
Body mass index is negatively associated with telomere length: a
collaborative cross-sectional meta-analysis of 87 observational studies

Marij Gielen,1 Geja J Hageman,2 Evangelia E Antoniou,3 Katarina Nordfjall,4 Massimo Mangino,5,6

Muthuswamy Balasubramanyam,7 Tim de Meyer,8 Audrey E Hendricks,9,10 Erik J Giltay,11 Steven C Hunt,12

Jennifer A Nettleton,13 Klelia D Salpea,14 Vanessa A Diaz,15 Ramin Farzaneh-Far,16 Gil Atzmon,17 Sarah E Harris,18

Lifang Hou,19 David Gilley,20 Iiris Hovatta,21,22 Jeremy D Kark,23 Hisham Nassar,24 David J Kurz,25 Karen A Mather,26

Peter Willeit,27 Yun-Ling Zheng,28 Sofia Pavanello,29 Ellen W Demerath,30 Line Rode,31 Daniel Bunout,32

Andrew Steptoe,33 Lisa Boardman,34 Amelia Marti,35,36,37 Belinda Needham,38 Wei Zheng,39 Rosalind Ramsey-Goldman,40

Andrew J Pellatt,41 Jaakko Kaprio,42,43 Jonathan N Hofmann,44 Christian Gieger,45 Giuseppe Paolisso,46

Jacob BH Hjelmborg,47 Lisa Mirabello,46 Teresa Seeman,48 Jason Wong,49 Pim van der Harst,50 Linda Broer,51

Florian Kronenberg,52 Barbara Kollerits,52 Timo Strandberg,53 Dan TA Eisenberg,54 Catherine Duggan,55

Josine E Verhoeven,56 Roxanne Schaakxs,56 Raffaela Zannolli,57 Rosana MR dos Reis,58 Fadi J Charchar,59

Maciej Tomaszewski,60,61 Ute Mons,62,63 Ilja Demuth,64 Andrea Elena Iglesias Molli,65 Guo Cheng,66 Dmytro Krasnienkov,67

Bianca D’Antono,68 Marek Kasielski,69 Barry J McDonnell,70 Richard Paul Ebstein,71 Kristina Sundquist,72

Guillaume Pare,73 Michael Chong,73 and Maurice P Zeegers1,74 on behalf of the TELOMAAS group

1Departments of Complex Genetics; 2Toxicology, NUTRIM School of Nutrition and Translational Research in Metabolism, Maastricht University Medical
Center, Maastricht University, Netherlands; 3Department of Clinical Psychological Science, Faculty of Psychology and Neuroscience, Maastricht University,
Netherlands; 4Department of Medicine, Östersund Hospital, Östersund, Sweden; 5Twin Research and Genetic Epidemiology, King’s College London,
London, United Kingdom; 6NIHR Biomedical Research Center at Guy’s and St. Thomas’ Foundation Trust, London, United Kingdom; 7Cell and Molecular
Biology, Madras Diabetes Research Foundation, Gopalapuram, Chennai, India; 8Department of Mathematical Modeling, Statistics, and Bioinformatics, Ghent
University, Ghent, Belgium; 9Population Sciences Branch of the National Heart, Lung, and Blood Institute (NHLBI), NIH, NHLBI’s Framingham Heart
Study, Framingham, MA; 10Department of Mathematical and Statistical Sciences, University of Colorado–Denver, Denver, CO; 11Department of Psychiatry,
Leiden University Medical Center, Leiden, Netherlands; 12Cardiovascular Genetics Division, Department of Medicine, University of Utah, Salt Lake City,
UT; 13Division of Epidemiology, Human Genetics, and Environmental Sciences, University of Texas Health Science Center, Houston, TX; 14Department of
Molecular Biology and Genetics, BSRC “Alexander Fleming,” Athens, Greece; 15Department of Family Medicine, Medical University of South Carolina,
Charleston, SC; 16Division of Cardiology, San Francisco General Hospital, San Francisco, CA; 17Department of Medicine and Genetics, Albert Einstein
College of Medicine, Bronx, NY, and Department of Biology, Faculty of Natural Science, University of Haifa, Haifa, Israel; 18Center for Cognitive Aging and
Cognitive Epidemiology and Medical Genetics Section and Center for Genomics and Experimental Medicine and MRC Institute of Genetics and Molecular
Medicine, University of Edinburgh, Edinburgh, United Kingdom; 19Department of Preventive Medicine and Robert H Lurie Comprehensive Cancer Center,
Feinberg School ofMedicine, Northwestern University, Chicago, IL; 20Department ofMedical andMolecular Genetics, Indiana University School ofMedicine,
Indianapolis, IN; 21Department of Biosciences, University of Helsinki, Helsinki, Finland; 22Department of Health, National Institute for Health and Welfare,
Helsinki, Finland; 23Epidemiology Unit, Hebrew University–Hadassah School of Public Health and Community Medicine, Jerusalem, Israel; 24Department of
Cardiology, Hadassah University Medical Center, Jerusalem, Israel; 25Department of Cardiology, Triemli Hospital, Zurich, Switzerland; 26Centre for Healthy
Brain Ageing, Psychiatry, UNSWAustralia, Sydney, Australia; 27Department of Neurology, Medical University Innsbruck, Innsbruck, Austria, and Department
of Public Health and Primary Care, University of Cambridge, Cambridge, United Kingdom; 28Department of Oncology, GeorgetownUniversityMedical Center,
Georgetown University, Washington, DC; 29Department of Cardiac, Thoracic, and Vascular Sciences, Unit of Occupational Medicine, University of Padova,
Padova, Italy; 30Division of Epidemiology and Community Health, University of Minnesota School of Public Health, Minneapolis, MN; 31The Copenhagen
General Population Study, Department of Clinical Biochemistry, Copenhagen University Hospital, Herlev and Gentofte Hospital, Copenhagen, Denmark;
32Institute of Nutrition and Food Technology University of Chile, Santiago, Chile; 33Department of Epidemiology and Public Health, University College
London, London, United Kingdom; 34Division of Gastroenterology and Hepatology, Department of Internal Medicine, Mayo Clinic College of Medicine,
Rochester, MN; 35Department of Nutrition, Food Science, and Physiology, University of Navarra, Pamplona, Spain; 36Instituto de Investigación Sanitaria de
Navarra, Pamplona, Spain; 37CIBER Fisiopatología de la Obesidad y Nutrición, (CIBERobn), Instituto de Salud Carlos III, Madrid, Spain; 38Department of
Epidemiology, University of Michigan, Ann Arbor, MI; 39Division of Epidemiology, Department of Medicine, Vanderbilt Epidemiology Center, Vanderbilt-
Ingram Cancer Center, Vanderbilt University Medical Center, Nashville, TN; 40Division of Rheumatology, Northwestern University Feinberg School of
Medicine, Chicago, IL; 41Department of Medicine, University of Utah, Salt Lake City, UT; 42Department of Public Health; 43Institute for Molecular Medicine,
University of Helsinki, Helsinki, Finland; 44Division of Cancer Epidemiology and Genetics, National Cancer Institute, NIH, Bethesda, MD; 45Research Unit
of Molecular Epidemiology and Institute of Epidemiology II, Helmholtz Zentrum München, German Research Center for Environmental Health, Neuherberg,
Germany; 46Department of Medical, Surgical, Neurological, Metabolic, and Geriatric Sciences, Second University of Naples, Naples, Italy; 47Department of
Epidemiology, Biostatistics, and Biodemography, Institute of Public Health, University of Southern Denmark, Odense C, Denmark; 48Department of Medicine,
DavidGeffen School ofMedicine at UCLA, LosAngeles, CA; 49StanfordUniversity School ofMedicine, Stanford, CA; 50Department of Cardiology, University
Medical Center Groningen, Groningen, Netherlands; 51Department of Internal Medicine, Erasmus MC, Rotterdam, Netherlands; 52Division of Genetic

Am J Clin Nutr 2018;108:453–475. Printed in USA. © 2018 American Society for Nutrition. All rights reserved. 453

D
ow

nloaded from
 https://academ

ic.oup.com
/ajcn/article-abstract/108/3/453/5095489 by U

niversity of W
ashington user on 18 Septem

ber 2018



454 GIELEN ET AL.

Epidemiology, Department of Medical Genetics, Molecular, and Clinical Pharmacology, Medical University of Innsbruck, Innsbruck, Austria; 53University of
Helsinki and Helsinki University Central Hospital, Helsinki, Finland; Center for Life Course Epidemiology, University of Oulu, Oulu, Finland; 54Department
of Anthropology and Center for Studies in Demography and Ecology, University of Washington, Seattle, WA; 55The Fred Hutchinson Cancer Research Center,
Seattle, WA; 56Department of Psychiatry, VU University Medical Center, Amsterdam Public Health Research Institute, Amsterdam, Netherlands; 57Pediatrics
Unit, Azienda Ospedaliera Universitaria, Senese/University of Siena, Policlinico Le Scotte, Siena, Italy; 58Department of Gynecology and Obstetrics, Ribeirão
Preto Medical School, University of São Paulo, Ribeirão Preto, São Paulo, Brazil; 59School of Science and Technology, Federation University Australia,
Department of Physiology, University of Melbourne, Melbourne, Australia, and Department of Cardiovascular Sciences, University of Leicester, Leicester,
United Kingdom; 60Division of Cardiovascular Sciences, Faculty of Medicine, Biology, and Health, University of Manchester, Manchester, United Kingdom;
61Division of Medicine, Manchester University NHS Foundation Trust, Manchester Academic Health Science Centre, Manchester, United Kingdom; Division
of 62Clinical Epidemiology and Aging Research; 63Cancer Prevention Unit, German Cancer Research Center (DKFZ), Heidelberg, Germany; 64Charité–
Universitätsmedizin Berlin (corporate member of Freie Universität Berlin), Humboldt-Universität zu Berlin, and Berlin Institute of Health, Lipid Clinic at
the Interdisciplinary Metabolism Center, Berlin, Germany; 65CONICET-Universidad de Buenos Aires. Instituto de Inmunología, Genética y Metabolismo
(INIGEM). Laboratorio de Diabetes y Metabolismo, Ciudad Autónoma de Buenos Aires, Buenos Aires, Argentina; 66Department of Nutrition, Food Safety,
and Toxicology, West China School of Public Health, Sichuan University, Chengdu, China; 67Department of Epigenetics, DF Chebotarev State Institute of
Gerontology NAMS of Ukraine, Kyiv, Ukraine; 68Research Center, Montreal Heart Institute, and Psychology Department, University of Montreal, Montreal,
Quebec, Canada; 69Bases of Clinical Medicine Teaching Center, Medical University of Lodz, Lodz, Poland; 70Cardiff School of Sport and Health Sciences,
Cardiff Metropolitan University, Cardiff, United Kingdom; 71Department of Psychology, National University of Singapore, Singapore; 72Center for Primary
Health Care Research, Lund University, Region Skåne, Lund, Sweden; 73Population Health Research Institute and McMaster University, Hamilton, Canada;
and 74CAPHRI School for Public Health and Primary Care, Maastricht University, Maastricht, Netherlands

ABSTRACT
Background: Even before the onset of age-related diseases, obesity
might be a contributing factor to the cumulative burden of oxidative
stress and chronic inflammation throughout the life course. Obesity
may therefore contribute to accelerated shortening of telomeres.
Consequently, obese persons are more likely to have shorter
telomeres, but the association between body mass index (BMI) and
leukocyte telomere length (TL) might differ across the life span and
between ethnicities and sexes.
Objective:A collaborative cross-sectional meta-analysis of observa-
tional studies was conducted to investigate the associations between
BMI and TL across the life span.
Design: Eighty-seven distinct study samples were included in
the meta-analysis capturing data from 146,114 individuals. Study-
specific age- and sex-adjusted regression coefficients were combined
by using a random-effects model in which absolute [base pairs
(bp)] and relative telomere to single-copy gene ratio (T/S ratio)
TLs were regressed against BMI. Stratified analysis was performed
by 3 age categories (“young”: 18–60 y; “middle”: 61–75 y;
and “old”: >75 y), sex, and ethnicity.
Results:Each unit increase in BMI corresponded to a−3.99 bp (95%
CI: −5.17, −2.81 bp) difference in TL in the total pooled sample;
among young adults, each unit increase in BMI corresponded to a
−7.67 bp (95%CI:−10.03,−5.31 bp) difference. Each unit increase
in BMI corresponded to a −1.58 × 10−3 unit T/S ratio (0.16%
decrease; 95% CI: −2.14 × 10−3, −1.01 × 10−3) difference in age-
and sex-adjusted relative TL in the total pooled sample; among young
adults, each unit increase in BMI corresponded to a −2.58 × 10−3

unit T/S ratio (0.26% decrease; 95% CI: −3.92 × 10−3, −1.25 ×
10−3). The associations were predominantly for the white pooled
population. No sex differences were observed.
Conclusions: A higher BMI is associated with shorter telomeres,
especially in younger individuals. The presently observed difference
is not negligible. Meta-analyses of longitudinal studies evaluating
change in bodyweight alongside change in TL arewarranted. Am
J Clin Nutr 2018;108:453–475.

Keywords: BMI, telomere length, obesity, low-grade inflammation,
meta-analysis, observational studies

INTRODUCTION

Telomeres, the nucleoprotein structures at the ends of chro-
mosomes, shorten with each cell division in somatic cells (1).
When telomere length (TL) reaches a critical value, cells either
enter a state of senescence or undergo apoptosis (2). Oxidative
stress and chronic inflammation are suggested to play a role in
accelerated telomere attrition (3–5). Even before the onset of age-
related diseases, obesity might be a contributing factor to the
cumulative burden of oxidative stress and chronic inflammation
throughout the life course, and obesity may therefore contribute
to accelerated shortening of telomeres.

Obesity is a growing health problem, and worldwide its
prevalence has more than doubled since 1980 (6). In addition,
the burden of diabetes and cardiovascular disease is partly
attributable to being overweight and obese (6). Tackling obesity
might be a starting point to delay telomere shortening and the
onset of age-related diseases. Although obesity is associated with
shorter telomeres overall (7), studies in the elderly found no
relation between TL and obesity and no relation between TL and
mortality (8, 9). We hypothesized that obese persons will have
shorter telomeres, compared with those of normal weight of the
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same chronological age, but that the association between obesity
and TL will differ across the life span.

Sex and ethnicity may also influence the association between
BMI and TL. On average, women have longer telomeres than
men (10–12). However, published results on sex differences
in associations between BMI and TL are inconsistent (13–15).
African Americans and Native Americans have higher rates of
obesity (16), and racial differences in TL have frequently been
reported in adult African Americans who have longer telomeres
than white individuals (17–21), but evidence is lacking with
regard to whether the association between BMI and TL differs
between ethnicities.

Two recent meta-analyses reported the negative association
between BMI and TL on reported summary statistics in the lit-
erature, but they did not examine sex differences or the influence
of age and ethnicity (7, 22). To further evaluate whether BMI is
associated with TL, a large-scale, collaborative, cross-sectional
meta-analysis was conducted across observational studies that
collected information on BMI and TL of adult individuals. To
avoid publication bias and maximize the data in the analyses, a
consistent standardized analysis plan across studies was used and
principal investigators (PIs) of published studies were contacted
and asked to participate in the Telomere Maastricht collaborator
(TELOMAAS) group. Because the relation between TL and BMI
could be moderated by age, sex, and ethnicity, we completed
additional analyses stratifying by these factors.

METHODS

Search strategy

We performed a broad literature search up until 10
November 2017 using PubMed (www.ncbi.nlm.nih.gov/pmc),
EMBASE (ovidsp.tx.ovid.com), and the Cochrane (www.
cochranelibrary.com) database without restrictions in language
or publication date. Numerous studies have measured BMI and
TL for purposes other than the association between TL and
BMI as an outcome. Therefore, the search was rather broad
and not narrowed to TL or BMI. On the basis of the existing
relation between obesity, diabetes, and cardiovascular diseases,
and because TL is related to aging, we completed a search in
which terms related to these conditions were entered. In addition,
search items related to study design were entered. The complete
search criteria are listed in Supplemental Methods. Citation
and reference tracking were performed until no new studies
were found. One of the authors (MG) performed the literature
search and selected potentially relevant publications. Titles
and abstracts of potentially relevant studies were screened. In
addition, when the abstract indicated that the article reported
a study of diabetes or cardiovascular disease, the full text was
screened. No additional restrictions for study design were
applied.

Eligibility criteria

Studies were included if height and weight or BMI was
collected. The corresponding author was invited to participate in
the meta-analysis and identified additional unpublished studies.
PIs of these unpublished studies were also invited to participate.
Cohort studies in healthy individuals at baseline were included,

and if the study design was a case-control study, only controls
were included in the meta-analysis. In compiling the database,
care was taken to exclude overlapping study cohorts. The study
sample (abbreviated as “study”) was taken as the unit for this
meta-analysis.

Data extraction

The detailed study protocol can be found in the Supplemental
data (“Study Protocol for Participating PIs”). The PI of each
study completed a questionnaire and additional information
was extracted from the manuscript. The following data were
collected: study name; study design (cohort or case-control);
sample size (cohort size or control group size); presence of the
variables age, sex, and ethnicity [when ≥70% of the individuals
of a sample were of a single ethnicity (e.g., white, African
American, Native American, Asian, Hispanic), the sample was
classified as a sample of a particular ethnicity; when no ethnicity
constituted 70% of the sample, the sample was classified as a
mixed sample]; leukocyte TL; and BMI (kg/m2) and whether
BMI was measured or self-reported; white blood cell types
from which DNA was extracted for telomere measurements; and
method of TL measurement and of DNA storage (Supplemental
Material: Study Protocol for Participating PIs). Two metrics were
used for TL: absolute TL in base pairs (bp) and relative TL based
on telomere to single-copy gene ratio (T/S ratio) (23). A T/S ratio
of 0.8 indicates a relative TL, which is 80% of the reference used
(100%).

The PI was free to provide the de-identified raw data or
to perform linear regression analyses and provide summary
statistics. If the PI provided raw data, one of the authors (MG)
conducted the linear regression analyses with TL (bp or T/S ratio)
as the outcome and BMI as the independent variable to obtain the
summary statistics. Three sex groups were defined: men, women,
and a combined group of men and women; 4 age groups were
defined: “young” (18–60 y), “middle” (61–75 y), and “old” (>76
y) and a combined group of all subjects regardless of their age.
For each study, ≤12 stratified linear regression analyses were
conducted (stratified by the 3 sex groups and 4 age groups).
The analyses that included all subjects regardless of sex were
adjusted for sex; similarly, the analyses that included all subjects
regardless of age were adjusted for age.

If the T/S ratio was used to estimate absolute TL without
the use of reference DNA with the known absolute TL, the PI
was asked to provide new analyses with the T/S ratio as the
outcome. If the PI did not respond to this request, absolute TL
based on the T/S ratio was used for analyses and included in
the analysis. The regression coefficients (β estimates) and SEs
were then used in the meta-analyses. In the case of longitudinal
data, one randomly selected measurement of TL along with the
corresponding BMI and age for that time point were used in
the analysis. The summary statistics thus included the results of
12 linear regression analyses, with TL (bp or T/S ratio) as the
outcome and BMI as the independent variable.

Assessment of small study effects

To examine the potential presence of publication bias, visual
inspection of funnel plots for asymmetry was performed,
followed by the Egger and Begg’s linear regression test for small
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study effects (24) and the Duval and Tweedie nonparametric
“trim and fill” method (25).

Statistical analysis

Statistical pooling

The primary outcome of the meta-analysis was a pooled
estimation of the difference in absolute TL in bp or relative TL
(T/S ratio) per unit increase in BMI. Study-specific regression
coefficients (β estimates) and SEs were combined by using
random-effects pooling in 12 meta-analyses. The assumption
of a linear association between BMI and TL was verified by
using the raw data provided by the PIs (Supplemental Methods,
Supplemental Results).

Assessment of heterogeneity

Details are given in Supplemental Methods. Statistical hetero-
geneity between studies was estimated by using I2 statistics (26,
27) for each of the 12 meta-analyses. Low heterogeneity was
indicated by I2 ≤25%, medium heterogeneity by I2 of 25–50%,
and high heterogeneity by I2 >50% (27). To investigate potential
effect modification of age and sex, meta-regression analysis was
performedwith age and sex separately incorporated as covariates.
Age was therefore categorized into 3 age categories [“young”
(18–60 y), “middle” (61–75 y), and “old” (>75 y)] and also
into 2 age categories [“young” (18–60 y) and “other” (>60 y)].
Other potential sources of heterogeneity at the study level (effect
modifiers) were also investigated by meta-regression analysis
(Supplemental Methods).

Sensitivity analyses

The following sensitivity analyses were performed: 1) outlier
analyses by omitting one study at a time, 2) omitting studies
with large sample sizes (n >5000), 3) omitting studies that used
the relative TL to estimate the absolute TL, 4) stratification by
method of measurement of TL [Southern blot compared with
quantitative polymerase chain reaction (qPCR)], and 5) using a
cutoff of 90% for defining ethnicity (Supplemental Methods).

Statistical analyses were performed with the use of Stata
software version 12.0 (StataCorp). All of the statistical tests
were 2-sided; P values<0.05 were considered significant, except
where otherwise specified.

RESULTS

Search

The search (PubMed, EMBASE, and Cochrane) yielded 5021
publications, from which 173 potentially relevant publications
were identified. Some authors contributed to>1 publication. As a
result, 153 corresponding authors were identified and contacted.
Seventy-five corresponding authors responded positively, 69
authors did not respond, 6 declined to participate, and 3 authors
did not have the requested data. Because 1 publication could
include multiple studies, the PIs (if not the same as corresponding
authors) of the studies were contacted. Eight additional studies
were identified by the corresponding authors and the PIs of
these additional studies were contacted. We decided to exclude
9 studies that used 1) techniques other than Southern blots and

5021 publications

173 potentially relevant publications

screening abstracts or full text:
Exclusion 4848 publications

153 corresponding authors

75 corresponding authors willing to participate

No response: n= 69
No data: n= 3
No participation: n= 6

Additional study populations: n= 8
> 1 study population in manuscript: n= 6

87 unique study populations

29 absolute telomere length
58 T/S ratio

Exclusion:
1 L/C ratio
6 fish flow fluorescence
1 Exponentiation T/S ratio
1 Summary statistics without regression coefficient

96 unique study populations

FIGURE 1 Study inclusion flow chart. L/C ratio, telomere/centromere
ratio; T/S ratio, telomere to single-copy gene ratio.

qPCR or 2) did not report TL in bp or T/S ratio, because
the regression coefficients (β estimates) may not be directly
comparable.

In total, 87 unique studies were included in the meta-analyses.
Twenty-nine studies measured absolute TL and 58 studies used
the T/S ratio. A flow chart of the inclusion procedure is presented
in Figure 1.

Description of studies

The characteristics of the 87 studies included in this meta-
analysis are provided in Table 1. Absolute TLs were obtained
from 29 studies (3, 5, 13, 14, 17, 28–61; HyperGEN study,
unpublished data S. Hunt, A. Aviv, R. Cawthon 2011), of which
4 studies estimated absolute TL on the basis of the T/S ratio
(19, 22, 62–68). In 17 studies, Southern blots were used (3, 5,
13, 14, 17, 28–40, 44, 45, 48–52, 55, 56, 59, 61). Fifty-eight
studies presented the relative TL (T/S ratio) (4, 15, 69–133; Utah
Pedigree Study, unpublished data S. Hunt, A. Aviv, R. Cawthon
2011). One PI provided the data stratified by source of leukocytes
(whole blood compared with buffy coat) (104). One PI provided
longitudinal data (55).

The total pooled sample of this meta-analysis consisted of
146,114 adults (40% men), the “young” pooled sample (18–
60 y) consisted of 81,446 adults (51% men), the “middle”
pooled sample (61–75 y) consisted of 42,991 adults (41%
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men), and the “old” pooled sample (>75 y) consisted of 8495
adults (65% men). Overall, the majority of the adults were
white (including Arab; 83%), followed by Asian (7%), African
American (4%), and Hispanic and Native American (both 3%).
Six studies provided data of mixed study populations stratified
by ethnicity (17, 71, 72, 101, 132, 133; HyperGEN study,
unpublished data S. Hunt, A. Aviv, R. Cawthon 2011). Sixty-
five studies consisted of >70% white individuals (of which
60 had ≥90% white individuals) (3, 5, 13–15, 17, 22, 28–34,
36–45, 48–59, 63–65, 68, 71–95, 98, 100–103, 105, 108–114,
116–118, 120–129, 131; HyperGEN study, unpublished data
S. Hunt, A. Aviv, R. Cawthon 2011; Utah Pedigree Study,
unpublished data S. Hunt, A. Aviv, R. Cawthon 2011). Four
studies consisted only of African Americans (17, 71, 72, 101;
HyperGEN study, unpublished data S. Hunt, A. Aviv, R. Cawthon
2011), 5 only of Asians (35, 61, 100, 115, 130), 1 study only of
Native Americans (96, 97, 106, 107), and 4 studies comprised
only Hispanics (60, 71, 72, 83, 84, 101). One study could not
provide information about ethnicity (119).

Assessment of small study effects

Visual inspection of the funnel plots for absolute TL and for
relative TL yielded symmetric plots (Supplemental Figure 1,
funnel plots). No publication bias was detected with the use of
Egger’s test or Begg’s test. The “trim and fill” method added 1
hypothetical study to themeta-analysis for absolute TL.However,
the recalculated summary estimate did not change and was still
significant with its inclusion (β = −3.99; 95%CI:−5.16,−2.84;
P < 0.001).

Statistical pooling

A summary of the β estimates of the meta-analysis is shown
in Tables 2 and 3. An overview of the meta-analysis is shown
Supplemental Tables 2 and 3 in which the β estimates of all
meta-analyses for absolute TL as the outcome (Supplemental
Table 2) and of all meta-analyses for relative TL as the outcome
(Supplemental Table 3) are presented. The accompanying forest
plots are presented in the Supplemental Figure 2.

We confirmed that age was an effect modifier. Because the
associations between BMI and TL did not differ significantly
between men and women, the results of the sex-specific meta-
analyses are shown only in the Supplemental Results.

Overall meta-analysis

Overall, sex- and age-adjusted absolute TL was significantly
associated with BMI (Table 2, line 1). Each unit increase in
BMI corresponded to a −3.99 bp (95% CI: −5.17, −2.81 bp;
I2 = 0.6%) difference in absolute TL (Table 2, line 1; Figure 2).
For example, the estimated difference in TL between a normal-
weight individual with a BMI of 25 and an obese individual with
a BMI >30 is (rounded) >20.0 bp and, if a larger difference
is used (BMI: 20 compared with >30), is >39.9 bp. The
estimated difference between normal weight and morbid obesity
(BMI >40) is >59.9 bp. Overall, each unit increase in BMI
corresponded to a −1.58 × 10−3 unit T/S ratio (0.16% decrease;
95% CI: −2.14 × 10−3, −1.01 ×10−3; I2 = 41.1%) difference in
age- and sex-adjusted relative TL (Table 3, line 1). The estimated
difference in relative TL between normal weight and obesity
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is a ≥7.9 × 10−3 unit (0.79% difference) T/S ratio (Table 3,
line 1; Figure 3) and between normal weight and morbid obesity
is a ≥23.7 × 10−3 unit T/S ratio (2.37% difference).

Meta-analysis stratified by age categories

Analysis stratified by age category showed that in “young”
adults (18–60 y) a unit increase in BMI corresponded to a
−7.67 bp (95% CI: −10.03, −5.31 bp; I2 = 31.2%) difference in
absolute TL (Table 2, line 1; Figure 4). In “middle”-aged adults
(61–75 y) the overall association betweenBMI and TLwas−1.65
bp (95% CI: −4.41, 1.11 bp; I2 = 19.7) per unit increase in BMI.
In “old” adults (>75 y) the overall association between BMI and
TL was −5.89 bp (95% CI: −10.41, −1.37 bp; I2 = 5.3) per unit
increase in BMI (Table 2, line 1).

For relative TL, each unit increase in BMI corresponded to a
−2.58 × 10−3 unit T/S ratio (0.26% decrease; 95% CI: −3.92
× 10−3, −1.25 × 10−3; I2 = 80.0%) difference in relative TL in
young adults (Table 3, line 1; Figure 5). In “middle”-aged adults,
the overall association between BMI and relative TL was found
to be a −1.08 × 10−3 unit T/S ratio (0.1% decrease; 95% CI:
−1.76× 10−3,−0.39× 10−3; I2 = 0.0) per unit increase in BMI.
For “old” adults no significant association [0.20 × 10−3 unit T/S
ratio (0.02%); 95% CI: −1.40 × 10−3, 1.80 × 10−3; I2 = 0.0]
was found between BMI and relative TL (Table 3, line 1).

Meta-regression and sources of heterogeneity

Age and ethnicity were effect modifiers in the meta-regression
analyses (Supplemental Results). Therefore, all of the analyses
were stratified by ethnicity in addition to the originally planned
analyses.

With absolute TL as the outcome, stratified analyses showed
that all estimates were significant for the white pooled sample
(Table 2, line 2) and also for the “middle” pooled Asian sample.
However, the latter estimate was an outlier and based on just 1
study (Table 2, line 5).

With relative TL as the outcome, stratified analyses showed
that the estimates (except for one estimate for the “old” pooled
sample) were significant for the white pooled sample (Table 3,
line 2). In addition, the estimates of the overall and “young”
pooled Native American samples and the estimate of the “young”
pooled Asian sample were significant (Table 3, lines 5 and 6).

Sensitivity analysis

None of the sensitivity analyses resulted in a substantial
change in the summary estimate (Supplemental Results).

DISCUSSION

This cross-sectional meta-analysis of 87 observational studies
of adult pooled populations confirmed previous observations that
BMI is negatively associated with TL. After stratification for
age and ethnicity, the negative association between BMI and TL
appeared to be stronger in the “young” pooled population (18–
60 y) and in the white pooled population. Differences between
men and women could not be confirmed.

On the basis of our estimates for absolute TL, an ∼5-unit
higher BMI appears to be equivalent to a difference in TL of∼20–
38 bp or an ∼7.9 × 10−3 to 13 × 10−3 unit T/S ratio (0.79–1.3%
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NOTE: Weights are from random effects analysis
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FIGURE 2 Forest plot of the β estimates (regression coefficients) from the meta-analysis of the association between BMI and absolute telomere length
(base pairs) as the outcome in the total pooled population. Random effect model was used and adjusted for age and sex. Statistical heterogeneity was estimated
by I2 statistics for each of the 12 meta-analyses. The shaded boxes indicate the inverse variance weighting of each estimate, and the size of the box indicates the
weight. In case no shaded box is visible, the weight is very small. COPD, Chronic Obstructive Lung disease cohort; CURES, Chennai Urban Rural Epidemiology
Study; ES, estimate; ESTHER, Epidemiological Study on the Chances of Prevention, Early Recognition, and Optimised Treatment of Chronic Diseases in the
Older Population; HyperGEN, Hypertension Genetic Epidemiology Network study; LRC, Lipid Research Clinic; LSADT, Longitudinal Study of Aging Danish
Twins (https://www.icpsr.umich.edu/icpsrweb/NACDA/studies/21041); NHSC, Nutrition and Health in Southwest China study; RPCI, Roswell Park Cancer
Institute; SOLVABLE, Study of Lupus Vascular and Bone Longterm Endpoints; ZTL2008, Zannolli Telomere Length 2008.

difference). Compared with an estimated average yearly decrease
(i.e., ∼25 bp/y or ∼0.01 T/S ratio/y) in leucocyte TL in adults
based on cross-sectional data (3, 32, 134–136), this is equivalent
to an increase in biological age of ∼1 y. A major disadvantage
of cross-sectional analysis is the impossibility to infer causation.
However, the robust association between higher BMI and lower
TL found in this meta-analysis could highlight another potential
area of concern for the obesity epidemic.

Because obesity and, more specifically, an increase in leptin
and a decrease in adiponectin have been associated with low-
grade inflammation and oxidative stress (137), the observed
negative association between BMI and leukocyte TL may be due,
in part, to the chronic inflammatory state associated with higher
leptin. Recently, a negative association was observed between
age-related relative TL and serum leptin in 7 cohorts of 11,448
participants, which remained significant after adjustment for BMI
(103). These data suggest that, beyond a high BMI, inflammatory
conditions, mediated via increase in leptin, likely contribute to
telomere shortening. Because a longitudinal intervention study

showed that a reduction in BMI was linked to increasing TL over
a 5-y period (98), it is also suggested that a common factor, such
as chronic inflammation, is associated both with leptin resistance
and with TL.

The negative association between BMI and TL was most
apparent in the younger pooled population, in whom a stronger
association was found for TL than in the other age groups. Three
possible explanations could explain this observation. First, BMI
could be a better marker for adiposity in younger individuals
aged <60 y than in older individuals (22). Above 65 y of age
BMI may less consistently reflect obesity because of potential
loss of muscle and bone mass and height (22). The fact that older
men weighed less than the middle-aged men at a given height is
attributed to older men having less lean tissue, and a lower BMI
can actually reflect a higher fat mass (138). Second, selective
survival might be one of the causes of the stronger association
found in the younger age category. As Manson et al. (139) stated,
“obesity in one’s 40s contributes to the onset of type 2 diabetes
in one’s 50s, which leads to myocardial infarction (MI) in one’s
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NOTE: Weights are from random effects analysis
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FIGURE 3 Forest plot of the β estimates (regression coefficients) from the meta-analysis of the association between BMI and relative telomere length
(T/S ratio) as outcome in the total pooled population. The unit of the estimates and 95% CI is 10−3. A random-effects model was used and adjusted for age
and sex. Statistical heterogeneity was estimated by I2 statistics for each of the 12 meta-analyses. The shaded boxes indicate the inverse variance weighting
of each estimate, and the size of the box indicates the weight. In case no shaded box is visible, the weight is very small. ACCT, Anglo-Cardiff Collaborative
Trial; BASE-II, Berlin Aging Study; CAS, calcific aortic valve stenosis study; CAVASIC, Cardiovascular Disease in Intermittent Claudication; DALS, Diet,
Activity and Lifestyle Study; DHS, Dallas Heart Study; EARSII, European Atherosclerosis Study II; ECRAN, Envejecimiento y Enfermedades Crónicas
Asociadas a Nutrición (Aging and Nutrition Associated Chronic Diseas); EPIDREAM, Epidemiologic study of the Screenes for DREAM (Diabetes Reduction
Assessment with Ramipril and Rosiglitazone Medication); ES, estimate; GAHR2, Prospective evaluation of Gender and Age differences in the impact of
Hostility and Reactivity on intermediary coronary artery disease risk factors; HBCS, Helsinki Birth Cohort Study; KORA F3, Cooperative Health Research
in the Region of Augsburg F3 (2004/2005) survey; KORA F4, Cooperative Health Research in the Region of Augsburg F4 (2006/2008) survey; MDCC,
Malmö Diet and Cancer Cohort; MESA, Multi-Ethnic Study of Atherosclerosis (https://www.mesa-nhlbi.org/); MONICA, Multinational Monitoring of Trends
and Determinants in Cardiovascular Disease; NESDA, The Netherlands Study of Depression and Anxiety; NESDO, The Netherlands Study of Depression in
older persons; NHANES, National Health and Nutrition Examination Survey; Not publ, not published; PATH 40, Personality and Total Health Through Life
Project AGE 40-44; PATH 60, Personality and Total Health Through Life Project AGE 60-64; PREDIMED, Prevención con Dieta Mediterránea; PREVEND,
Prevention of Renal and Vascular End-stage Disease; PRT, Progressive Resistance Training; Ref, reference; RPE, Richard Paul Ebstein; SAPHIR, Salzburg
Atherosclerosis Prevention program in subjects at High Individual Risk Study; SWHS, Shanghai Women’s Health Study; T/S ratio, telomere to single-copy
gene ratio; UMED, Uniwersytet MEDyczny w Łodzi (Medical University of Lodz (MUL)); UMS, ultra-marathon study; USKCS, US Kidney Cancer Study;
YMCA, Young Men Cardiovascular Association.

60s, heart failure and weight loss due to debilitation and muscle
wasting at age 70, and death at age 75”. People who suffered
from age-related diseases may have died and those who survived
may therefore differ from those who died (140). Third, older
people aremore likely to have chronic diseases that lead to weight

loss and people with chronic diseases are probably less likely to
participate in studies (139).

The magnitude of the negative association between BMI
and leukocyte TL was found to be largest in the white
pooled population. One possible explanation could be that TL
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NOTE: Weights are from random effects analysis
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FIGURE 4 Forest plot of the β estimates (regression coefficients) from the meta-analysis of the association between BMI and absolute telomere length
(base pairs) as outcome in the “young” pooled population (age≥18 and≤60 y). A random-effects model was used and adjusted for sex. Statistical heterogeneity
was estimated by I2 statistics for each of the 12 meta-analyses. The shaded boxes indicate the inverse variance weighting of each estimate, and the size of the box
indicates the weight. In case no shaded box is visible, the weight is very small. COPD, Chronic Obstructive Lung disease cohort; CURES, Chennai Urban Rural
Epidemiology Study; ES, estimate; ESTHER, Epidemiological Study on the Chances of Prevention, Early Recognition, and Optimised Treatment of Chronic
Diseases in the Older Population; HyperGEN, Hypertension Genetic Epidemiology Network study; LRC, Lipid Research Clinic; LSADT, Longitudinal Study
of Aging Danish Twins (https://www.icpsr.umich.edu/icpsrweb/NACDA/studies/21041); NHSC, Nutrition and Health in Southwest China study; Not publ, not
published; Ref, reference; RPCI, Roswell Park Cancer Institute; SOLVABLE, Study of Lupus Vascular and Bone Longterm Endpoints; ZTL2008, Zannolli
Telomere Length 2008.

differs between different cell types (141) and that leukocyte
cell subpopulations (142) differ between whites and African
Americans. However, because only 4 samples consisted of
African Americans, more research is required to resolve whether
this observation explains the racial differences in association
between TL and BMI for white and African Americans or
whether this is a false-positive finding. Second, it was reported
that the estimation of visceral adipose tissue, the most relevant
tissue that determines the risk of developing chronic metabolic
diseases, was different in white and African American adults
(143). At a higher BMI or increased waist circumference,
white adults had higher amounts of visceral adipose tissue than
African-American adults (137). Because the presence of leptin
resistance or markers of inflammation was not included in these
studies, it remains to be determined whether the relation between
BMI, leptin resistance, inflammation, and telomere attrition
is different for African Americans compared with whites. In
addition, the one study sample consisting of 3256mostly “young”
Native Americans showed similar results as found for the white
study population (107). The majority of this study sample was
centrally obese, and leukocyte TL was negatively correlated with
C-reactive protein.

One of the main strengths of this study is that we did not
rely on publications only. Instead, we contacted PIs, which, in
turn, pointed us toward important studies we may have missed
to obtain the data used in the meta-analysis. In addition, we
incorporated potential confounders (age and sex) and sources
of heterogeneity (ethnicity and study design). The response rate
of the originally contacted PIs was 55%, with a final count
of 87 unique studies and >140,000 individuals. Although it is
impossible to make a direct comparison with the unpublished β

estimates of the nonresponders, we assume, also based on the
absence of significant publication bias, that the studies in this
meta-analysis are a random selection of all studies conducted and
that we present a valid representation of the association between
BMI and TL. Because of the large variation in adult TL, as well
as biological and measurement variation (qPCR), large sample
sizes are needed, especially in cross-sectional studies, to detect
modest effects (30). In this meta-analysis we were able to detect
a significant association of −3.99 bp or a −1.58 × 10−3 unit T/S
ratio (0.16%) per unit increase in BMI. Because 36% of our meta-
analyses showed a significant association with estimates in the
same direction and of the same magnitude (except for 3 estimates
of extreme magnitude of one Asian sample in the “middle”-aged
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NOTE: Weights are from random effects analysis
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FIGURE 5 Forest plot of the β estimates (regression coefficients) from the meta-analysis of the association between BMI and relative telomere length (T/S
ratio) as the outcome in the “young” pooled population (age≥18 y and≤60 y). The unit of the estimates and 95% CI is 10−3. A random-effects model was used
and adjusted for sex. Statistical heterogeneity was estimated by I2 statistics for each of the 12 meta-analyses. The shaded boxes indicate the inverse variance
weighting of each estimate, and the size of the box indicates the weight. In case no shaded box is visible, the weight is very small. ACCT, Anglo-Cardiff
Collaborative Trial; BASE-II, Berlin Aging Study; CAS, calcific aortic valve stenosis study; CAVASIC, Cardiovascular Disease in Intermittent Claudication;
DALS, Diet, Activity and Lifestyle Study; DHS, Dallas Heart Study; EARSII, European Atherosclerosis Study II; ECRAN, Envejecimiento y Enfermedades
Crónicas Asociadas a Nutrición (Aging and Nutrition Associated Chronic Diseas); EpiDREAM, Epidemiologic study of the Screenes for DREAM (Diabetes
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impact of Hostility and Reactivity on intermediary coronary artery disease risk factors; HBCS, Helsinki Birth Cohort Study; KORA F3, Cooperative Health
Research in the Region of Augsburg F3 (2004/2005) survey; KORA F4, Cooperative Health Research in the Region of Augsburg F4 (2006/2008) survey;
MDCC, Malmö Diet and Cancer Cohort; MESA, Multi-Ethnic Study of Atherosclerosis (https://www.mesa-nhlbi.org/); MONICA, Multinational Monitoring
of Trends and Determinants in Cardiovascular Disease; NESDA, The Netherlands Study of Depression and Anxiety; NESDO, The Netherlands Study of
Depression in older persons; Not publ, not published; PATH 40, Personality and Total Health Through Life Project AGE 40–44; PREDIMED, Prevención con
Dieta Mediterránea; PREVEND, Prevention of Renal and Vascular End-stage Disease; PRT, Progressive Resistance Training; Ref, reference; RPE, Richard
Paul Ebstein; SAPHIR, Salzburg Atherosclerosis Prevention program in subjects at High Individual Risk Study; SWHS, Shanghai Women’s Health Study;
T/S ratio, telomere-to–single-copy gene ratio; UMED, Uniwersytet MEDyczny w Łodzi (Medical University of Lodz (MUL)); UMS, ultra-marathon study;
USKCS, US Kidney Cancer Study; YMCA, Young Men Cardiovascular Association.

population), we assume that false positive reporting is only of
minor concern.

Two recent meta-analyses, which relied on published data,
also reported negative associations between BMI and TL. The
first smaller scale meta-analysis reported negative regression
coefficients on the association between TL and BMI (22), of
which 5 studies were also included in this meta-analysis (13,
14, 19, 82, 144). The larger-scale meta-analysis reported a weak

negative correlation, a standardizedmean difference of 0.84 (95%
CI: 0.22, 1.46) between obese individuals and normal-weight
individuals, and an OR of 1.39 (95% CI: 1.15, 1.69) (7). Of the
45 samples that met our inclusion criteria 33 collaborated in our
analysis. This shows that the results between the meta-analyses
are consistent and very robust.

Although age and ethnicity were taken into account, it should
be mentioned that the older study sample was relatively small
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(∼8400 individuals) and that the majority of the individuals
were white (83%). Unfortunately, we did not include smoking in
the meta-analysis. Smoking is generally associated with a lower
BMI and shorter TL (3, 139, 145), which may have caused an
underestimation of the inverse association between BMI and TL.
In addition, inflammation was not directly measured. We were
also not able to measure telomere attrition because we did not
incorporate longitudinal data, and reverse causation cannot be
excluded. However, there are very few large-scale studies with
repeated measures of TL.

The lengths of telomeres at different ages are highly correlated,
and it has been suggested that most of the variation in leukocyte
TL in adults is a result of TL at birth and that therefore the
impact of environmental and lifestyle factors is rather small (145,
146). In addition, Benetos et al. (145) described that ranking
of individuals into deciles according to their TL barely changes
across adult life. Our meta-analysis shows that a 5-unit increase
in BMI corresponds to a change of ∼20 bp or even ∼38 bp in
the younger pooled population, which is equivalent to 1-y greater
biological age, irrespective of ranking.

In summary, a higher BMI is associated with shorter telomeres,
especially in the younger pooled population. Being aware of the
fact that the association between BMI and TL differs across
the life span can lead to further research. Although no causal
inference can be drawn and residual confounding may exist, the
results were robust across a variety of potential confounders.
Given this, we could possibly infer that tackling the obesity
epidemic might be a starting point to delay telomere shortening
and the onset of age-related diseases, thereby contributing to
slower biological aging of the population. However, meta-
analyses of longitudinal studies that can evaluate change in body
weight alongside change in TL are warranted.
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