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Leukocyte telomere length (LTL) is a potential indicator of cellular aging; however, its relation to physical activity
and sedentary behavior is unclear. The authors examined cross-sectionally associations among activity, sedentary
behavior, and LTL among 7,813 women aged 43-70 years in the Nurses’ Health Study. Participants self-reported
activity by questionnaire in 1988 and 1992 and sedentary behavior in 1992. Telomere length in peripheral blood
leukocytes, collected in 1989—-1990, was measured by quantitative polymerase chain reaction. The least-squares
mean telomere length (z-score) was calculated after adjustment for age and other potential confounders. For total
activity, moderately or highly active women had a 0.07-standard deviation (SD) increase in LTL (2-sided Pyeng = 0.02)
compared with those least active. Greater moderate- or vigorous-intensity activity was also associated with in-
creased LTL (SD = 0.11 for 2—4 vs. <1 hour/week and 0.04 for >7 vs. <1 hour/week; 2-sided Pyeng = 0.02).
Specifically, calisthenics or aerobics was associated with increased LTL (SD = 0.10 for >2.5 vs. 0 hours/week;
2-sided Pyeng = 0.04). Associations remained after adjustment for body mass index. Other specific activities and
sitting were unassociated with LTL. Although associations were modest, these findings suggest that even
moderate amounts of activity may be associated with longer telomeres, warranting further investigation in large

prospective studies.

biological markers; cohort studies; epidemiology; exercise; physical activity; sedentary lifestyle; telomere

Abbreviations: LTL, leukocyte telomere length; MET, metabolic equivalent; MET-hours/week, metabolic equivalent hours of
activity/week; NHS, Nurses’ Health Study; SD, standard deviation; T/S, telomere repeat copy number/single-gene (36B84) copy

number.

Telomeres are repetitive DNA-protein complexes that
protect the ends of linear chromosomes and maintain genomic
stability (1). Telomeres undergo erosion each time the cell
divides; oxidative stress increases this attrition, and inflam-
mation enhances leukocyte turnover (2). Thus, leukocyte
telomere length (LTL) may reflect cumulative exposure to
oxidative and inflammatory damage, serving as a potential
indicator of cellular aging (2). Critically short telomeres may
lead to chromosomal degradation, end-to-end fusion, and
atypical recombination, processes implicated in disease
development (3). Epidemiologic studies have shown links
between shortened LTL and increased risk of age-related
outcomes, such as cancer incidence and mortality (4-7),
type 2 diabetes (8, 9), and cardiovascular disease (3, 10). Given

that telomere shortening may underlie many diseases, it is
important to identify modifiable factors that influence telomere
dynamics.

Regular physical activity has been associated with decreased
levels of oxidative stress and inflammation, and it helps to
prevent chronic disease (11-13). Despite these benefits, in-
creasing sedentary behavior is a major public health concern
in the United States (13). Evidence from population-based
studies on the relation between physical activity and telomere
length has been limited and inconsistent (6, 14—19), and the
potential role of moderate- or vigorous-intensity activity
and specific types of activity is unclear. Moreover, previous
studies have not evaluated the association between sedentary
behavior and LTL. Obese individuals may possess shorter
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telomeres (20) and, as a sedentary lifestyle predicts obesity
(21), sedentary behaviors may potentially influence telomere
length.

To address these questions, we extended previous analyses
of diet and other lifestyle factors and LTL in the Nurses’
Health Study (NHS) (15) to 7,813 women aged 43-70 years.
We examined cross-sectionally the relation between physical
activity and LTL and explored the potential role of moderate
or vigorous and specific activities, as well as sedentary be-
haviors, in LTL dynamics.

MATERIALS AND METHODS
Study population

The NHS prospective cohort was established in 1976 when
121,700 female registered nurses in the United States aged
30-55 years completed and returned a mailed questionnaire.
Detailed information on individual characteristics and new
disease diagnoses has been updated biennially by question-
naire. From 1989 to 1990, 32,826 women provided blood
samples and completed a questionnaire. Details of the NHS
and blood collection methods have been described previously
(22). Completion of the self-administered questionnaire and
submission of a blood sample were considered to imply in-
formed consent. The protocol for this study was approved by
the human research committees at Brigham and Women’s
Hospital, Boston, Massachusetts.

Among women who had previously provided a blood
sample in the NHS, individuals were selected to participate
in nested case-control studies of LTL and incident cancer or
cardiovascular disease (23-25). In these studies, eligible
cases were identified starting any time after blood collection
in 1989-1990 up to June 1, 2008. Participants included in the
current cross-sectional analysis comprised participants from
the nested case-control studies. We included women selected
as cases or controls because all participants were undiagnosed
with the disease of interest at blood collection. The present
analysis excluded women with missing activity and seden-
tary behavior information (n = 21) or LTL values (n = 47),
LTL values generated by nonstandard assay conditions
(n = 218), or extreme LTL values (n = 22). The final study
population included 7,813 women (3,251 cases and 4,562
controls).

Assessment of physical activity and sedentary
behavior

Detailed information on physical activity during the past
year was assessed by questionnaire in 1988 and updated in
1992. Participants reported their average weekly time spent
on any of 8 activities: walking or hiking, jogging, running,
bicycling, lap swimming, playing tennis, calisthenics/aerobics/
aerobic dance/rowing machine, and playing squash or racquet-
ball. Participants also reported their usual walking pace and the
number of flights of stairs climbed daily. Our primary anal-
yses used activity reported in 1988—the assessment closest to
the time of blood collection. To incorporate the frequency,
duration, and intensity of activity, we calculated the total
metabolic equivalent (MET) hours of activity/week (MET-
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hours/week) (26). Moderate- or vigorous-intensity activity
was defined as any activity requiring a typical energy expen-
diture of 3 METs or greater (13). Sedentary behavior was
assessed in 1992, when participants reported their average
weekly time spent sitting at work or away from home or
while driving, sitting at home watching television or movies,
and other sitting at home (e.g., reading, meal times, at desk).

The reproducibility and validity of these questions have
been described elsewhere (27). Briefly, in a similar popula-
tion of NHS II participants (n = 151), the correlation over
a l-year period between activity reported by questionnaire
and that assessed by past-week recalls was 0.79, and the
correlation between moderate or vigorous activity reported
by questionnaire and that assessed by activity diaries was 0.62.
In the NHS, physical activity was significantly associated
with decreased risk of breast (28) and colorectal (29) cancers,
coronary heart disease (30), and type 2 diabetes (31), while
sedentary behaviors increased risk of type 2 diabetes and
obesity (21).

Assessment of covariates

We collected information on factors potentially associated
with physical activity or sedentary behavior and telomere
length. From the questionnaire completed at blood collection,
we assessed age, body mass index (calculated as weight (kg)/
height (m)?), and various blood collection variables. From
NHS questionnaires administered at approximately the time
of collection, we assessed various anthropometric, reproduc-
tive, and lifestyle factors, as well as the presence of chronic
diseases. Using a validated semiquantitative food frequency
questionnaire (32) administered in 1990, we assessed intakes
of dietary factors.

Measurement of relative leukocyte telomere length

Genomic DNA was extracted from peripheral blood leuko-
cytes by using the QiAmp 96-spin blood protocol (Qiagen,
Valencia, California). We assessed relative LTL using quan-
titative polymerase chain reaction (33). The average relative
LTL was calculated as the telomere repeat copy number/
single-gene (36B4) copy number (T/S) exponentiated ratio
(34). Laboratory technicians masked to participant charac-
teristics assayed each sample in triplicate. Quality control
samples were interspersed on each plate to assess variability.
In all nested case-control studies, coefficients of variation
for the telomere and single-gene assay were less than 4%,
and coefficients of variation for the T/S exponentiated ratio
were less than 17%. Although this assay provides a relative
measurement of telomere length, T/S ratios correlate well
with absolute telomere lengths determined by Southern blot
(r =0.82; P < 0.0001) (34).

Statistical analysis

Multivariate linear regression was used to examine age-
adjusted associations between characteristics of the study
population and total physical activity reported in 1988. The
distribution of relative LTL values varied slightly across
nested case-control sets. Thus, among participants in each
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set, we calculated the natural logarithm of LTL to improve
normality, identified outlying LTL values using the general-
ized extreme studentized deviate many-outlier procedure
(35), and computed z-scores of LTL.

We examined age-adjusted correlations between various
factors and LTL using Spearman partial rank correlation
coefficients. To examine the association among physical ac-
tivity, sedentary behavior, and LTL, we estimated adjusted
least-squares mean LTL (z-scores) by category of activity or
sedentary behavior using 3 generalized linear models. In the
first model, we adjusted for age in years. In the second
model, we additionally adjusted for pack-years of smoking,
menopausal status, postmenopausal hormone use, case status,
easy walking in analyses of moderate or vigorous activity,
other activities in analyses of specific activities, and total
activity in analyses of sedentary behavior. In the final model,
we additionally adjusted for body mass index at blood
collection to assess its influence on these relations. We also
considered the following factors potentially associated with
physical activity or sedentary behavior and telomere length:
blood collection variables (e.g., fasting status, time and date
of blood collection), nested case-control set, intakes of dietary
factors (e.g., total energy, alcohol, polyunsaturated fatty acids,
fat, fiber, linoleic acid), oral contraceptive use, body mass
index at age 18 years, diabetes, hypertension, waist and hip
measurements, and occupational status. As results were sim-
ilar after including these variables, we omitted them from
the final models. We tested for linear trend across categories
by including activity or sedentary behavior categories as an
ordinal predictor in multivariate linear regression models.
Preliminary evidence suggested a potential U-shaped rela-
tion between activity and LTL; we evaluated departures
from linearity by including a second-order activity term in
polynomial regression models and conducted an F test to
assess model fit.

In exploratory analyses, we evaluated whether associations
differed by categories of age (<60, >60 years), body mass
index (18.5-<25, >25 kg/mz), smoking (ever, never), or
weight change between 1988 and date of blood collection
(weight loss >2 kg, weight maintenance or gain). We used
F tests to compare nested models with and without interaction
terms between activity or sedentary behavior and these
variables.

P values were 2 tailed, and P < 0.05 was considered
significant. All statistical analyses used SAS, version 9.1,
software (SAS Institute, Inc., Cary, North Carolina).

RESULTS

The mean age of participants was 59 years. More active
women were slightly older at blood collection and at menar-
che, more likely to currently use postmenopausal hormones,
and less likely to be current smokers; they had slightly lower
body mass index at age 18 years and higher intake of total
energy, and they spent less time sitting (Table 1). As ex-
pected, these women also had lower values of anthropometric
variables measured at blood collection, including body mass
index, waist/hip ratio, and weight gain since age 18 years.
Increased age was correlated with shorter telomeres in our

population (r, = —0.09, P < 0.001) (Table 2). After adjust-
ment for age, LTL was inversely correlated with pack-years
of smoking (r; = —0.04, P < 0.001) and anthropometric
measures (body mass index: ry = —0.04, P < 0.001; waist/
hip ratio: r, = —0.03, P = 0.04; waist: ;= —0.04, P = 0.002).
LTL was uncorrelated with intakes of total energy, alcohol,
caffeine, and other sources of antioxidants.

Total MET-hours/week of activity was positively associ-
ated with LTL (Table 3). The age-adjusted least-squares mean
LTL (z-score) across categories of total activity (<3, 3—-<9,
9-<18, 18-<27, >27 MET-hours/week) was —0.04, —0.02,
0.04, 0.05, and 0.03, respectively (Pyeng = 0.02). Further
adjustment for smoking and other variables did not apprecia-
bly alter the findings. Compared with the least active women,
those moderately or highly active had a 0.07-standard
deviation (SD) increase in LTL (Pyeng = 0.02). Moderate-
or vigorous-intensity activity was positively associated
with LTL (Table 4). The multivariate-adjusted least-
squares mean LTL across categories (<1, 1-<2, 2-<4,
4-<7, >7 hours/week) was —0.005, 0.01, 0.10, 0.07, and
0.03, respectively (Pyeng = 0.02). There was no evidence of
a nonlinear relation between total activity (P = 0.34) or mod-
erate or vigorous activity (P = 0.42) and LTL.

We evaluated walking at an easy (<3 miles/hour) or brisk
(>3 miles/hour) pace, biking, and calisthenics or aerobics,
the 4 most commonly reported activities among participants
(Figure 1) (1 mile = 1.6 km). After adjustment for age and
other variables, calisthenics or aerobics was associated with
a 0.10-SD increase in LTL when comparing the most active
women with the least active (Pyeng = 0.04). Results were
slightly attenuated, but remained significant, after adjustment
for body mass index. Although women with more brisk walk-
ing and biking appeared to have longer telomeres, this was
nonsignificant.

Sedentary behaviors, including total time spent sitting and
time spent on specific types of sitting, were unassociated with
LTL after adjustment for physical activity and other variables
(Figure 2). Findings remained similar after additional adjust-
ment for body mass index. After jointly classifying total ac-
tivity (<9, >9 MET-hours/week) and total hours spent sitting
(<34.5, >34.5 hours/week), we found that activity was sim-
ilarly associated with longer LTL regardless of whether in-
dividuals were more sedentary or less sedentary; hours spent
sitting remained unassociated (data not shown). Compared
with women who were less active and more sedentary, those
who were more active and less sedentary had the largest
increase in LTL (SD = 0.11; P = 0.0007).

Results were consistent across age group, smoking status,
and weight change between 1988 and blood collection.
Compared with lean women (body mass index, <25 kg/mz),
overweight women (body mass index, >25 kg/m?) had a
stronger association between activity and LTL. This differ-
ence was statistically significant for moderate- or vigorous-
intensity activity (Piperaction = 0.02) but not for total activity
(Pinteraction = 0.06).

The nested case-control studies observed null or modest
associations between telomere length and disease develop-
ment, and the LTLs of cases and controls were similar in the
present analysis, reducing the possibility that preclinical dis-
ease at the time of blood collection influenced the observed
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Table 1.

Age and Age-adjusted Characteristics of 7,813 Women in the Nurses’ Health Study by Total Physical Activity Reported in 1988

Total Activity in 1988, MET-hours/week®

Characteristic <3 (n = 1,605) 9—<18 (n = 1,680) 227 (n = 1,337) P Value®
% Mean (SD) % Mean (SD) % Mean (SD)

Age at blood collection, years® 58.5 (6.7) 59.1 (6.6) 59.5 (6.5) <0.001
Ever oral contraceptive use 42.8 44.2 41.8 0.57
Nulliparous 5.4 6.0 7.2 0.33
Parity, no. of children’ 3.2(1.7) 3.1(1.7) 3.0(1.7) 0.08
Age at menarche, years 12,5 (1.4) 12.6 (1.3) 12.7 (1.5) 0.01
Postmenopausal 83.5 82.1 81.6 0.08
Age at menopause, years 50.2 (7.7) 50.5 (7.7) 50.1 (7.3) 0.74
Postmenopausal hormone use

Never 45.9 40.3 40.1 <0.001

Past 17.0 16.5 15.0 0.18

Current 36.6 42.6 441 <0.001
Smoking status

Never 43.9 45.3 41.3 0.40

Past 35.9 40.7 46.5 <0.001

Current 20.1 13.9 11.7 <0.001
Body mass index at age 18 years? 21.6 (3.3) 21.4 (2.9) 21.3(2.7) 0.04
Body mass index at blood collection® 26.6 (5.7) 25.3 (4.5) 24.8 (4.4) <0.001
Waist circumference, cm 62.8 (36.5) 62.6 (33.0) 64.2 (31.1) 0.31
Waist/hip ratio 0.8 (0.1) 8 (0.1) 8 (0.08) <0.001
Weight gain since age 18 years, kg 13.3 (13.1) 10.5 (11.2) 4 (11.1) <0.001
Energy intake, kcal/day 1,754.5 (529.4) 1,765.2 (508.4) 1,797.9 (518.7) 0.008
Total sitting in 1992, hours/week 39.0 (23.7) 38.3 (22.6) 35.7 (22.0) <0.001
Total activity in 1988, MET-hours/week 1.4 (0.9) 12.9 (2.7) 46.0 (18.4)

Abbreviations: MET-hours/week, metabolic equivalent hours of activity/week; SD, standard deviation.
& Values are standardized to the age distribution of the study population at blood collection.

® Values may not add to 100% because of missing data.

¢ Lowest, middle, and highest categories of total activity are presented.

9 Two-sided P values were calculated by using multivariate linear regression adjusted for age.

¢ Value not age adjusted.
f Among parous women.
9 Body mass index: weight (kg)/height (m)>2.

associations. To address this, we repeated the analyses after
restricting to controls (n = 4,562) and observed results similar
to those from the main analyses. For instance, total activity
remained positively associated with LTL (0.07-SD increase
between the lowest and highest category; Pyenq = 0.009),
while total sitting remained unassociated.

DISCUSSION

In this large cross-sectional analysis, women who were
moderately or highly active had longer LTLs than less active
women after adjustment for age and other potential con-
founders. This relation remained after additional adjustment
for body mass index. Although the association was modest,
the difference in telomere length corresponded on average
to 4.4 years of aging, comparable to the difference observed
when comparing smokers with nonsmokers (4.6 years) (20).

Am J Epidemiol. 2012;175(5):414-422

Similarly, greater moderate- or vigorous-intensity activity
was associated with longer telomeres independently of body
mass index. We observed the longest telomeres among women
who engaged in moderate or vigorous activities 2—4 hours
per week, an amount corresponding to current US guidelines
(2.5 hours/week) (13). There was no additional increase in
LTL for the most active women compared with those who
were moderately active, suggesting that even moderate
amounts of activity may influence LTL. These associations
were more pronounced in overweight women, although this
observation requires confirmation. Among individual ac-
tivities, calisthenics or aerobics was positively associated
with LTL, possibly because of the less variable intensity with
which it may be performed compared with other activities.
Few women engaged in regular vigorous activities, which
limited statistical power to examine other vigorous activities,
such as jogging, running, swimming, and tennis.
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Table 2. Age-adjusted Correlations Between Relative Telomere
Length (z-score) and Various Characteristics of 7,813 Women in the
Nurses’ Health Study, United States, 1989-1990

Characteristic No. rsd P Value®

Age at blood collection, 7,813 —0.09 <0.001
years®

Pack-years of smoking 7,684 —0.04 <0.001

Body mass index at age 7,444 —0.01 0.29
18 years?

Body mass index at blood 7,797 —0.04 <0.001
collection®

Waist/hip ratio 5,614 —0.03 0.04

Waist circumference, cm 5,634 —0.04 0.002

Weight change since age 7,454 —0.02 0.04
18 years, kg

Age at menarche, years 7,756 0.01 0.30

Duration of postmenopausal 6,486 0.0007 0.96
hormone use

Total energy intake, kcal/day 7,406 —0.005 0.69

Alcohol consumption, g/day 7,406 0.002 0.85

Fruit and vegetable intake, 7,165 0.003 0.79
g/day

Caffeine intake, mg/day 7,406 0.006 0.58

Vitamin A intake, 1U/day 7,406 0.01 0.25

Vitamin E intake, mg/day 7,406 0.01 0.26

& rs = Spearman’s partial rank correlation coefficient.
b Pvalues are 2 sided.

¢ Value not age adjusted.

9 Body mass index: weight (kg)/height (m)>2.

More sedentary participants had LTL similar to that of
those less sedentary. Conceivably, measurement error in
self-reported sedentary behavior may have attenuated associ-
ations, limiting the power to detect a true association. How-
ever, sedentary behaviors have been associated with increased
risk of type 2 diabetes and obesity in the NHS (21), pro-
viding further evidence for the validity of our findings. The

role of sedentary behavior in LTL has not been examined
previously and therefore requires further study.

Our group previously examined diet and other lifestyle
factors in relation to LTL in a subset of 2,284 NHS partici-
pants (15) and observed no association between total activity
and LTL. As the primary focus of this previous analysis was
on dietary factors, it did not evaluate activity intensity and
type or sedentary behaviors. In addition, previously observed
associations between lifestyle factors and LTL have been
modest in magnitude (17, 20), potentially limiting statistical
power. We therefore conducted the present analysis to evaluate
activity and sedentary behavior in detail in the largest study
population to date.

Population-based studies of activity and telomere length
have been limited and inconsistent. Our results agree with
those of previous cross-sectional studies linking activity with
longer telomeres (6, 14, 17, 19) but not with others reporting
null associations (15, 16, 18). These inconsistencies may be
due in part to differences in physical activity assessment,
covariate adjustment, and study populations, as well as lim-
itations in sample size. On average, participants were younger
in the studies by Cherkas et al. (14) and Zhu et al. (17) com-
pared with participants in studies that reported null findings.
LTL has been reported to remain more stable among older
individuals (36), and attenuated associations have been ob-
served among older individuals (14), potentially limiting
statistical power in studies of older participants. Although
our study comprised middle-aged and older women, its large
sample size enabled us to detect modest associations pre-
viously unobserved in the NHS (15).

Most studies broadly examined physical activity among
many other lifestyle characteristics (6, 15, 17, 18); only one
examined separately vigorous-intensity activity (17), and
none addressed individual types of activity. Our findings
for moderate or vigorous activity and calisthenics or aerobics
were consistent with those of Zhu et al. (17), who reported
a positive association between vigorous activity and LTL
among adolescent girls. Our results extend the literature
by showing in the largest study to date that even moderate
amounts of activity, including that of moderate or vigorous

Table 3. Estimated Least-Squares Mean Telomere Length (z-score) and 95% Confidence Interval by Total Physical Activity Reported in 1988,

Nurses’ Health Study, United States

Total Activity in 1988, MET-hours/week

<3 (n = 1,605) 3-<9 (n = 2,005) 9—<18 (n = 1,680) 18—<27 (n = 1,037) >27 (n = 1,337) Pyend”
LTL 95% CI LTL 95% CI LTL 95% CI LTL 95% CI LTL 95% CI
Age adjusted  —0.04 -0.09,0.01 -0.02 —-0.06,0.03 0.04 -0.008,0.09 0.05 -0.01,0.11 0.03 -0.02,0.08 0.02
Multivariate® -0.02 -0.09, 0.05 0.000 -0.07,0.07 0.05 -0.01,0.12 0.06 -0.01,0.14 0.05 -0.03,0.12 0.02
Multivariate + —0.01 —-0.08,0.06 —-0.001 —0.07,0.06 0.05 -0.02,0.12 0.06 -0.02,0.13 0.04 -0.03,0.11 0.05
body mass
index®

Abbreviations: Cl, confidence interval; LTL, leukocyte telomere length; MET-hours/week, metabolic equivalent hours of activity/week.

2 Pvalues are 2 sided.

b Adjusted for age in years (continuous), pack-years of smoking (0, >0-<20, 20—<40, >40, missing), menopausal status (pre-, post-, dubious),
postmenopausal hormone use (never, past, current <5 years, current >5 years, missing), case status (case, control).

¢ Body mass index at blood collection (continuous).
9 Body mass index: weight (kg)/height (m)2.
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Table 4. Estimated Least-Squares Mean Telomere Length (z-score) and 95% Confidence Interval by Moderate or Vigorous Physical Activity
Reported in 1988, Nurses’ Health Study, United States

Moderate- or Vigorous-Intensity Activity, hours/week®

<1 (n = 3,775) 1-<2 (n = 1,161) 2—<4 (n = 1,269) 4-<7 (n = 823) >7 (n = 660) Pyond®
LTL 95% CI LTL 95% CI LTL 95% CI LTL 95% CI LTL 95% CI
Age adjusted  —-0.02  —0.05,0.009 -0.007 -0.06,0.05 0.08 0.03,0.13 0.05 -0.02,0.12 0.007 -0.07,0.08 0.02
Multivariate® —0.005 -0.06, 0.05 0.01 -0.06,0.09 0.10 0.03,0.18 0.07 -0.01,0.16 0.03 —-0.06,0.13 0.02
Multivariate + —0.004 —0.06, 0.06 0.01 —0.06,0.09 0.10 0.02,0.17 0.07 -0.02,0.16 0.03 —-0.07,0.12 0.05
body mass
index%®

Abbreviations: Cl, confidence interval; LTL, leukocyte telomere length.

& Includes brisk walking, jogging, running, biking, swimming, tennis, and calisthenics or aerobics.

b P values are 2 sided.

¢ Adjusted for age in years (continuous), pack-years of smoking (0, >0—<20, 20—<40, >40, missing), menopausal status (pre-, post-, dubious),
postmenopausal hormone use (never, past, current <5 years, current >5 years, missing), case status (case, control), easy walking (0, >0-<1, 1—
<2.5, >2.5 hours/week).

9 Body mass index at blood collection (continuous).

© Body mass index: weight (kg)/height (m)>2.
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Figure 1. Estimated least-squares mean leukocyte telomere length (LTL) (z-score) and 95% confidence interval by hours/week of easy walking
(A), brisk walking (B), biking (C), and calisthenics or aerobics (D) reported in 1988 in the Nurses’ Health Study, United States. Adjusted for age
in years (continuous), pack-years of smoking (0, >0-<20, 20—<40, >40, missing), menopausal status (pre-, post-, dubious), postmenopausal
hormone use (never, past, current <5 years, current >5 years, missing), case status (case, control), and other specific activities (0—<1, 1-<2, 2—
<4, 4—<7, >7 hours/week). All P values are 2 sided.
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Figure 2. Estimated least-squares mean leukocyte telomere length (LTL) (z-score) and 95% confidence interval by hours/week of total sitting
(A), sitting while watching television (B), other sitting at home (C), and sitting at work or while away from home (D) reported in 1992 in the Nurses’
Health Study, United States. Adjusted for age in years (continuous), pack-years of smoking (0, >0-<20, 20—<40, >40, missing), menopausal
status (pre-, post-, dubious), postmenopausal hormone use (never, past, current <5 years, current >5 years, missing), case status (case, control),
and total activity in 1992 (<3, 3—<9, 9—<18, 18—-<27, >27, missing metabolic equivalent (MET)-hours/week). All P values are 2 sided.

intensity, may be associated with longer telomeres in middle-
aged and older women.

Oxidative stress and inflammation accelerate telomere attri-
tion (2, 37) and, therefore, potentially mediate the association
between activity and LTL. Exercise helps to maintain energy
balance and to reduce obesity (12), which may decrease
levels of oxidative stress and inflammation (38, 39). Although
slightly attenuated, associations remained significant after
adjustment for body mass index, suggesting that the relation
between activity and LTL may in part be mediated through
factors other than body mass. One possibility is that moderate
amounts of regular activity may generate low levels of reac-
tive oxygen species that induce adaptive increases in endog-
enous antioxidant defenses, while high amounts of activity
may generate excess reactive oxygen species that counteract
these defenses (40—44). Although current evidence for this
hypothesis is inconsistent, our results and those of others
(19, 45, 46) may be consistent with this mechanism. Activity
may also help to prevent insulin resistance (12), which has
been associated with increased inflammation, oxidative stress,

and telomere attrition (47-50). Additionally, activity may
help to reduce the effects of chronic stress (51), which has
been linked to telomere shortening (52). Telomerase, an
enzyme counteracting telomere shortening, may also play
a role. In mice, those randomized to short- and long-term
exercise exhibited elevated telomerase activity compared
with inactive controls (53, 54). In humans, telomerase
activity was higher among trained athletes (54) and after
a 3-month lifestyle intervention, which included the ad-
dition of moderate aerobic exercise (55); however, others
observed no association (19).

The strengths of our study include the large study popula-
tion and detailed assessment of activity, sedentary behavior,
and lifestyle variables. However, the cross-sectional design
precludes us from establishing a temporal relation between
activity and LTL. Conceivably, individuals with shorter telo-
meres may possess existing chronic diseases that reduce
their ability to exercise; this was unlikely as our results were
similar after excluding individuals who were diagnosed with
heart disease (n = 149), stroke (n = 34), diabetes (n = 277),
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or cancer (n = 450) prior to blood collection. We were unable
to address physical activity at various times of life. Given
that LTL is thought to reflect telomere shortening over time
(2), the role of activity accumulated over a participant’s
lifetime is likely important. To address this, future studies
should compare the role of recent activity with that of activity
accumulated over many years in LTL dynamics. Addition-
ally, we primarily assessed recreational activity and were
unable to address specifically household or occupational
activity, although results remained similar after adjustment
for employment status (e.g., homemaker, retired, full-time,
part-time). We assessed LTL using a single measure, which
prevented us from directly examining telomere attrition. Ad-
dressing this requires a prospective study with repeated LTL
assessments. Unmeasured or residual confounding was also
possible, although adjustment for a number of lifestyle and
dietary factors and the evaluation of many others did not
appreciably alter our results. Our study population predom-
inantly comprised registered nurses of European ancestry.
Because telomere dynamics may differ among African
Americans and Hispanics (17, 56, 57), our results may not
be generalizable to women of other ethnicities. However, the
homogeneity among NHS participants strengthens the in-
ternal validity of our findings by maximizing the quality
of self-reported activity and reducing residual confounding.

In summary, findings from this large cross-sectional study
suggest that activity—even in moderate amounts—may be
associated with longer LTL in middle-aged and older women,
providing insight into the understanding of how regular ex-
ercise may benefit health on the cellular level. Although the
associations were modest, our findings warrant further inves-
tigation in large prospective studies with detailed activity and
sedentary behavior assessment and repeated measurements of
telomere length over time.
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