutes, and the outcome measure was leukocyte telomere length.
The demographic covariates were: age, gender, race, and education,
and the lifestyle covariates included body mass index (BMI), smoking
(pack-years), and alcohol use.
2.2.1. Telomere length
According to NHANES (2001–2002), “Each sample was assayed 3
times on 3 different days. The samples were assayed on duplicate
wells, resulting in 6 data points. Sample plates were assayed in groups
of 3 plates, and no 2 plates were grouped together more than once.
Each assay plate contained 96 control wells with 8 control DNA samples.

Assay runs with 8 or more invalid control wells were excluded from further analysis (b1% of runs). Control DNA values were used to normalize
between-run variability. Runs with more than 4 control DNA values falling outside 2.5 standard deviations from the mean for all assay runs
were excluded from further analysis (b 6% of runs). For each sample,
any potential outliers were identiﬁed and excluded from the calculations (b 2% of samples). The mean and standard deviation of the T/S
ratio were then calculated normally. The interassay coefﬁcient of variation was 6.5%” (NHANES, 2001–2002). Mean T/S ratio values were converted to base pairs using the formula: 3274 + 2413 × (T/S).
2.2.2. Physical activity
To quantify the amount of physical activity reported by each participant, MET-minutes were calculated. A MET is a metabolic equivalent. It
represents the ratio between one's metabolic rate while physically active and at rest (Bushman et al., 2014).
Participants reported their activity by recording which, if any, of 62
physical activities they participated in during the past 30 days. For
each activity, participants reported if their involvement was moderate
or vigorous, based on NHANES deﬁnitions. Each mode of activity was
assigned one of two speciﬁc predetermined MET values, depending on
if the activity was reported as moderate or vigorous intensity. Participants also reported the number of times in the past 30 days they engaged in each activity and the average duration of each activity.
A MET score for each activity was calculated using the compendium
of physical activity (Ainsworth et al., 2000). The MET values assigned by
NHANES for each of the 62 activities are reported on the NHANES
website (NHANES, 2004). Total MET-minutes was estimated by summing the MET-minutes for each activity and a weekly MET-minute
score was calculated for each participant. Several investigations support
the validity of self-reported MET-minutes, as MET-minutes have been
shown to predict years of potential life gained (Janssen et al., 2013), cardiometabolic risk (Soriano-Maldonado et al., 2016), and risk of cancer,
ischemic heart disease, stroke, and diabetes (Kyu et al., 2016).
Total physical activity was categorized using two methods, relative
and absolute. First, because participants were part of a large, national
sample, groups were formed based on relative activity levels (total
MET-minutes). Quartiles could not be used because N25% of the sample
was sedentary. Therefore, participants reporting no regular physical activity were classiﬁed as Sedentary, and the remaining adults, each
reporting some regular physical activity in the past 30 days, were divided into sex-speciﬁc tertiles. The four resulting categories representing
relative physical activity were labeled: Sedentary, Low, Moderate, and
High.
Another set of activity categories was based on the 2008 Physical
Activity Guidelines for Americans (CDC, 2008). The categories were
formed using cut-points provided by the guidelines, which recommend
that adults engage in 500 to 1000 MET-minutes per week, or more
(CDC, 2008). Four categories were developed based on the cut-points
from the guidelines (G): Sedentary-G (those reporting no regular physical activity), Insufﬁcient-G (those performing some regular activity, but
not reaching the minimum standards of the guidelines), Moderate-G
(those performing 500–1000 MET-minutes of activity per week), and
High-G (those performing N 1000 MET-minutes of activity per week).
2.2.3. Demographic covariates
To delineate races and ethnicities, NHANES used: Non-Hispanic
White, Non-Hispanic Black, Mexican American, Other race or Multi-racial (Other), and Other Hispanic. Education level was deﬁned as: Less
than high school, high school diploma (including GED), and more than
high school.
2.2.4. Lifestyle covariates
Several lifestyle variables were employed as potential mediating factors. Smoking was treated as a continuous variable and was indexed
using pack-years, deﬁned as the number of cigarettes smoked per day
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multiplied by the number of years smoked, divided by 20. BMI was calculated using the standard formula: weight in kilograms divided by
height in meters squared, kg/m2 (Pescatello & American College of
Sports Medicine, 2014). Categories based on standard cut-points were
used: underweight (b 18.5), normal weight (≥ 18.5 and b25.0), overweight (≥ 25.0 and b 30.0), obese (≥ 30.0), or missing (Pescatello &
American College of Sports Medicine, 2014).
Three categories were used to index alcohol use by NHANES: abstainers, moderate drinkers, and heavy drinkers, each reﬂecting intake
over the past 12 months. Abstainers reported no alcohol intake. Moderate drinkers were men reporting N0 and b 3 alcoholic beverages per day
or women reporting N 0 and b 2 drinks per day. Heavy drinkers were
men reporting 3 or more drinks per day, or women reporting 2 or
more alcoholic beverages per day.
2.3. Statistical analyses
A sample weight is assigned to each person participating in NHANES
(Johnson et al., 2013). Each weight reﬂects the number of individuals in
the U.S. represented by that NHANES participant. According to NHANES,
the sample weights reﬂect the unequal probability of selection, nonresponse adjustment, and adjustment to independent population controls
(Johnson et al., 2013). When unequal selection probability is applied,
unbiased national estimates result from using the sample weights in
statistical analyses (Johnson et al., 2013). For the present study, sample
weights were based on 4 years of MEC (mobile examination center) records. To produce weighted frequencies, SAS SurveyFreq was used, and
SAS SurveyMeans was employed to estimate weighted means, each
generalizable to the U.S. adult population.
Because the outcome variable, telomere length, deviated from a normal distribution, it was transformed by natural logarithm before inclusion in the statistical analyses. The extent to which mean telomere
lengths differed across the physical activity categories was evaluated
using regression analysis and the SAS SurveyReg procedure. Partial correlation was employed using the SAS SurveyReg and LSmeans procedures to determine the extent to which the adjusted telomere length
means differed across the physical activity categories, after adjusting
for differences in the covariates.
Because individuals with short telomeres are at greater risk of several diseases (Chen et al., 2014; Scheller Madrid et al., 2016; Allende et al.,
2016), the extent to which adults in the various activity categories had
different odds of possessing short telomeres was calculated using SAS
SurveyLogistic. Short telomeres were operationalized as those in the
lowest sex-speciﬁc quartile of the sample.
All P-values were two-sided and statistical signiﬁcance was accepted
when alpha was b0.05. The analyses were performed using SAS Version
9.4 (SAS Institute, Inc., Cary, NC).
3. Results
Findings of the present investigation are based on complete data for
5823 participants. Table 1 shows the frequencies and weighted percentages for the exposure variable and each of the covariates. Mean (±SE)
age of the sample was 46.3 ± 0.4 years. Age and telomere length
were strongly, linearly, and inversely associated. For each year of
chronological age, telomeres were 15.6 base pairs shorter (F = 723.2,
R2 = 0.17, P b 0.0001). Age-squared was not predictive of telomere
length.
According to Table 2, relative physical activity was inversely
related to telomere length, after adjusting for all the demographic variables (F = 9.2, P b 0.0002). Similarly, after adjusting for differences in all
the demographic and lifestyle covariates, participants in the High PA
category had signiﬁcantly longer telomeres than adults in the Sedentary, Low, or Moderate groups (F = 8.3, P = 0.0004). Adults in the Sedentary, Low, and Moderate PA categories did not differ signiﬁcantly in
telomere length (Table 2).
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Table 1
Descriptive characteristics of the sample (n = 5823).
Variable

N

Age (years)
20–29
30–39
40–49
50–59
60–69
70–84

Weighted %

SE

1053
1027
1023
789
936
995

17.5
21.1
22.0
16.9
11.1
11.4

1.0
0.8
0.8
0.8
0.6
0.5

Gender
Men
Women

2766
3057

47.9
52.1

0.5
0.5

Race
Non-Hispanic White
Non-Hispanic Black
Mexican American
Other race
Other Hispanic

2826
1090
1458
150
299

71.7
10.5
7.6
3.5
6.7

2.0
1.3
0.9
0.6
1.6

Education
bHigh school
High school diploma
NHigh school

2108
1352
2363

23.4
26.4
50.2

1.1
0.8
1.4

Smoking (pack-years)
Non-smoker
1–14
15 or more

4710
733
380

77.9
14.1
8.0

0.9
0.5
0.7

Body mass index
Underweight
Normal weight
Overweight
Obese
Missing

84
1637
2047
1865
190

1.8
31.1
33.7
30.5
2.9

0.2
0.7
1.0
1.0
0.3

Alcohol use
Abstainer
Moderate drinker
Heavy drinker

2371
1730
1722

36.0
31.4
32.6

2.4
1.7
1.0

Physical activity-relative
Sedentary
Low
Moderate
High

3407
843
807
766

50.8
16.3
16.4
16.4

1.6
0.8
1.0
1.2

Physical activity-guidelines
Sedentary-G
Insufﬁcient-G
Moderate-G
High-G

3407
798
489
1129

50.8
15.4
9.6
24.2

1.6
0.8
0.6
1.4

Note: Values in the column, weighted %, reﬂect the distribution of participants after the
NHANES sample weights were applied. The Physical Activity-Relative categories were
based on the distribution of MET-minute levels for the present NHANES sample. Participants reporting no regular physical activity were classiﬁed as Sedentary, and the remaining adults, each reporting some physical activity in the past 30 days, were divided into sexspeciﬁc tertiles. The Physical Activity-Guidelines categories were based on the 2008 U.S.
Physical Activity Guidelines. Speciﬁcally, Sedentary-G included those reporting no regular
physical activity, Insufﬁcient-G included those performing some regular activity, but not
reaching the minimum standards of the guidelines, Moderate-G included those
performing 500–1000 MET-minutes of activity per week, and High-G included those
performing N1000 MET-minutes of activity per week. Age and smoking (pack-years)
were treated as continuous variables in the analyses.

As shown in Table 3, mean telomere lengths also differed signiﬁcantly across physical activity levels based on the U.S. guidelines (G). Specifically, adults in the High-G category had signiﬁcantly longer telomeres
than participants in the Sedentary-G, Insufﬁcient-G, or Moderate-G
physical activity groups, after controlling for the demographic variables
(F = 5.2, P = 0.0052), and after adjusting for all the covariates simultaneously (F = 4.3, P = 0.0133).
Results also showed a signiﬁcant relationship between the prevalence of short telomeres and relative physical activity (Rao-Scott ChiSquare: 51.7, P b 0.0001). Speciﬁcally, prevalence of short telomeres
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Table 2
Differences in mean telomere length (base pairs) by level of weekly MET-minutes of physical activity (relative) in U.S. women and men, after adjusting for the covariates.
Weekly physical activity (relative)
Covariate
Age
Demographics
Demographics and lifestyle

Sedentary
Mean ± SE

Low
Mean ± SE

Moderate
Mean ± SE

High
Mean ± SE

a

a

a

b

5765 ± 40
5786a ± 39
5811a ± 41

5775 ± 51
5793a ± 45
5814a ± 44

5815 ± 48
5828a ± 45
5841a ± 47

5923 ± 52
5938b ± 46
5952b ± 49

F

P

8.2
9.2
8.3

0.0004
0.0002
0.0004

a,b
Means on the same row with the same superscript letter were not statistically different (P N 0.05). The physical activity categories were based on relative MET-minute levels. Participants
reporting no regular physical activity were classiﬁed as Sedentary, and the remaining adults, each reporting some physical activity in the past 30 days, were divided into sex-speciﬁc
tertiles. Across the four categories of relative physical activity, weighted percentages were: 50.8% (n = 3407) reported no regular physical activity (Sedentary), 16.3% (n = 843) reported
Low levels, 16.4% (n = 807) reported Moderate levels, and 16.4% (n = 766) reported High levels of physical activity (MET-minutes). Because sample weights were applied to each participant, differences in the size of each category should be interpreted relative to percentages, not N. Means on the same row were adjusted for the covariates in the left column. The demographic covariates were: age, sex, race, and education. The lifestyle covariates were: body mass index, cigarette smoking, and alcohol use.

(sex-speciﬁc lowest quartile) decreased as level of relative activity increased: Sedentary (29.7%), Low (22.5%), Moderate (23.5%), and High
PA (14.2%).
Table 4 shows the relationship between relative PA level and the
odds of possessing short telomeres (i.e., lowest sex-speciﬁc quartile).
Results indicated that those in the Sedentary category had 1.95 times
the odds of having short telomeres compared to those in the High physical activity category (reference group), with all the demographic and
lifestyle covariates controlled statistically. Odds of possessing short telomeres did not differ between the Sedentary, Low, and Moderate levels
of activity.

4. Discussion
The focus of the present investigation was to determine the extent of
the relationship between physical activity, indexed using MET-minutes
per week, and telomere length, a bio-marker of cellular aging, in a large,
nationally representative sample of U.S. women and men, ages 20–84.
Findings showed that adults with High levels of physical activity had
signiﬁcantly longer telomeres than their counterparts, whether categorized using a relative measure of PA (Table 2) or cut-points established
by U.S. guidelines (Table 3). Moreover, adults with High levels of PA
were about half as likely to possess short telomeres compared to the
other activity categories (Table 4).
Regression results indicated that telomere shortening occurred at
the rate of 15.6 base pairs per year of age. Using the four categories
based on relative PA, after controlling for all the covariates simultaneously, adults in the High activity group had telomeres that were 140
base pairs longer than Sedentary participants, on average. Given this difference, interpretation of the results suggests that highly active U.S.
adults have a biologic aging advantage of approximately 9 years over
sedentary adults (140 base pairs ÷ 15.6), given the same age, gender,
race, education, BMI, smoking status, and alcohol use. The difference
in cell aging between those with High and Low activity also appears
meaningful at 8.8 years (137 base pairs ÷ 15.6), as well as the difference

between those in the High and Moderate PA categories (7.1 years; 111
base pairs ÷ 15.6).
In both the relative and guideline-based activity categories, adults in
the highest PA category had the longest telomeres and those in the sedentary category had the shortest telomeres. However, activity based on
the relative cut-points and categories was a better predictor of telomere
length than activity based on the U.S. guidelines. This was probably because the relative PA categories were sex-speciﬁc and included adults in
the High activity category who reported MET-minute levels that were
signiﬁcantly greater than the upper cut-point (i.e., N 1000 METminutes) established by the U.S. guidelines. Speciﬁcally, to be assigned
to the High activity category using the within-sample or relative cutpoints, adults had to be in the upper sex-speciﬁc tertile of those
reporting a measureable number of MET-minutes. Women had to accumulate at least 1375 MET-minutes per week, and men had to report a
minimum of 1887 MET-minutes per week to ﬁt into the highest tertile.
On the other hand, to be part of the High-G category based on the U.S.
activity guidelines required only that adults accumulate N 1000 METminutes per week (CDC, 2008).
In 2016, research by Kyu et al. showed that very high levels of physical activity, beyond current U.S. recommendations, account for added
protection against breast cancer, colon cancer, heart disease, and stroke
(Kyu et al., 2016). Although U.S. guidelines encourage adults to accumulate 500–1000 MET-minutes of activity per week or more, “more” seems
to result in greater disease prevention (Kyu et al., 2016). The present
study showed similar ﬁndings.
If a causal relationship between PA and telomere length is assumed,
this study suggests that current national guidelines are too conservative
at the upper end. Many health beneﬁts are missed when only 1000
MET-minutes per week are achieved (Kyu et al., 2016). In the present
study, men had to attain ≥ 1887 MET-minutes per week and women
≥1375 to be included in the category with the longest telomeres.
Controlling statistically for differences in the demographic and lifestyle variables had almost no impact on the association between relative
PA and telomere length. In each case, signiﬁcant differences remained
signiﬁcant. Consequently, the covariate analyses indicate that little of

Table 3
Differences in mean telomere length (base pairs) by level of weekly guideline-based MET-minutes of physical activity in U.S. men and women, after adjusting for the covariates.
Weekly guideline-based physical activity
Covariate

Sedentary-G
Mean ± SE

Insufﬁcient-G
Mean ± SE

Moderate-G
Mean ± SE

High-G
Mean ± SE

F

P

Age
Demographics
Demographics and lifestyle

5765a ± 40
5786a ± 39
5809a ± 41

5800a ± 52
5812a ± 45
5832a ± 43

5784a⁎ ± 68
5797a ± 64
5808a ± 65

5883b ± 44
5901b ± 39
5913b ± 43

4.9
5.2
4.3

0.0071
0.0052
0.0133

a,b

Means on the same row with the same superscript letter were not statistically different (P N 0.05). Across the four guideline-based categories of physical activity, weighted percentages
were: 50.8% (N = 3407) reported no physical activity (Sedentary-G), 15.4% (N = 798) reported Insufﬁcient-G levels (N0 and b500 MET-minutes per week), 9.6% (N = 489) reported
Moderate-G levels (≥500 and ≤1000 MET-minutes per week), and 24.2% (N = 1129) reported High-G levels of physical activity (N1000 MET-minutes per week). Because sample weights
were applied to each participant, differences in the number of subjects in each category should be interpreted using percentages, not N. Means on the same row were adjusted for the
covariates in the left column. The demographic covariates were: age, sex, race, and education. The lifestyle covariates were: body mass index, cigarette smoking, and alcohol use. The superscript notation a* indicates that the difference was borderline signiﬁcant (P N 0.05 and P b 0.06).
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Table 4
Odds of possessing short telomeres comparing adults with high activity levels to others
(n = 5823).
Covariate

Physical activity level (relative)
Sedentary

Age
Demographics
All covariates

Low

Moderate

High

OR

95% CI

OR

95% CI

OR

95% CI

OR

2.08
1.99
1.95

1.54–2.80
1.45–2.74
1.38–2.75

1.76
1.74
1.66

1.20–2.57
1.23–2.46
1.21–2.30

1.69
1.70
1.73

1.19–2.40
1.19–2.43
1.24–2.40

1.00
1.00
1.00

The outcome of interest was short telomeres, deﬁned as telomeres in the lowest sex-speciﬁc
quartile. The four physical activity categories were formed based on relative physical activity levels (MET-minutes). Participants reporting no regular physical activity were classiﬁed
as Sedentary, and the remaining adults, each reporting some regular physical activity in the
past 30 days, were divided into sex-speciﬁc tertiles. Speciﬁcally, Sedentary (n = 3407;
50.8%), Low (n = 843; 16.3%), Moderate (n = 807; 16.4%), and High (n = 766; 16.4%).

the association between relative PA and telomere length can be attributed to differences in age, gender, race, education, BMI, smoking, and
alcohol use.
Comparing the associations between lifestyle factors other than
PA and telomere length adds perspective to the current ﬁndings.
For example, adults with a history of 15 or more pack-years of
smoking had telomeres that were 112 base pairs shorter than nonsmokers (F = 6.1, P = 0.0063), suggesting 7.2 years of increased cellular
aging. Adults with obesity had telomeres that were 94 base pairs
shorter than normal weight individuals, after adjusting for the covariates (F = 3.5, P = 0.0201), suggesting about 6 years of additional biological aging. On the other hand, alcohol use and telomere length
were not associated (F = 0.2, P = 0.8031). Hence, it appears that physical activity may account for differences in telomere length as well or
better than common lifestyle factors such as cigarette smoking, obesity,
and alcohol use.
Why was physical activity predictive of longer telomeres? Although
the precise mechanism is unknown, it is important to note that telomere length and cell senescence are closely related to inﬂammation
and oxidative stress (Kordinas et al., 2016; Zhou et al., 2016; Zhang et
al., 2016; Jurk et al., 2014; Babizhayev et al., 2011). Research shows
that chronic physical activity suppresses inﬂammation and oxidative
stress (Campos et al., 2014; Gomes et al., 2012; Nimmo et al., 2013), although an acute bout increases the inﬂammatory process short-term
(Liburt et al., 2010). Physical activity may reduce inﬂammation and oxidative stress through multiple mechanisms, including reduced production of reactive oxygen species (Bjork et al., 2012), accelerated
production of DNA-repairing enzymes (Radak et al., 2003), greater genetic expression of antioxidant proteins (Gomez-Cabrera et al., 2008),
and exercise-induced release of cfDNA into the circulation (Pokrywka
et al., 2015). Additionally, regular activity could moderate oxidative
stress by decreasing tumor necrosis factor α (TNFα), C-reactive protein,
and interleukin-6 (Teixeira-Lemos et al., 2011). Lastly, irisin, a hormone
released by muscle, is directly related to telomere length (Rana et al.,
2014). Several studies indicate that irisin levels increase progressively
as levels of physical work and exercise increase (Daskalopoulou et al.,
2014; Huh et al., 2014).
There were several limitations associated with the present investigation. First, the cross-sectional design of NHANES precludes causal inferences. Second, participants reporting high levels of PA could
represent unique adults who engage in a lifestyle that is different from
others. Because of this potential threat, a number of variables were controlled statistically. They had little effect on the outcome. However,
there are always other unidentiﬁed variables that could account for
the association between PA and telomere length.
Unmeasured variables that could explain some of the relationship
between PA and telomere length include depression, psychosocial
stress, and sleep disturbances. These factors are associated with decreased levels of PA and could affect telomere length. In two meta-
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analytic studies, Lin et al. (2016) and Ridout et al. (2016) showed that
adults with depression have shorter telomeres than others. Similarly,
Mathur et al. (2016) and Schutte et al. (Schutte & Malouff, 2016) each
revealed weak but signiﬁcant relationships between stress and telomere length in meta-analysis investigations. Additionally, research by
Cribbet et al. (2014) showed that poor sleep quality and quantity are
also associated with increased cellular aging.
Differences in vitamin and mineral consumption have also been
shown to account for longer telomeres according to Mazidi et al. in
two studies (Mazidi et al., 2017a; Mazidi et al., 2017b). These differences could partly explain why adults with high levels of PA tend to
have longer telomeres.
Finally, the present study did not include assessment of telomerase
activity. Research indicates that telomerase activity may increase as a
result of a single treadmill running session (Zietzer et al., 2016), although self-reported PA does not seem related to telomerase activity
(Ludlow et al., 2008).
There were also several strengths associated with the present study.
First, telomere length was measured by a reputable lab using wellestablished methods, independent of this study. Moreover, telomere
length was strongly related to chronological age, as it should be, and
telomere length was signiﬁcantly related to other risk factors, such as
smoking and obesity, suggesting concurrent validity. Second, the sample was randomly selected by NHANES using a multistage, probability
sampling design. The sample was large, multi-racial, and representative
of the U.S. population 20–84 years of age, allowing broad generalization
of the results. Lastly, statistical adjustments were made for differences
in a number of covariates, including age, gender, race, education,
smoking, BMI, and alcohol use. Findings indicated that the relation between physical activity and telomere length was independent of these
factors.
5. Conclusions
Level of participation in physical activity was signiﬁcantly and
meaningfully associated with telomere length in a sample of 5823
men and women representing U.S. adults. According to the ﬁndings,
telomere length does not differ among the sedentary and those engaged
in low or moderate levels of physical activity. However, adults who participate in high levels of physical activity tend to have signiﬁcantly longer telomeres than their counterparts, accounting for up to 9 years of
reduced cellular aging. Results of the present investigation highlight
the risk of accelerated aging among men and women who do not engage in high levels of physical activity.
Conﬂict of interest
None.
Funding
This research did not receive any speciﬁc grant from funding agencies in the public, commercial, or not-for-proﬁt sectors.
Acknowledgments
A special thanks to all of the NHANES participants who gave freely of
their time to make this and other studies possible.
References
Ainsworth, B.E., Haskell, W.L., Whitt, M.C., Irwin, M.L., Swartz, A.M., Strath, S.J., O'Brien,
W.L., Bassett Jr., D.R., Schmitz, K.H., Emplaincourt, P.O., Jacobs Jr., D.R., Leon, A.S.,
2000. Compendium of physical activities: an update of activity codes and MET intensities. Med. Sci. Sports Exerc. 32 (9 Suppl), S498–S504 (PubMed PMID: 10993420).
Allende, M., Molina, E., Gonzalez-Porras, J.R., Toledo, E., Lecumberri, R., Hermida, J., 2016.
Short leukocyte telomere length is associated with cardioembolic stroke risk in

150

L.A. Tucker / Preventive Medicine 100 (2017) 145–151

patients with atrial ﬁbrillation. Stroke J. Cereb. Circ. 47 (3):863–865. http://dx.doi.
org/10.1161/STROKEAHA.115.011837 (PubMed PMID: 26786116).
Aubert, G., Lansdorp, P.M., 2008. Telomeres and aging. Physiol. Rev. 88 (2):557–579.
http://dx.doi.org/10.1152/physrev.00026.2007 (PubMed PMID: 18391173).
Aune, D., Norat, T., Leitzmann, M., Tonstad, S., Vatten, L.J., 2015. Physical activity and the
risk of type 2 diabetes: a systematic review and dose-response meta-analysis. Eur.
J. Epidemiol. 30 (7):529–542. http://dx.doi.org/10.1007/s10654-015-0056-z
(PubMed PMID: 26092138).
Babizhayev, M.A., Savel'yeva, E.L., Moskvina, S.N., Yegorov, Y.E., 2011. Telomere length
is a biomarker of cumulative oxidative stress, biologic age, and an independent
predictor of survival and therapeutic treatment requirement associated with
smoking behavior. Am. J. Ther. 18 (6):e209–e226. http://dx.doi.org/10.1097/MJT.
0b013e3181cf8ebb (PubMed PMID: 20228673).
Bjork, L., Jenkins, N.T., Witkowski, S., Hagberg, J.M., 2012. Nitro-oxidative stress
biomarkers in active and inactive men. Int. J. Sports Med. 33 (4):279–284. http://
dx.doi.org/10.1055/s-0032-1301891 (PubMed PMID: 22377943).
Booth 3rd, J.N., Colantonio, L.D., Howard, G., Safford, M.M., Banach, M., Reynolds, K.,
Cushman, M., Muntner, P., 2016. Healthy lifestyle factors and incident heart disease
and mortality in candidates for primary prevention with statin therapy. Int.
J. Cardiol. 207:196–202. http://dx.doi.org/10.1016/j.ijcard.2016.01.001 (PubMed
PMID: 26803243).
Brown, L., Needham, B., Ailshire, J., 2016. Telomere length among older U.S. adults:
differences by race/ethnicity, gender, and age. J. Aging Health http://dx.doi.org/10.
1177/0898264316661390 (PubMed PMID: 27469599).
Bushman, B.A., Battista, R., American College of Sports Medicine, 2014. ACSM's Resources
for the Personal Trainer. fourth ed. Wolters Kluwer/Lippincott Williams & Wilkins
Health, Philadelphia xvi. (627 p.).
Campos, R.M., de Mello, M.T., Tock, L., Silva, P.L., Masquio, D.C., de Piano, A., Sanches, P.L.,
Carnier, J., Corgosinho, F.C., Foschini, D., Tuﬁk, S., Damaso, A.R., 2014. Aerobic plus
resistance training improves bone metabolism and inﬂammation in adolescents
who are obese. J. Strength Cond. Res./Natl. Strength Cond. Assoc. 28 (3):758–766.
http://dx.doi.org/10.1519/JSC.0b013e3182a996df (PubMed PMID: 24263653).
Carty, C.L., Kooperberg, C., Liu, J., Herndon, M., Assimes, T., Hou, L., Kroenke, C.H., LaCroix,
A.Z., Kimura, M., Aviv, A., Reiner, A.P., 2015. Leukocyte telomere length and risks of
incident coronary heart disease and mortality in a racially diverse population of postmenopausal women. Arterioscler. Thromb. Vasc. Biol. 35 (10):2225–2231. http://dx.
doi.org/10.1161/ATVBAHA.115.305838 (PubMed PMID: 26249011; PubMed Central
PMCID: PMC4713196).
CDC, 2008. Physical Activity guidelines for Americans. U.S. Department of Health
and Human Services. Available from: https://health.gov/paguidelines/guidelines/
(Last accessed: April 17, 2017).
Chen, S., Lin, J., Matsuguchi, T., Blackburn, E., Yeh, F., Best, L.G., Devereux, R.B., Lee, E.T.,
Howard, B.V., Roman, M.J., Zhao, J., 2014. Short leukocyte telomere length predicts incidence and progression of carotid atherosclerosis in American Indians: the Strong
Heart Family Study. Aging (Albany NY) 6 (5):414–427. http://dx.doi.org/10.18632/
aging.100671 (PubMed PMID: 24902894; PubMed Central PMCID: PMC4069268).
Cribbet, M.R., Carlisle, M., Cawthon, R.M., Uchino, B.N., Williams, P.G., Smith, T.W., Gunn,
H.E., Light, K.C., 2014. Cellular aging and restorative processes: subjective sleep quality and duration moderate the association between age and telomere length in a
sample of middle-aged and older adults. Sleep 37 (1):65–70. http://dx.doi.org/10.
5665/sleep.3308 (PubMed PMID: 24470696; PubMed Central PMCID: PMC3902883).
Curtin, L.R., Mohadjer, L.K., Dohrmann, S.M., Montaquila, J.M., Kruszan-Moran, D., Mirel,
L.B., Carroll, M.D., Hirsch, R., Schober, S., Johnson, C.L., 2012. The National Health
and Nutrition Examination Survey: Sample Design, 1999–2006. Vital Health Stat.
Ser. 2, Data Eval. Methods Res. 155, 1–39 (PubMed PMID: 22788053).
Daskalopoulou, S.S., Cooke, A.B., Gomez, Y.H., Mutter, A.F., Filippaios, A., Mesfum, E.T.,
Mantzoros, C.S., 2014. Plasma irisin levels progressively increase in response to increasing exercise workloads in young, healthy, active subjects. Eur. J. Endocrinol.
171 (3):343–352. http://dx.doi.org/10.1530/EJE-14-0204 (PubMed PMID:
24920292).
Gomes, E.C., Silva, A.N., de Oliveira, M.R., 2012. Oxidants, antioxidants, and the beneﬁcial
roles of exercise-induced production of reactive species. Oxidative Med. Cell. Longev.
2012:756132. http://dx.doi.org/10.1155/2012/756132 (PubMed PMID: 22701757;
PubMed Central PMCID: PMC3372226).
Gomez-Cabrera, M.C., Domenech, E., Vina, J., 2008. Moderate exercise is an antioxidant:
upregulation of antioxidant genes by training. Free Radic. Biol. Med. 44 (2):
126–131. http://dx.doi.org/10.1016/j.freeradbiomed.2007.02.001 (PubMed PMID:
18191748).
Houben, J.M., Moonen, H.J., van Schooten, F.J., Hageman, G.J., 2008. Telomere length assessment: biomarker of chronic oxidative stress? Free Radic. Biol. Med. 44 (3):
235–246. http://dx.doi.org/10.1016/j.freeradbiomed.2007.10.001 (PubMed PMID:
18021748).
Huh, J.Y., Mougios, V., Kabasakalis, A., Fatouros, I., Siopi, A., Douroudos, I.I., Filippaios, A.,
Panagiotou, G., Park, K.H., Mantzoros, C.S., 2014. Exercise-induced irisin secretion is
independent of age or ﬁtness level and increased irisin may directly modulate muscle
metabolism through AMPK activation. J. Clin. Endocrinol. Metab. 99 (11):
E2154–E2161. http://dx.doi.org/10.1210/jc.2014-1437 (PubMed PMID: 25119310).
Huzen, J., Wong, L.S., van Veldhuisen, D.J., Samani, N.J., Zwinderman, A.H., Codd, V.,
Cawthon, R.M., Benus, G.F., van der Horst, I.C., Navis, G., Bakker, S.J., Gansevoort,
R.T., de Jong, P.E., Hillege, H.L., van Gilst, W.H., de Boer, R.A., van der Harst, P., 2014.
Telomere length loss due to smoking and metabolic traits. J. Intern. Med. 275 (2):
155–163. http://dx.doi.org/10.1111/joim.12149 (PubMed PMID: 24118582).
Janssen, I., Carson, V., Lee, I.M., Katzmarzyk, P.T., Blair, S.N., 2013. Years of life gained due
to leisure-time physical activity in the U.S. Am. J. Prev. Med. 44 (1):23–29. http://dx.
doi.org/10.1016/j.amepre.2012.09.056 (PubMed PMID: 23253646; PubMed Central
PMCID: PMC3798023).

Johnson, C.L., Paulose-Ram, R., Ogden, C.L., Carroll, M.D., Kruszon-Moran, D., Dohrmann,
S.M., Curtin, L.R., 2013. National health and nutrition examination survey: analytic
guidelines, 1999–2010. Vital Health Stat. Ser. 2, Data Eval. Methods Res. 161, 1–24
(PubMed PMID: 25090154).
Jurk, D., Wilson, C., Passos, J.F., Oakley, F., Correia-Melo, C., Greaves, L., Saretzki, G., Fox, C.,
Lawless, C., Anderson, R., Hewitt, G., Pender, S.L., Fullard, N., Nelson, G., Mann, J., van
de Sluis, B., Mann, D.A., von Zglinicki, T., 2014. Chronic inﬂammation induces telomere dysfunction and accelerates ageing in mice. Nat. Commun. 2:4172. http://dx.
doi.org/10.1038/ncomms5172 (PubMed PMID: 24960204; PubMed Central PMCID:
PMC4090717).
Kordinas, V., Ioannidis, A., Chatzipanagiotou, S., 2016. The telomere/telomerase system in
chronic inﬂammatory diseases. Cause or effect? Genes 7 (9). http://dx.doi.org/10.
3390/genes7090060 (PubMed PMID: 27598205; PubMed Central PMCID:
PMC5042391).
Kyu, H.H., Bachman, V.F., Alexander, L.T., Mumford, J.E., Afshin, A., Estep, K., Veerman, J.L.,
Delwiche, K., Iannarone, M.L., Moyer, M.L., Cercy, K., Vos, T., Murray, C.J., Forouzanfar,
M.H., 2016. Physical activity and risk of breast cancer, colon cancer, diabetes, ischemic
heart disease, and ischemic stroke events: systematic review and dose-response
meta-analysis for the global burden of disease study 2013. BMJ 354:i3857. http://
dx.doi.org/10.1136/bmj.i3857 (PubMed PMID: 27510511; PubMed Central PMCID:
PMC4979358).
Lee, J.Y., Jun, N.R., Yoon, D., Shin, C., Baik, I., 2015. Association between dietary patterns in
the remote past and telomere length. Eur. J. Clin. Nutr. 69 (9):1048–1052. http://dx.
doi.org/10.1038/ejcn.2015.58 (PubMed PMID: 25872911).
Li, T., Wei, S., Shi, Y., Pang, S., Qin, Q., Yin, J., Deng, Y., Chen, Q., Wei, S., Nie, S., Liu, L., 2016.
The dose-response effect of physical activity on cancer mortality: ﬁndings from 71
prospective cohort studies. Br. J. Sports Med. 50 (6):339–345. http://dx.doi.org/10.
1136/bjsports-2015-094927 (PubMed PMID: 26385207).
Lian, F., Wang, J., Huang, X., Wu, Y., Cao, Y., Tan, X., Xu, X., Hong, Y., Yang, L., Gao, X., 2015.
Effect of vegetable consumption on the association between peripheral leucocyte
telomere length and hypertension: a case-control study. BMJ Open 5 (11),
e009305. http://dx.doi.org/10.1136/bmjopen-2015-009305 (PubMed PMID:
26560064; PubMed Central PMCID: PMC4654285).
Liburt, N.R., Adams, A.A., Betancourt, A., Horohov, D.W., McKeever, K.H., 2010. Exercise-induced increases in inﬂammatory cytokines in muscle and blood of horses. Equine Vet.
J. Suppl. 38:280–288. http://dx.doi.org/10.1111/j.2042-3306.2010.00275.x (PubMed
PMID: 21059019).
Lin, P.Y., Huang, Y.C., Hung, C.F., 2016. Shortened telomere length in patients with depression: a meta-analytic study. J. Psychiatr. Res. 76:84–93. http://dx.doi.org/10.1016/j.
jpsychires.2016.01.015 (PubMed PMID: 26919486).
Liu, L., Shi, Y., Li, T., Qin, Q., Yin, J., Pang, S., Nie, S., Wei, S., 2016. Leisure time physical activity and cancer risk: evaluation of the WHO's recommendation based on 126 highquality epidemiological studies. Br. J. Sports Med. 50 (6):372–378. http://dx.doi.org/
10.1136/bjsports-2015-094728 (PubMed PMID: 26500336).
Ludlow, A.T., Zimmerman, J.B., Witkowski, S., Hearn, J.W., Hatﬁeld, B.D., Roth, S.M., 2008.
Relationship between physical activity level, telomere length, and telomerase
activity. Med. Sci. Sports Exerc. 40 (10):1764–1771. http://dx.doi.org/10.1249/MSS.
0b013e31817c92aa (PubMed PMID: 18799986; PubMed Central PMCID:
PMC2581416).
Marcon, F., Siniscalchi, E., Crebelli, R., Saieva, C., Sera, F., Fortini, P., Simonelli, V., Palli, D.,
2012. Diet-related telomere shortening and chromosome stability. Mutagenesis 27
(1):49–57. http://dx.doi.org/10.1093/mutage/ger056 (PubMed PMID: 21857007;
PubMed Central PMCID: PMC3241941).
Mathur, M.B., Epel, E., Kind, S., Desai, M., Parks, C.G., Sandler, D.P., Khazeni, N., 2016. Perceived stress and telomere length: a systematic review, meta-analysis, and
methodologic considerations for advancing the ﬁeld. Brain Behav. Immun. 54:
158–169. http://dx.doi.org/10.1016/j.bbi.2016.02.002 (PubMed PMID: 26853993).
Mazidi, M., Kengne, A.P., Banach, M., 2017a. Mineral and vitamin consumption and telomere length among adults in the United States. Pol. Arch. Intern. Med. 127 (2):
87–90. http://dx.doi.org/10.20452/pamw.3927 (PubMed PMID: 28150689).
Mazidi, M., Michos, E.D., Banach, M., 2017b. The association of telomere length and serum
25-hydroxyvitamin D levels in US adults: the national health and nutrition examination survey. Arch. Med. Sci.: AMS 13 (1):61–65. http://dx.doi.org/10.5114/aoms.2017.
64714 (PubMed PMID: 28144256; PubMed Central PMCID: PMC5206371).
Mundstock, E., Zatti, H., Louzada, F.M., Oliveira, S.G., Guma, F.T., Paris, M.M., Rueda, A.B.,
Machado, D.G., Stein, R.T., Jones, M.H., Sarria, E.E., Barbe-Tuana, F.M., Mattiello, R.,
2015a. Effects of physical activity in telomere length: systematic review and metaanalysis. Ageing Res. Rev. 22:72–80. http://dx.doi.org/10.1016/j.arr.2015.02.004
(PubMed PMID: 25956165).
Mundstock, E., Sarria, E.E., Zatti, H., Mattos Louzada, F., Kich Grun, L., Herbert Jones, M.,
Guma, F.T., Mazzola In Memoriam J, Epifanio, M., Stein, R.T., Barbe-Tuana, F.M.,
Mattiello, R., 2015b. Effect of obesity on telomere length: systematic review and
meta-analysis. Obesity 23 (11):2165–2174. http://dx.doi.org/10.1002/oby.21183
(PubMed PMID: 26407932).
Needham, B.L., Adler, N., Gregorich, S., Rehkopf, D., Lin, J., Blackburn, E.H., Epel, E.S., 2013.
Socioeconomic status, health behavior, and leukocyte telomere length in the
national health and nutrition examination survey, 1999–2002. Soc. Sci. Med. 85:
1–8. http://dx.doi.org/10.1016/j.socscimed.2013.02.023 (PubMed PMID: 23540359;
PubMed Central PMCID: PMC3666871).
NHANES, 1999–2006. Questionnaires, Datasets, and Related Documentation: Centers for
Disease Control and Prevention. Available from: http://www.cdc.gov/nchs/nhanes/
nhanes_questionnaires.htm (Last accessed April 17, 2017).
NHANES, 1999–2014. National Center of Health Statistics Research Ethics Review Board
(ERB) Approval: Centers for Disease Control and Prevention. cited 2016 September
1. Available from: http://www.cdc.gov/nchs/nhanes/irba98.htm (Last accessed April
17, 2017).

L.A. Tucker / Preventive Medicine 100 (2017) 145–151
NHANES, 2001–2002. Data Documentation, Codebook, and Frequencies. Telomere Mean
and Standard Deviation.: CDC; 2001–2002. cited 2017 February 3. Available from:
https://wwwn.cdc.gov/Nchs/Nhanes/2001-2002/TELO_B.htm (Last accessed April
17, 2017).
NHANES, 2004. Physical Activity, Individual Activities (PAQIAF_B): Data documentation,
Codebook, and Frequencies: Centers for Disease Control and Prevention. Available
from: http://wwwn.cdc.gov/Nchs/Nhanes/2001-2002/PAQIAF_B.htm (Last accessed
April 17, 2017).
Nimmo, M.A., Leggate, M., Viana, J.L., King, J.A., 2013. The effect of physical activity on mediators of inﬂammation. Diabetes Obes. Metab. 15 (Suppl. 3):51–60. http://dx.doi.
org/10.1111/dom.12156 (PubMed PMID: 24003921).
Njajou, O.T., Hsueh, W.C., Blackburn, E.H., Newman, A.B., Wu, S.H., Li, R., Simonsick, E.M.,
Harris, T.M., Cummings, S.R., Cawthon, R.M., 2009. Health ABCs. Association between
telomere length, speciﬁc causes of death, and years of healthy life in health, aging,
and body composition, a population-based cohort study. J. Gerontol. A Biol. Sci.
Med. Sci. 64 (8):860–864. http://dx.doi.org/10.1093/gerona/glp061 (PubMed PMID:
19435951; PubMed Central PMCID: PMC2981462).
Pescatello, L.S., American College of Sports Medicine, 2014. ACSM's Guidelines for Exercise
Testing and Prescription. nineth ed. Wolters Kluwer/Lippincott Williams & Wilkins
Health, Philadelphia, p. 456 xxiv.
Pokrywka, A., Zembron-Lacny, A., Baldy-Chudzik, K., Orysiak, J., Sitkowski, D., Banach, M.,
2015. The inﬂuence of hypoxic physical activity on cfDNA as a new marker of vascular
inﬂammation. Arch. Med. Sci.: AMS 11 (6):1156–1163. http://dx.doi.org/10.5114/
aoms.2015.56341 (PubMed PMID: 26788076; PubMed Central PMCID: PMC4697049).
Radak, Z., Apor, P., Pucsok, J., Berkes, I., Ogonovszky, H., Pavlik, G., Nakamoto, H., Goto, S.,
2003. Marathon running alters the DNA base excision repair in human skeletal muscle. Life Sci. 72 (14), 1627–1633 (PubMed PMID: 12551751).
Rana, K.S., Arif, M., Hill, E.J., Aldred, S., Nagel, D.A., Nevill, A., Randeva, H.S., Bailey, C.J.,
Bellary, S., Brown, J.E., 2014. Plasma irisin levels predict telomere length in healthy
adults. Age 36 (2):995–1001. http://dx.doi.org/10.1007/s11357-014-9620-9 (PubMed
PMID: 24469890; PubMed Central PMCID: PMC4039281).
Ridout, K.K., Ridout, S.J., Price, L.H., Sen, S., Tyrka, A.R., 2016. Depression and telomere
length: a meta-analysis. J. Affect. Disord. 191:237–247. http://dx.doi.org/10.1016/j.
jad.2015.11.052 (PubMed PMID: 26688493; PubMed Central PMCID: PMC4760624).
Samitz, G., Egger, M., Zwahlen, M., 2011. Domains of physical activity and all-cause mortality: systematic review and dose-response meta-analysis of cohort studies. Int.
J. Epidemiol. 40 (5):1382–1400. http://dx.doi.org/10.1093/ije/dyr112 (PubMed
PMID: 22039197).
Sattelmair, J., Pertman, J., Ding, E.L., Kohl 3rd, H.W., Haskell, W., Lee, I.M., 2011. Dose response between physical activity and risk of coronary heart disease: a meta-analysis.
Circulation 124 (7):789–795. http://dx.doi.org/10.1161/CIRCULATIONAHA.110.
010710 (PubMed PMID: 21810663; PubMed Central PMCID: PMC3158733).
Scheller Madrid, A., Rode, L., Nordestgaard, B.G., Bojesen, S.E., 2016. Short telomere length
and ischemic heart disease: observational and genetic studies in 290 022 individuals.
Clin. Chem. 62 (8):1140–1149. http://dx.doi.org/10.1373/clinchem.2016.258566
(PubMed PMID: 27259814).
Schutte, N.S., Malouff, J.M., 2016. The relationship between perceived stress and telomere
length: a meta-analysis. Stress Health: J. Int. Soc. Investig. Stress 32 (4):313–319.
http://dx.doi.org/10.1002/smi.2607 (PubMed PMID: 25393133).

151

Shiels, P.G., McGlynn, L.M., MacIntyre, A., Johnson, P.C., Batty, G.D., Burns, H., Cavanagh, J.,
Deans, K.A., Ford, I., McConnachie, A., McGinty, A., McLean, J.S., Millar, K., Sattar, N.,
Tannahill, C., Velupillai, Y.N., Packard, C.J., 2011. Accelerated telomere attrition is associated with relative household income, diet and inﬂammation in the pSoBid cohort.
PLoS One 6 (7), e22521. http://dx.doi.org/10.1371/journal.pone.0022521 (PubMed
PMID: 21818333; PubMed Central PMCID: PMC3144896).
Soriano-Maldonado, A., Aparicio, V.A., Felix-Redondo, F.J., Fernandez-Berges, D., 2016. Severity of obesity and cardiometabolic risk factors in adults: sex differences and role of
physical activity. The HERMEX study. Int. J. Cardiol. 223:352–359. http://dx.doi.org/
10.1016/j.ijcard.2016.07.253 (PubMed PMID: 27543708).
Teixeira-Lemos, E., Nunes, S., Teixeira, F., Reis, F., 2011. Regular physical exercise
training assists in preventing type 2 diabetes development: focus on its antioxidant
and anti-inﬂammatory properties. Cardiovasc. Diabetol. 10:12. http://dx.doi.org/10.
1186/1475-2840-10-12 (PubMed PMID: 21276212; PubMed Central PMCID:
PMC3041659).
Weischer, M., Bojesen, S.E., Cawthon, R.M., Freiberg, J.J., Tybjaerg-Hansen, A.,
Nordestgaard, B.G., 2012. Short telomere length, myocardial infarction, ischemic
heart disease, and early death. Arterioscler. Thromb. Vasc. Biol. 32 (3):822–829.
http://dx.doi.org/10.1161/ATVBAHA.111.237271 (PubMed PMID: 22199369).
Whelton, S.P., Chin, A., Xin, X., He, J., 2002. Effect of aerobic exercise on blood pressure: a
meta-analysis of randomized, controlled trials. Ann. Intern. Med. 136 (7), 493–503
(PubMed PMID: 11926784).
Wolkowitz, O.M., Mellon, S.H., Epel, E.S., Lin, J., Dhabhar, F.S., Su, Y., Reus, V.I., Rosser, R.,
Burke, H.M., Kupferman, E., Compagnone, M., Nelson, J.C., Blackburn, E.H., 2011. Leukocyte telomere length in major depression: correlations with chronicity, inﬂammation and oxidative stress—preliminary ﬁndings. PLoS One 6 (3), e17837. http://dx.doi.
org/10.1371/journal.pone.0017837 (PubMed PMID: 21448457; PubMed Central
PMCID: PMC3063175).
Wu, Y., Zhang, D., Kang, S., 2013. Physical activity and risk of breast cancer: a meta-analysis of prospective studies. Breast Cancer Res. Treat. 137 (3):869–882. http://dx.doi.
org/10.1007/s10549-012-2396-7 (PubMed PMID: 23274845).
Zhang, J., Rane, G., Dai, X., Shanmugam, M.K., Arfuso, F., Samy, R.P., Lai, M.K., Kappei, D.,
Kumar, A.P., Sethi, G., 2016. Ageing and the telomere connection: an intimate relationship with inﬂammation. Ageing Res. Rev. 25:55–69. http://dx.doi.org/10.1016/j.
arr.2015.11.006 (PubMed PMID: 26616852).
Zhao, J., Miao, K., Wang, H., Ding, H., Wang, D.W., 2013. Association between telomere
length and type 2 diabetes mellitus: a meta-analysis. PLoS One 8 (11), e79993.
http://dx.doi.org/10.1371/journal.pone.0079993 (PubMed PMID: 24278229;
PubMed Central PMCID: PMC3836967).
Zhou, M., Zhu, L., Cui, X., Feng, L., Zhao, X., He, S., Ping, F., Li, W., Li, Y., 2016. Inﬂuence of
diet on leukocyte telomere length, markers of inﬂammation and oxidative stress in
individuals with varied glucose tolerance: a Chinese population study. Nutr. J. 15:
39. http://dx.doi.org/10.1186/s12937-016-0157-x (PubMed PMID: 27071648;
PubMed Central PMCID: PMC4830058).
Zietzer, A., Buschmann, E.E., Janke, D., Li, L., Brix, M., Meyborg, H., Stawowy, P., Jungk, C.,
Buschmann, I., Hillmeister, P., 2016. Acute physical exercise and long-term individual
shear rate therapy increase telomerase activity in human peripheral blood mononuclear cells. Acta Physiol. http://dx.doi.org/10.1111/apha.12820 (PubMed PMID:
27770498).

