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Abstract

Background: Obesity has been linked with shorter telomere length, both of which have been implicated in ageing, but the impact of early life 
adiposity on telomere length is unclear.
Methods: We included 2,479 participants from the MRC National Survey of Health and Development with measurements of body mass 
index, waist and hip circumference, and leukocyte telomere length (LTL) at age 53, of whom 1,000 had second measurements at ages 60–64. 
Relative LTL was measured with rt-PCR. Linear regression was performed to investigate associations between adiposity and LTL. Body mass 
index from childhood through adulthood was used to assess adiposity across the life course.
Results: We found no cross-sectional associations between adiposity measures and LTL at ages 53 or 60–64. Longitudinally, each unit gain 
in waist circumference weakly corresponded with a 0.06% (95% CI: −1.31 to 0.10) LTL decrease annually, with association approaching 
statistical significance (p = 0.09). Being overweight at ages 6 and 15 corresponded to a nonsignificant shorter LTL at age 53 and they were 
associated with 2.06% (95% CI: 0.05–4.08%) and 4.26% (1.98–6.54%) less LTL attrition in midlife, respectively, compared to those who 
were not overweight.
Conclusion: There is a weak indication that greater telomere loss was seen with greater concurrent body mass index gain. Adolescent 
overweight corresponded to shorter telomeres in midlife, albeit weakly, and with less subsequent attrition. Our findings point toward potential 
pathways which may link adiposity and ageing outcomes.
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Overweight and obesity, indicated by high body mass index (BMI), 
accounted for 4% of global disability-adjusted life years (DALYs) in 
2010 (1). There is an evidence that early-life obesity and its changes 
through adulthood are associated with indicators of healthy ageing 
in later life such as cardiovascular (2,3) and cognitive functions (4), 
but its underlying mechanism remains unclear.

Telomeres are DNA–protein complexes at the ends of chromo-
some which maintain chromosomal stability (5). Telomere shortens 
as an individual ages and therefore telomere attrition is considered 
a hallmark of ageing (6). There is evidence that shorter telomeres 
are linked with increased risk of death, as reported in a recent meta-
analysis of two cohorts in America and Europe which included 
adults aged 43–75 (7). It is also suggested that telomere shorten-
ing is involved in the development of age-related diseases including 

cardiovascular disease and cancer (8), both of which are linked with 
obesity. A cross-sectional association between high BMI or obesity 
and shorter telomere length has been reported (9). However, a recent 
meta-analysis including over 8,000 individuals showed no differ-
ence in telomere length between obese individuals and those with 
normal weight (10); nevertheless, high heterogeneity was reported 
(I2  = 99%). Apart from variability arising from different assay or 
DNA extraction methods (11), within-person variability in this asso-
ciation may need to be teased out since most studies included only 
had a single measurement of BMI and telomere length (10). Among 
the few studies investigating repeated measurements of adiposity 
and telomere length in adult life, conflicting results have been shown 
(12–15). Little is known regarding the impact of adiposity changes 
over the life course on telomere length in later life.
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We investigated the association between adiposity dynam-
ics and leukocyte telomere length (LTL) measured at ages 53 and 
60–64 years among participants of the Medical Research Council 
(MRC) National Survey of Health and Development (NSHD, also 
known as the 1946 British Birth Cohort). We evaluated whether 
change in BMI, waist, or hip circumference was associated with con-
current LTL change between ages 53 and 60–64 years. Furthermore, 
the repeated recordings of BMI obtained over the life course of 
NSHD participants allowed investigations of overweight from age 2 
onwards in relation to telomere length and telomere attrition.

Methods

Study Population
The MRC NSHD has been described in detail elsewhere. This 
cohort is based on a nationally representative sample of 5,362 
births out of all the single births to married mothers that occurred 
in 1 week in March 1946 in England, Scotland, and Wales. The 
cohort has been followed up 24 times and the present study used 
data collected up to 60–64  years when telomere length was last 
measured (16). At age 60–64, study members still alive and with a 
known current address in England, Scotland, or Wales were invited 
for an assessment at one of six clinical research facilities (CRF) 
or to be visited by a research nurse at home. Invitations were not 
sent to those who had died (N  =  778), who were living abroad 
(N = 570), had previously withdrawn from the study (N = 594), or 
had been lost to follow-up (N = 564). Of the 2,856 invited partici-
pants, 2,229 (78%) were assessed: 1,690 (59%) attended a CRF 
and the remaining 539 were visited at home. The participating 
sample remains broadly representative of native born British men 
and women of the same age.

Ethical approval was obtained from the Greater Manchester 
Local Research Ethics Committee and the Scotland Research Ethics 
Committee. Written informed consent was obtained from the study 
member for each component of each data collection.

Adiposity Assessment in Midlife
Weight (kg), height (m), waist, and hip circumferences (cm) were 
measured by trained nurses in a standardized manner at ages 53 and 
60–64 years. BMI (kg/m2) was calculated from weight and height. 
We divided BMI into four categories (<18.5, 18.5–25, 25–30, and 
≥30 kg/m2) according to the National Health Institute (NIH) guide-
lines and dichotomously into nonoverweight and overweight using 
25 kg/m2 as a cut-off point. Abdominal obesity was defined as waist 
circumference >102 cm for men and >88 cm for women. We calcu-
lated annual changes in each adiposity measure between ages 53 and 
60–64 using the interval between the two measurements.

BMI at Earlier Ages
Body mass index during childhood through adulthood was calcu-
lated from measured height and weight at ages 2, 4, 6, 7, 11, 15, 36, 
and 43, and from self-reported height and weight at ages 20 and 26. 
Prior to age 20, overweight status was dichotomized using cut-offs 
derived from centile curves corresponding to BMI of 25 kg/m2 at age 
18 in six nationally representative surveys (17).

Telomere Length Measurement
DNA was extracted from frozen EDTA blood samples using 
Puregene DNA isolation kits (Flowgen, Leicestershire, UK) (18). 

Leukocyte telomere length was measured as a ratio (T/S ratio) to 
standard reference DNA in the same laboratory according to a 
previously validated real-time polymerase chain reaction (rt-PCR) 
technique in a blinded fashion (19). Measurements were performed 
in quadruplicate on an Applied Biosystems 7900HT Fast Real 
Time PCR system with 384-well plate capacity. The intra-assay 
coefficient of variation was 2.7% while the inter-assay coefficient 
of variation was 5.1%. Four internal control DNA samples of 
known telomere length were used to normalize assays in differ-
ent runs. LTL measurements were available in 2,479 individuals 
at 53 years and 1,004 individuals at 60–64 years. For participants 
with two repeated measurements, we calculated telomere attri-
tion as the annual percentage change in LTL (ΔLTL) as follows: 
[(LTL60–64 – LTL53) × 100/ LTL53)]/interval (years) between the two 
measurements.

Covariates
We used prospective information on socioeconomic position as a 
potential confounder since it is known to be associated with BMI 
and with LTL (20). Childhood and adult socioeconomic position 
(SEP) were based on father’s occupation at age 4 and own occu-
pational class at age 53  years. To categorize SEP, the Registrar 
General’s classification was used to dichotomize individuals into 
nonmanual and manual workers. Wherever possible, missing values 
were imputed from adjacent ages (33 values from age 11 and 14 
values from age 15 for childhood SEP; 107 values from age 36; 
and 107 values from age 43 for adult SEP).  Diagnosis of diabetes, 
coronary heart disease and cancer were self-reported at ages 53 and 
60–64.

Statistical Analysis
Regression models were used to investigate associations of continu-
ous and categorical BMI and overweight status with LTL at ages 53 
(N = 2,479) and 60–64 (N = 1,004) years. LTL and T/S ratio were 
not normally distributed and was logarithmically transformed and 
multiplied by 100 (21). Models were subsequently adjusted for sex 
and for childhood and adult SEP, and then additionally for history 
of diabetes, coronary heart disease, and cancer. All analyses were 
repeated replacing BMI by waist and then hip circumference. As 
some participants had extreme values of LTL, we performed a sensi-
tivity analysis by excluding LTL values below the 5th percentile and 
above 95th percentile.

Regression models were then used to investigate the association 
of annual changes in LTL (%) with annual changes in BMI, waist 
circumference, or hip circumference among those with two repeated 
measurements (N = 1,000). Since weight change explains the major-
ity of change in adult BMI, we also performed a similar analysis 
using weight instead of BMI. Analyses were conditioned on sex, 
and childhood and adult SEP, and then additionally adjusted for the 
baseline adiposity measures at age 53.

To investigate any impact of BMI at earlier ages, regression 
models were fitted with LTL at age 53 and annual change in LTL 
between ages 53 and 60–64 as outcomes including using BMI at 
ages 2, 4, 6, 7, 11, 15, 20, 26, 36, and 43 years separately. Models 
were adjusted for sex, childhood SEP, adult SEP, and BMI at age 
53. Analyses were repeated using past BMI-based overweight 
status.

All analyses were performed with STATA version 14 (STATA 
Corp., College Station, TX).
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Results

A total of 2,479 participants had available information on BMI and 
LTL at age 53, 1,004 had both measurements at age 60–64 and 1,000 at 
both ages. Characteristics of study participants are presented in Table 1. 
The mean interval [± standard deviation (SD)] between measurements 
for the subgroup with two measurements was 10.1 ± 1.1 years. Shorter 
LTL at age 53 was correlated with LTL shortening between age 53 and 
60–64.

Cross-Sectional Associations Between Adiposity 
and Telomere Length at Ages 53 and 60–64
No cross-sectional associations were seen between BMI, waist cir-
cumference or hip circumference and LTL at ages 53 or 60–64 
(Table 2, unadjusted models). Similarly, there were no associations 
when categories of BMI or abdominal obesity were used (Table 2). 
Associations between adiposity measures, overweight status, and 
LTL were similar to the unadjusted models after adjustment for sex, 

Table 1. Characteristics of Study Participants at Age 53 and 60–64 Years with LTL Measurements

At 53 Y (N = 2,479) At 60–64 Y (N = 1,004)

Men Women Men Women

Manual adult socioeconomic status, N (%) 484 (38.88) 358 (29.01) 146 (30.74) 130 (24.57)
Manual childhood socioeconomic status, N (%) 703 (56.47) 706 (57.21) 257 (54.11) 287 (54.25)
Cancer, N (%) 30 (2.41) 76 (6.16) 31 (6.53) 66 (12.48)
Diabetes, N (%) 35 (2.81) 35 (2.84) 34 (7.11) 26 (4.91)
Chronic heart disease, N (%) 61 (4.90) 31 (2.51) 45 (9.76) 13 (2.51)
BMI (kg/m2) 27.39 (3.90) 27.33 (5.31) 27.69 (4.01) 28.05 (5.27)
Waist circumference (cm) 97.67 (10.45) 85.52 (12.49) 100.37 (10.69) 92.44 (12.92)
Hip circumference (cm) 104.20 (6.85) 108.10 (10.53) 104.17 (7.29) 107.00 (10.81)
LTL (T/S ratio) 1.64 (0.93) 1.45 (0.90) 1.09 (0.40) 1.15 (0.40)

Note: Data are presented in mean (SE), unless otherwise indicated. LTL = leukocyte telomere length.

Table 2. Associations Between BMI, Overweight, and LTL at Ages 53 and 60–64

Unadjusted Model Multivariable 1* Multivariable 2†

N (%)
Percent  
Difference 95% CI

Percent  
Difference 95% CI

Percent  
Difference 95% CI

At 53 years
BMI, kg/m2

 Continuous 0.03 −0.51 to 0.45 −0.04 −0.51 to 0.44 −0.07 −0.55 to 0.41
 <18.5 6 (0.24) −2.96 −48.72 to 42.80 −4.19 −49.54 to 41.17 −4.37 −49.75 to 41.00
 18.5–25 803 (32.39) Reference Reference Reference
 25–30 1,087 (43.85) 0.48 −4.71 to 5.68 −1.89 −7.08 to 3.30 −2.11 −7.34 to 3.11
 ≥30 583 (23.52) 2.09 −3.98 to 8.16 1.22 −4.80 to 7.24 0.85 −5.24 to 6.94
Nonoverweight 809 (32.63) Reference Reference Reference
 Overweight or obese 1,670 (67.37) 1.07 −3.71 to 5.85 −0.74 −5.52 to 4.02 −1.04 −5.86 to 3.78
 Waist circumference (cm) 0.27 0.09 to 0.44 −0.0007 −0.20 to 0.19 −0.02 −0.28 to 0.18
 Hip circumference (cm) −0.07 −0.33 to 0.17 0.004 −0.24 to 0.26 −0.002 −0.25 to 0.25
Nonabdominally obese 1,652 (66.64) Reference Reference Reference
 Abdominally obese 827 (33.36) 0.64 −4.12 to 5.39 1.13 −3.60 to 5.87 1.11 −3.60 to 5.87
At 60–64 years
BMI, kg/m2

 Continuous −0.07 −0.53 to 0.38 −0.10 −0.55 to 0.35 −0.11 −0.57 to 0.35
 <18.5 4 (0.40) 9.83 −24.22 to 43.89 10.09 −23.8 to 44.04 9.07 −2.50 to 43.14
 18.5–25 298 (29.68) Reference Reference Reference
 25–30 419 (41.73) −2.24 −7.37 to 2.87 −1.89 −7.00 to 3.22 −1.97 −7.11 to 3.18
 ≥30 283 (28.19) −1.56 −7.17 to 4.05 −1.72 −7.31 to 3.88 −1.84 −7.53 to 3.84
Nonoverweight 302 (30.08) Reference Reference Reference
 Overweight or obese 702 (69.92) −2.10 −6.75 to 2.55 −1.95 −6.59 to 2.68 −2.05 −6.74 to 2.64
 Waist circumference (cm) −0.11 −0.28 to 0.06 −0.04 −0.22 to 0.14 −0.004 −0.22 to 0.14
 Hip circumference (cm) 0.02 −2.01 to 0.24 −0.03 −0.26 to 0.20 −0.03 −0.27 to 0.19
Nonabdominally obese 493 (49.10) Reference Reference Reference
 Abdominally obese 511 (50.90) 2.25 −2.01 to 6.52 1.19 −3.17 to 5.55 1.19 −3.17 to 5.55

Note: BMI = body mass index; LTL = leukocyte telomere length.
*Adjusted for sex.
†Additional adjustment for childhood SEP and adult SEP.
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and childhood and adult SEP (Table  2), although a weak inverse 
trend between adiposity and LTL was indicated. Adjustment for his-
tory of diabetes, coronary heart disease, and cancer or excluding 
extreme LTL values did not alter any of these null findings (results 
not shown).

Longitudinal Associations Between Adiposity and 
Telomere Length
Overall, there is an indication toward inverse associations between 
change in adiposity and telomere length (Table  3). An annual 
increase of one unit waist circumference between 53 and 60–64 was 
associated with a −0.60% greater annual decrease in LTL (95% CI: 
−1.31 to 0.10) which approached statistical significance (p =  .09). 
This association was slightly weaker when adjusted for baseline 
waist circumference. Longitudinal associations between changes in 
BMI, weight or hip circumference and LTL were similar but weaker 
(Table 3).

Associations Between BMI and Overweight in 
Earlier Life and Telomere Length
Higher earlier BMI and overweight status were generally weakly 
associated with shorter LTL at age 53, but slightly longer LTL at 
60–64 (Table 4). Higher BMI and overweight at previous ages there-
fore tended to be associated with less LTL attrition between ages 53 
and 60–64 (Figure 1), most strongly for BMI and overweight at age 
15 (eg, 0.39%, 95% CI: 0.12–0.67% annual change in LTL for each 
unit BMI increase at age 15).

Discussion

We observed a weak inverse association between gain in adiposity 
and telomere attrition over the same time period. There was evidence 
of associations of earlier life BMI and LTL attrition, with higher BMI 
and overweight at 15 years being associated with less LTL attrition 
in midlife.

Common biological pathways linking obesity and ageing out-
comes have been identified, which support our findings on concur-
rent BMI gain and telomere attrition in midlife. Increasing adiposity 
may induce oxidative stress (22), which have been linked to reduced 
activity of telomerase (23), the enzyme responsible for telomere 

maintenance. In addition to affecting telomerase pathways, adipose 
tissue in obese animal models shows signs of accumulating DNA 
damage and cellular ageing such as higher levels of p53 protein (24). 
An indirect role of obesity may also occur via circulating glucose 
and lipids, commonly elevated in overweight or obese individu-
als. High circulating glucose increases the generation of advanced 
glycated end products (25), and high lipid levels may induce lipid 
peroxidation (26), both of which contribute to oxidative stress and 
inflammation. Additionally, hyperinsulinemia which often accompa-
nies obesity stimulates the mechanistic target of rapamycin (mTOR), 
whose blockade results in prolonged lifespan in mice (27). A recent 
study suggested a beneficial effect of mTOR by mediating the anti-
obesity effects of fibroblast growth factor 21 (FGF21) (28), implying 
complex pathways linking obesity and ageing which may involve 
negative feedback mechanisms.

We did not find cross-sectional associations between BMI or 
overweight status and telomere length in midlife, which is similar to 
a lack of association observed in a meta-analysis (10). Nevertheless, 
point estimates at both ages 53 and 60–64 suggested a weak inverse 
trend in the fully adjusted models, corroborating shorter telomeres 
with higher adiposity that we recently reported in American popu-
lations (29). Longitudinally, the weak association between greater 
adiposity gain and greater telomere attrition in midlife supports the 
inverse correlation between 5-year changes in adiposity and telo-
mere length in the PREDIMED-NAVARRA trial (12). With respect 
to waist circumference, each SD change within a 6-year observation 
was reported to longitudinally correspond to 41.84 base pair LTL 
decrease (SE: 16.39 base pair) in a study including 2,981 Dutch indi-
viduals aged 18–65 (30). On the other hand, a Danish study including 
over 4,500 adult Caucasians showed a lack of association between 
weight change and telomere attrition (31). This may indicate that 
weight change correlates to a different extent with telomere length 
than fat distribution. Although variation in telomere assays has been 
reported to hamper comparability (32,33), all aforementioned stud-
ies used rt-PCR to assess relative telomere length, suggesting add-
itional factors, such as age- and cohort-specific characteristics, to 
contribute to this discrepancy.

Our findings suggested that there was little consistent asso-
ciation between early life BMI and LTL in midlife. Positive asso-
ciations were seen between early life adiposity, particularly at age 
15, and LTL change between ages 53 and 60–64. With regards to 
LTL at younger ages, a study based on the Northern Finland Birth 
Cohort 1966 observed a positive association between BMI meas-
ured at childhood adiposity rebound (age ~5  years) with LTL at 
age 31 in women (34). Also in the same study, less telomere attri-
tion between ages 60 and 70 was seen with greater gain in BMI 
between ages 12 and 24 months (34). A German cohort of 1,000 
adults aged 50–75 also saw nonsignificant trends suggesting less 
8-year telomere attrition with longer duration of overweight since 
age 20. Together, these findings point towards a possible benefit of 
having larger body size earlier in life on telomere length in mid- to 
late adulthood. We speculate that this phenomenon may support 
the “thrifty telomere” hypothesis (35), which proposes that telo-
mere length acts as a marker of one’s limited resources over the life 
course, known as “disposable soma” (36). This theory suggests hav-
ing shorter telomeres to start with results in a more thrifty invest-
ment in maintenance efforts and reduced cell proliferation (35). 
Since telomere shortens with each cell replication (5), this eventually 
leads to decreased telomere attrition. Such a mechanism is suggested 
to explain less telomere attrition with shorter LTL at baseline as 
seen in our study and others (37,38).

Table  3. Associations Between Changes in BMI and Telomere 
Attrition

ΔLTL*

Percent  
Difference 95% CI

Annual BMI change, kg/m2 −1.01 −3.14 to 1.13
 Adjusted for baseline BMI −0.93 −3.09 to 1.24
Annual weight change, kg −0.25 −1.02 to 0.52
 Adjusted for baseline weight −0.26 −1.04 to 0.51
Annual waist circumference change, cm −0.60 −1.31 to 0.10
 Adjusted for baseline waist circumference −0.59 −1.32 to 0.14
Annual hip circumference change, cm −0.65 −1.57 to 0.26
 Adjusted for baseline hip circumference −0.69 −1.63 to 0.26

Note: All models were Adjusted for sex, childhood SEP, and adulthood SEP. 
Baseline measurements refer to measurements at age 53 years. BMI = body 
mass index; LTL = leukocyte telomere length.

*Annual percentage change in LTL.
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The strength on this study lies in the repeated measurements of 
BMI since childhood through adulthood, and two repeated assess-
ments of adiposity and LTL at the same ages in midlife which 
allowed a longitudinal analysis. We used a measure of relative telo-
mere length which showed better comparability across laboratories 
than absolute measures of telomere length (33). A limitation of this 
study is that misclassification may have occurred when classifying 
individuals based on BMI, waist, and hip circumference since they 
do not directly reflect body composition. However, BMI and waist 
circumference has been shown to be equally relevant for cardiovas-
cular risk factors in comparison with fat mass (39). Individuals who 
had higher BMI were at higher risk of cardiovascular disease and 
may die prior to LTL assessment at age 53, and this may result in 
underestimation of the observed associations.

In summary, we found little evidence on longitudinal associ-
ation between adiposity and telomere length and attrition in mid-
life. Additionally, we found a positive association between early life 
overweight and telomere attrition in midlife which may support the 
“thrifty telomere” hypothesis and indicate that being overweight 
in early life could alter telomere maintenance in later life. Further 
investigations are needed to assess whether telomere attrition lies 
in the pathways between early life adiposity and ageing-related 
outcomes.

Funding
This work was supported by the UK Medical Research Council which pro-
vides core funding for the MRC National Survey of Health and Development 
and R.H. (MC_UU_12019/2) and D.K. (MC_UU_12019/1 and 12019/4).

Acknowledgments
The authors are grateful to NSHD study members who took part in the clin-
ical data collection for their continuing support. We thank members of the 
NSHD scientific and data collection teams at the following centres: MRC 
Unit for Lifelong Health and Ageing at UCL; Wellcome Trust (WT) Clinical 
Research Facility (CRF) Manchester; WTCRF at the Western General Hospital 
in Edinburgh; WTCRF at University Hospital Birmingham; WTCRF at 
University College London Hospital; CRF and the Department of Medical 
Physics at the University Hospital of Wales; CRF and Twin Research Unit at 
St Thomas’ Hospital London. Data used in this publication are available upon 
request to the MRC National Survey of Health and Development Data Sharing 
Committee. Further details can be found at http://www.nshd.mrc.ac.uk/data. 
doi:10.5522/NSHD/Q101; doi:10.5522/NSHD/Q102; doi:10.5522/NSHD/
S102D.

Conflict of interest
None declared.

References 
 1. Lim SS, Vos T, Flaxman AD, et al. A comparative risk assessment of burden 

of disease and injury attributable to 67 risk factors and risk factor clusters 
in 21 regions, 1990-2010: a systematic analysis for the Global Burden 
of Disease Study 2010. Lancet (London, England). 2012;380:2224–2260. 
doi:10.1016/S0140-6736(12)61766-8

 2. Silverwood RJ, Pierce M, Hardy R, et  al. Early-life overweight trajec-
tory and CKD in the 1946 British birth cohort study. Am J Kidney Dis. 
2013;62:276–284. doi:10.1053/j.ajkd.2013.03.032

 3. Wills AK, Hardy RJ, Black S, Kuh DJ. Trajectories of overweight and 
body mass index in adulthood and blood pressure at age 53: the 1946 
British birth cohort study. J Hypertens. 2010;28:679–686. doi:10.1097/
HJH.0b013e328335de7b

 4. Richards M, Hardy R, Kuh D, Wadsworth MEJ. Birthweight, postna-
tal growth and cognitive function in a national UK birth cohort. Int J 
Epidemiol. 2002;31:342–348. doi:10.1093/ije/31.2.342

 5. Blackburn EH. Structure and function of telomeres. Nature. 1991;350:569–
573. doi:10.1038/350569a0

 6. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. 
The hallmarks of aging. Cell. 2013;153:1194–1217. doi: 10.1016/j.
cell.2013.05.039

 7. Mons U, Müezzinler A, Schöttker B, et al. Leukocyte telomere length and 
all-cause, cardiovascular disease, and cancer mortality: results from indi-
vidual-participant-data meta-analysis of 2 large prospective cohort stud-
ies. Am J Epidemiol. 2017;1–10. doi:10.1093/aje/kww210

 8. Haycock PC, Burgess S, Nounu A, et  al. Association between telomere 
length and risk of cancer and non-neoplastic diseases. JAMA Oncol. 
2017:1–16. doi:10.1001/jamaoncol.2016.5945

 9. Valdes AM, Andrew T, Gardner JP, et al. Obesity, cigarette smoking, and 
telomere length in women. Lancet. 2005;366:662–664. doi:10.1016/
S0140-6736(05)66630–5

 10. Mundstock E, Sarria EE, Zatti H, et  al. Effect of obesity on telomere 
length: systematic review and meta-analysis. Obesity (Silver Spring). 
2015;23:2165–2174. doi:10.1002/oby.21183

 11. Raschenberger J, Lamina C, Haun M, et al. Influence of DNA extraction 
methods on relative telomere length measurements and its impact on epi-
demiological studies. Sci Rep. 2016;6:25398. doi:10.1038/srep25398

 12. García-Calzón S, Gea A, Razquin C, et  al. Longitudinal association 
of telomere length and obesity indices in an intervention study with a 
Mediterranean diet: the PREDIMED-NAVARRA trial. Int J Obes (Lond). 
2014;38:177–182. doi:10.1038/ijo.2013.68

 13. Weischer M, Bojesen SE, Nordestgaard BG. Telomere shortening unre-
lated to smoking, body weight, physical activity, and alcohol intake: 4,576 
general population individuals with repeat measurements 10 years apart. 
PLoS Genet. 2014;10:e1004191. doi:10.1371/journal.pgen.1004191

Figure 1. Associations between higher BMI (a) and overweight (b) and at 
earlier ages and changes in LTL (T/S ratio) between ages 53 and 60–64. For 
the latter (b), nonoverweight individuals were assigned as the reference. All 
models were adjusted for sex, childhood SEP, and adult SEP. BMI = body 
mass index; LTL = leukocyte telomere length; SEP = socioeconomic position. 

6 Journals of Gerontology: MEDICAL SCIENCES, 2017, Vol. 00, No. 00

Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/doi/10.1093/gerona/glx151/4079809/Adiposity-Telomere-Length-and-Telomere-Attrition
by University College London user
on 18 October 2017

http://www.nshd.mrc.ac.uk/data


 14. Müezzinler A, Mons U, Dieffenbach AK, et  al. Body mass index and 
leukocyte telomere length dynamics among older adults: Results from 
the ESTHER cohort. Exp Gerontol. 2016;74:1–8. doi:10.1016/j.
exger.2015.11.019

 15. Strandberg TE, Saijonmaa O, Tilvis RS, et  al. Association of telomere 
length in older men with mortality and midlife body mass index and 
smoking. J Gerontol A Biol Sci Med Sci. 2011;66:815–820. doi:10.1093/
gerona/glr064

 16. Kuh D, Pierce M, Adams J, et  al.; NSHD scientific and data collection 
team. Cohort profile: updating the cohort profile for the MRC National 
Survey of Health and Development: a new clinic-based data collection for 
ageing research. Int J Epidemiol. 2011;40:e1–e9. doi:10.1093/ije/dyq231

 17. Cole TJ, Bellizzi MC, Flegal KM, Dietz WH. Establishing a standard def-
inition for child overweight and obesity worldwide: international survey. 
BMJ. 2000;320:1240–1243. doi:10.1136/bmj.320.7244.1240

 18. Rousseau K, Vinall LE, Butterworth SL, et al. MUC7 haplotype analysis: 
results from a longitudinal birth cohort support protective effect of the 
MUC7*5 allele on respiratory function. Ann Hum Genet. 2006;70:417–
427. doi:10.1111/j.1469-1809.2006.00250.x

 19. Masi S, D’Aiuto F, Martin-Ruiz C, et al. Rate of telomere shortening and 
cardiovascular damage: a longitudinal study in the 1946 British Birth 
Cohort. Eur Heart J. 2014;35:3296–3303. doi:10.1093/eurheartj/ehu226

 20. Robertson T, Batty GD, Der G, Fenton C, Shiels PG, Benzeval M. Is socio-
economic status associated with biological aging as measured by telomere 
length? Epidemiol Rev. 2013;35:98–111. doi:10.1093/epirev/mxs001

 21. Needham BL, Adler N, Gregorich S, et al. Socioeconomic status, health 
behavior, and leukocyte telomere length in the National Health and 
Nutrition Examination Survey, 1999-2002. Soc Sci Med. 2013;85:1–8. 
doi:10.1016/j.socscimed.2013.02.023

 22. Van Gaal LF, Mertens IL, De Block CE. Mechanisms linking obesity with 
cardiovascular disease. Diabetes Obes Metab. 2010;12:21. doi:10.1038/
nature05487

 23. Epel ES, Blackburn EH, Lin J, et  al. Accelerated telomere shortening in 
response to life stress. Proc Natl Acad Sci USA. 2004;101:17312–17315. 
doi:10.1073/pnas.0407162101

 24. Ahima RS. Connecting obesity, aging and diabetes. Nat Med. 2009;15:996–
997. doi:10.1038/nm0909-996

 25. Sparvero LJ, Asafu-Adjei D, Kang R, et al. RAGE (Receptor for Advanced 
Glycation Endproducts), RAGE ligands, and their role in cancer and 
inflammation. J Transl Med. 2009;7:17. doi:10.1186/1479-5876-7-17

 26. Moustafa T, Fickert P, Magnes C, et  al. Alterations in lipid metabolism 
mediate inflammation, fibrosis, and proliferation in a mouse model of 
chronic cholestatic liver injury. Gastroenterology. 2012;142:140–151.e12. 
doi:10.1053/j.gastro.2011.09.051

 27. Harrison DE, Strong R, Sharp ZD, et al. Rapamycin fed late in life extends 
lifespan in genetically heterogeneous mice. Nature. 2009;460:392–395. 
doi:10.1038/nature08221

 28. Minard AY, Tan SX, Yang P, et al. mTORC1 is a major regulatory node 
in the FGF21 signaling network in adipocytes. Cell Rep. 2016;17:29–36. 
doi:10.1016/j.celrep.2016.08.086

 29. Wulaningsih W, Watkins J, Matsuguchi T, Hardy R. Investigating the 
associations between adiposity, life course overweight trajectories, and 
telomere length. Aging (Albany NY). 2016;8:2689–2701. doi:10.18632/
aging.101036

 30. Révész D, Milaneschi Y, Verhoeven JE, Lin J, Penninx BW. Longitudinal 
associations between metabolic syndrome components and telomere 
shortening. J Clin Endocrinol Metab. 2015;100:3050–3059. doi:10.1210/
JC.2015-1995

 31. Rode L, Nordestgaard BG, Weischer M, Bojesen SE. Increased body 
mass index, elevated C-reactive protein, and short telomere length. 
J Clin Endocrinol Metab. 2014;99:E1671–E1675. doi:10.1210/
jc.2014-1161

 32. Gardner MP, Martin-Ruiz C, Cooper R, et  al.; Halcyon study team. 
Telomere length and physical performance at older ages: an individual 
participant meta-analysis. PLoS One. 2013;8:e69526. doi:10.1371/jour-
nal.pone.0069526

 33. Martin-Ruiz CM, Baird D, Roger L, et  al. Reproducibility of telomere 
length assessment: An international collaborative study. Int J Epidemiol. 
2015;44:1673–1683. doi:10.1093/ije/dyu191

 34. Buxton JL, Das S, Rodriguez A, et  al. Multiple measures of adiposity 
are associated with mean leukocyte telomere length in the Northern 
Finland birth cohort 1966. PLoS One. 2014;9. doi:10.1371/journal.
pone.0099133

 35. Eisenberg DTA. An evolutionary review of human telomere biology: 
The thrifty telomere hypothesis and notes on potential adaptive paternal 
effects. Am J Hum Biol. 2011;23:149–167. doi:10.1002/ajhb.21127

 36. Kirkwood TB, Holliday R. The evolution of ageing and longevity. Proc R 
Soc Lond B Biol Sci. 1979;205:531–546. doi: 10.1098/rspb.1979.0083

 37. Nordfjäll K, Larefalk A, Lindgren P, Holmberg D, Roos G. Telomere length 
and heredity: Indications of paternal inheritance. Proc Natl Acad Sci USA. 
2005;102:16374–16378. doi:10.1073/pnas.0501724102

 38. Aviv A, Chen W, Gardner JP, et al. Leukocyte telomere dynamics: longi-
tudinal findings among young adults in the Bogalusa Heart Study. Am J 
Epidemiol. 2009;169:323–329. doi:10.1093/aje/kwn338

 39. Lawlor DA, Benfield L, Logue J, et al. Association between general and cen-
tral adiposity in childhood, and change in these, with cardiovascular risk 
factors in adolescence: prospective cohort study. BMJ. 2010;341:c6224. 
doi:10.1136/bmj.c6224

Journals of Gerontology: MEDICAL SCIENCES, 2017, Vol. 00, No. 00 7

Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/doi/10.1093/gerona/glx151/4079809/Adiposity-Telomere-Length-and-Telomere-Attrition
by University College London user
on 18 October 2017


