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ABSTRACT
Tobacco smoking is a preventable environmental factor that contributes to a wide spectrum of age-related
health outcomes; however, its association with the development of frailty is not yet well established. We
examined the associations of self-reported smoking indicators, serum cotinine levels and smoking-related
DNA methylation biomarkers with a quantitative frailty index (FI) in 2 independent subsets of older adults
(age 50–75) recruited in Saarland, Germany in 2000 – 2002 (discovery set: n D 978, validation set: n D 531).
We obtained DNA methylation profiles in whole blood samples by Illumina HumanMethylation450
BeadChip and calculated the FI according to the method of Mitnitski and Rockwood. Mixed linear
regression models were implemented to assess the associations between smoking indicators and the FI.
After controlling for potential covariates, current smoking, cumulative smoking exposure (pack-years), and
time after smoking cessation (years) were significantly associated with the FI (P-value < 0.05). In the
discovery panel, 17 out of 151 previously identified smoking-related CpG sites were associated with the FI
after correction for multiple testing (FDR < 0.05). Nine of them survived in the validation phase and were
designated as frailty-associated loci. A smoking index (SI) based on the 9 loci manifested a monotonic
association with the FI. In conclusion, this study suggested that epigenetic alterations could play a role in
smoking-associated development of frailty. The identified CpG sites have the potential to be prognostic
biomarkers of frailty and frailty-related health outcomes. Our findings and the underlying mechanisms
should be followed up in further, preferably longitudinal studies.
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Introduction

Frailty is an emerging gerontological concept describing a mul-
tidimensional syndrome characterized by loss of physiologic
reserves, which leads to increased vulnerability to age-related
diseases and functional impairment.1,2 As a possible reversible
syndrome that has pronounced associations with longevity and
other age-related phenotypes, frailty is of particular interest for
aging research and has received rapidly growing attention in
recent years.3, 4 Previous publications reported that frail people
are at higher risk of age-related diseases and higher late-life
mortality.4-6 Over the past decade, several approaches have
been proposed to define and evaluate frailty.1,7,8 A widely
accepted approach proposed by Mitnitski et al. uses a continu-
ous frailty index (FI) to define frailty as the proportion of accu-
mulated health deficits, such as specific diseases, symptoms,
signs, or disabilities presented at the time of investigation.1

Cigarette smoking has been shown to be one of the major
causes of a wide spectrum of age-related health outcomes.9

However, its association with the development of frailty is not
yet well-established, and reported findings were inconsistent:
several cross-sectional studies reported that smoking was asso-
ciated with being less frail,10-12 while most prospective cohort

studies asserted that baseline smoking status was predictive of
significantly accelerated progression of frailty at follow-
up.4,13,14 In addition, the mechanisms underlying the potential
linkage between smoking and frailty yet remain unclear. The so
far most commonly suggested explanation is chronic inflam-
mation induced by various toxic chemicals produced by
tobacco smoking, which is supported by findings of positive
associations between increased levels of inflammatory
markers,15 such as C-reactive protein and interleukin-6, and
higher prevalence and incidence of frailty.16,17

Recent advances in epigenetic research have shown the reg-
ulating role of DNA methylation, one of the main forms of
epigenetic modification, in the pathways of smoking and
smoking-induced diseases.18,19 An increasing number of
smoking-related CpG sites in various genes, such as AHRR
and F2RL3, have been discovered by epigenome-wide associa-
tion studies (EWAS) based on whole blood samples and have
been shown to be useful as quantitative biomarkers of current
and past smoking exposure and predictors of smoking-associ-
ated health risks.20-24 Teschendorff et al. constructed a smok-
ing index based on 1,501 smoking-related CpG sites and

CONTACT Hermann Brenner, M.D., M.P.H. h.brenner@dkfz-heidelberg.de Division of Clinical Epidemiology and Aging Research, German Cancer Research Cen-
ter, Im Neuenheimer Feld 581, D-69120 Heidelberg.

Supplemental data for this article can be accessed on the publisher’s website.
© 2017 Taylor & Francis Group, LLC

EPIGENETICS
2017, VOL. 12, NO. 2, 149–156
http://dx.doi.org/10.1080/15592294.2016.1271855

http://dx.doi.org/10.1080/15592294.2016.1271855
http://dx.doi.org/10.1080/15592294.2016.1271855


illustrated that such DNA methylation signatures of smoking
could be useful indicators of smoking-induced health disor-
ders.25 Hence, we hypothesized that smoking-induced DNA
methylation might also be correlated with frailty. We therefore
performed a comprehensive analysis of the associations of self-
reported smoking indicators, serum cotinine levels and smok-
ing-related DNA methylation biomarkers with frailty in a
large population-based study of older adults in Germany and
evaluated a smoking-related methylation-based predictor of
frailty.

Results

Participant characteristics

Characteristics of the study population in the discovery and the
validation panel were comparable with respect to smoking
behaviors and lifestyle factors, as well as frailty categories, as
summarized in Table 1. Average age in the 2 subsets was about
62 y. More than half of the participants in each subset were
ever smokers (current or former smokers), and around 18%
still smoked at the time of recruitment. Current smokers
included a larger proportion of younger participants than for-

mer and never smokers (Figure S1). The proportion of men
was much higher in current smokers than in never smokers:
60.8% vs. 29.4% in the discovery panel and 48.0% vs. 21.1% in
the validation panel. Average cumulative smoking exposure
(pack-years) of current smokers was considerably higher than
that of former smokers in both subsets (discovery set: 36.8 vs.
23.3; validation set: 33.9 vs. 19.9). Average time after smoking
cessation (years) of former smokers in both subsets was also
similar, approximately 17 y. The majority of participants in
both subsets of the study population were overweight or obese,
reported no or only low physical activity, and no or low
amounts of alcohol drinking. Mean values of the FI were
slightly higher among women than among men, increased with
age and were higher in ever smokers compared with never
smokers in both panels (Table S2).

Associations between smoking indicators and frailty

In the analyses of associations of self-reported smoking indica-
tors and serum cotinine levels with the FI, 2 linear regression
models were used (details are presented in Methods) in the dis-
covery panel, controlling for potential confounders. After
adjustment for age and sex, current smoking, cumulative smok-
ing exposure (pack-years), and time after smoking cessation
(years) were significantly associated with the FI (P-value <0.05;
for time after smoking cessation, an inverse association was
observed), while former smoking or serum cotinine levels was
not (Table 2). Additional adjustment for alcohol consumption
did not alter the results in any relevant manner.

Of the 151 smoking-related CpG sites, which had been iden-
tified � 2 times in previous smoking EWAS as biomarkers of
smoking exposure,26 17 passed the threshold of FDR < 0.05 in
regression analysis with the FI and thus demonstrated signifi-
cant associations with the FI in the discovery phase (Table S3).
Nine of them were confirmed to be significantly related to FI in
the validation panel (Table 3, FDR < 0.05). A sensitivity analy-
sis with additionally adjusting for education background did
not lead to any relevant changes (details not shown). Effect
sizes (average methylation difference between never and cur-
rent smokers) of the 9 hypomethylated loci ranged from 1.7 to
9.2%. Six of them were mapped in known genome regions,
including cg02657160 (CPOX), cg05673882 (POLK),
cg07826859 (MYO1G), cg19859270 (GPR15), cg23667432
(ALPP), and cg25189904 (GNG12). Methylation intensity of
each locus in the validation panel was significantly lower in the
frail population than that in the non-frail population (P-value
<0.05 by Kruskal-Wallis test), and intermediate levels of meth-
ylation intensity were observed for the pre-frail population
(Figure S2).

Smoking index (SI) and frailty

We constructed a SI based on the 9 identified smoking-related
loci. The SI was significantly associated with the FI in the fully-
adjusted mixed linear model (P-value < 0.0001). Furthermore,
the SI showed a monotonic linear dose-response relationship
with the FI (Fig. 1). An increase in the SI by one standard devi-
ation was roughly associated with a 0.04-unit increase of the FI.

Table 1. Study population characteristics in the discovery and the validation
panela.

Characteristics Discovery Panel Validation Panel

n 978 531
Age (years) 62.1 (6.5) 62.0 (6.6)
Sex (male) 495 (50.6%) 207 (39.0%)
Smoking status

Current smoker 181 (18.5%) 98 (18.4%)
Former smoker 328 (33.5%) 182 (34.3%)
Never smoker 469 (48.0%) 251 (47.3%)

Pack-years of smoking
Current smokers 36.8 (19.3) 33.9 (17.5)
Former smokers 23.3 (16.3) 19.9 (15.1)

Smoking cessation time (years)b 17.3 (11.3) 17.6 (10.6)
Body mass index c

Underweight or normal weight (< 25.0) 245 (25.1%) 162 (30.5%)
Overweight (25.0 to<30.0) 472 (48.4%) 228 (42.9%)
Obese (� 30.0) 258 (26.5%) 141 (26.6%)

Alcohol consumption d

Abstainer 311 (34.1%) 169 (34.4%)
Low 531 (58.2%) 290 (59.1%)
Intermediate 53 (5.8%) 27 (5.5%)
High 17 (1.9%) 5 (1.0%)

Physical activity e

Inactive 189 (19.3%) 109 (20.5%)
Low 433 (44.3%) 261 (49.2%)
Medium or high 356 (36.4%) 161 (30.3%)

Frailty categories (cut-off points)
Non-frail (� 0.20) 435 (44.5%) 263 (49.5%)
Pre-frail (0.20 »0.45) 443 (45.3%) 220 (41.4%)
Frail (� 0.45) 100 (10.2%) 48 (9.0%)

aMean values (SD) for continuous variables and n (%) for categorical variables.
bFormer smokers only, data missing for 9 and 3 participants, respectively, in the
discovery and the validation panel; cessation time equals age at recruitment
minus age at cessation.

cData missing for 3 participants in the discovery panel.
dData missing for 66 and 40 participants, respectively, in the discovery and the val-
idation panel. Categories defined as follows: abstainer, low [women: 0 to <20 g/
d, men: 0 to<40 g/d], intermediate [20 to <40 g/d and 40 to<60 g/d, respec-
tively], high [� 40 g/d and � 60 g/d, respectively].

eCategories defined as follows: inactive [< 1 h of physical activity/week], low
[other], medium or high [� 2 h of vigorous and � 2 h of light physical activity/
week].
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As shown in Table 4, current smoking was associated with
an increase in the FI by 3.7 percent units compared with never
smoking, whereas an increase of the FI by 3.3, 6.2 and 7.5 per-
cent units was observed in the participants in the 2nd, 3rd, and
4th quartiles of the SI compared with those in the first quartile
after adjustment for potential covariates (all P-values < 0.05).
In the model considering both smoking indicators simulta-
neously, the effect estimate for current smoking was strongly
reduced and no longer statistically significant, while the esti-
mates for the SI quartiles remained essentially unchanged, sug-
gesting that the impact of smoking on FI may be partly
mediated by smoking-associated methylation changes.

Discussion

In the present study, we systematically investigated the associa-
tion of tobacco smoking with frailty in a population-based
cohort of older adults. We observed that current smoking,
cumulative smoking exposure (pack-years), and time after
smoking cessation (years) were significantly associated with the
frailty index (FI). Furthermore, we identified 9 previously con-
firmed smoking-related CpG sites to be also associated with the
FI, and the smoking index (SI) based on them manifested a

monotonic dose-response relationship with the FI. The associa-
tion between the SI and the FI remained essentially unchanged
in a model including both self-reported smoking and the SI,
whereas the association between self-reported smoking and the
FI was strongly alternated in such a model.

Findings based on both self-reported and epigenetic indica-
tors of smoking showed that active smoking is associated with
frailty. In the present study, we found that current smoking, as
well as cumulative smoking exposure (pack-years), was signifi-
cantly associated with worsening frailty status, which is consis-
tent with previous studies.14,27 Serum cotinine levels, an
established biomarker of short-term smoking exposure,28

showed a positive correlation with the FI in the same direction
as current smoking, albeit without statistical significance. Fur-
thermore, former smoking showed a much weaker association
with frailty compared with current smoking, suggesting that
smoking cessation could reduce the accumulation of deficits,
which would be in accordance with the significant inverse asso-
ciation between time after smoking cessation (years) and the
FI. In line with these findings, clear patterns of the lowest and
intermediate methylation levels, respectively, among current
and former smokers, compared with never smokers were con-
sistently observed among the 9 hypomethylated

Table 2. Associations of self-reported smoking indicators and cotinine levels with frailty index in the discovery panela.

Model 1 Model 2

Self-reported smoking indicators Estimate SE d P-value Estimate SE d P-value

Smoking status Never smoker Ref Ref
Former smoker 0.010 0.013 0.415 1.3 e-3 0.014 0.948
Current smoker 0.021 0.011 0.034 0.027 0.012 0.036

Cumulative smoking
(pack-years) b

1.6 e-3 4.0 e-4 < 0.0001 1.5 e-3 4.3 e-4 0.0009

Smoking cessation time
(years) c

¡8.5 e-4 7.7 e-4 0.029 ¡3.7 e-4 8.0 e-4 0.043

Serum cotinine levels
(ng/ml)

1.0 e-4 2.5 e-4 0.678 1.1 e-4 2.5 e-4 0.652

aModel 1: Adjusted for age (years) and sex (male/female); Model 2: Adjusted for age, sex, alcohol consumption (abstainer/ low/ intermediate/ high).
bA pack-year was defined as having smoked 20 cigarettes per day for 1 year, including current and former smokers from the discovery panel.
cCessation time defined as age at the time of recruitment minus age at cessation, only including former smokers from the discovery panel.
dSE D standard error.

Table 3. Significant associations between methylation of smoking-related CpG sites and the frailty index in the validation panela.

Mean b value (Standard deviation) Associations with the FI

CpG site Chrb Gene
Never
smoker

Former
smoker

Current
smoker

Effect sizec

(Smoking)
Correlation
coefficients d

Changes of the FI
per SD (SE) e P-value FDR

cg01127300 22 Unassigned 0.490 (0.051) 0.471 (0.055) 0.459 (0.058) ¡0.031 ¡0.130 ¡0.020 (0.0049) 5.70 e-5 4.82 e-4
cg02657160 3 CPOX 0.824 (0.020) 0.814 (0.029) 0.799 (0.029) ¡0.025 ¡0.091 ¡0.012 (0.0048) 1.19 e-2 2.54 e-2
cg05673882 5 POLK 0.303 (0.049) 0.282 (0.047) 0.269 (0.050) ¡0.034 ¡0.068 ¡0.022 (0.0051) 2.30 e-5 3.86 e-4
cg07826859 7 MYO1G 0.556 (0.044) 0.537 (0.043) 0.526 (0.044) ¡0.030 ¡0.024 ¡0.025 (0.0076) 9.00 e-4 3.83 e-3
cg14753356 6 Unassigned 0.425 (0.052) 0.402 (0.057) 0.381 (0.064) ¡0.044 ¡0.220 ¡0.022 (0.0086) 1.03 e-2 2.54 e-2
cg19589396 8 Unassigned 0.641 (0.050) 0.623 (0.047) 0.619 (0.053) ¡0.022 ¡0.104 ¡0.021 (0.0058) 2.96 e-4 1.68 e-3
cg19859270 3 GPR15 0.869 (0.016) 0.854 (0.023) 0.837 (0.027) ¡0.032 ¡0.117 ¡0.012 (0.0049) 1.50 e-2 2.84 e-2
cg23667432 2 ALPP 0.629 (0.038) 0.613 (0.039) 0.611 (0.035) ¡0.017 ¡0.040 ¡0.017 (0.0068) 1.20 e-2 2.54 e-2
cg25189904 1 GNG12 0.461 (0.061) 0.409 (0.070) 0.369 (0.080) ¡0.092 ¡0.066 ¡0.014 (0.0050) 5.43 e-3 1.85 e-2

aAdjusted for age (years), sex (male/female), alcohol consumption (abstainer/ low/ intermediate/ high), leukocyte distribution (Houseman algorithm) and random batch
effects of methylation measurement.
Nine of the 17 loci identified by the discovery panel were confirmed in the validation set.
bChromosomal position, according to GRCh37/hg19.
cEffect size D Mean bcurrent smoker – Mean bnever smoker.
dSpearman’s rank-order correlation coefficients, all loci showed significant correlations with the FI (P-value <0.0001).
eSD D the overall standard deviation for each CpG site, SE D standard error.
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smoking-related loci. The observed decreasing trend of the FI
after smoking cessation was also in line with the previous find-
ings that the methylation levels of smoking-related CpG sites
might “recover” after quitting smoking.21,29

Prior to the present study, epigenetic changes of several pro-
moter CpG islands and global DNA methylation were pro-
posed to explain the development of frailty syndrome.30,31 To
the best of our knowledge, this is the first study identifying spe-
cific CpG sites that were not only associated with frailty but
also are well established as smoking-related loci. Among them,
3 loci were located in the genome regions related to inflamma-
tion that could promote the progression of frailty. In particular,
loci cg07826859 (MYO1G) and cg19859270 (GPR15) have been
reported to play a role in the formation of chronic inflamma-
tion via regulating the activity of T cells.32,33 Locus cg25189904
is located on the south shore of a CpG island spanning the pro-
moter of GNG12 that has been suggested to be an important
factor in the overall inflammatory signaling cascade.34

Moreover, another 3 loci are mapped to genes linked to the
risks of various age-related cancers. Locus cg02657160 is
located in a predicted poised promoter region in CPOX, which
is 60 kb far from cg19859270 (GPR15), and both loci have been
recently found to be associated with increased risk of lung can-
cer mortality.35 The corresponding genes POLK for
cg05673882 and ALPP for cg23667432 are oncogenes that play
roles in the formation of several age-related cancers, including
breast, prostate, lung, and ovarian cancers.36-39 The biologic
functions of the remaining 3 loci within unassigned genome
regions are not yet known, only locus cg01127300 has been dis-
closed as a potential epigenetic regulator of obesity,40 one of
the deficits of the frailty syndrome.41 Interestingly, neither of
the most strongly smoking-related CpG sites, cg05575921
(AHRR) or cg03636183 (F2RL3),26 was identified to be related
to the FI in the present study. The 2 corresponding genes may
simply have no biologic actions that contribute to the develop-
ment or progression of frailty.

Figure 1. Best-fitting model for the association of the smoking index with the frailty index in the validation panel. Red lines: Estimation; dashed lines: confidence limits;
red dots: knots (25th, 50th, and 75th quartiles); green lines: reference lines.

Table 4. Associations of smoking status and the methylation-based smoking index with the frailty index in the validation panel, with and without mutual adjustment for
the 2 smoking indicatorsa.

Model including smoking status only Model including smoking index only Model including both smoking indicators

Smoking indicators Estimate SEb P-value Estimate SE b P-value Estimate SE b P-value

Smoking status Never smoker Ref Ref
Former smoker 0.019 0.018 0.293 ¡0.010 0.019 0.610
Current smoker 0.037 0.015 0.013 0.023 0.015 0.116

Smoking index 1st Quartile Ref Ref
2nd Quartile 0.033 0.017 0.048 0.034 0.017 0.043
3rd Quartile 0.062 0.018 0.0008 0.060 0.019 0.0016
4th Quartile 0.075 0.019 < 0.0001 0.078 0.020 0.0001

aAll model controlling for age (years), sex (male/female), and alcohol consumption (abstainer/ low/ intermediate/ high). The models including the smoking index were
additionally adjusted for the leucocyte distribution estimated by Houseman algorithm.
bSE D standard error.
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The FI has been proposed as one of the noteworthy aging
parameters by defining the accumulation of deficit in epidemio-
logical and clinical settings.42 Previous studies have evaluated
its relationships with 2 other aging estimators, telomere
length,43,44 and age-related DNA methylation changes (“epige-
netic clock”).45,46 Telomere length was not associated with
frailty, neither in Asian nor in Caucasian populations.43,44 In
contrast, the epigenetic clock was found to be significantly asso-
ciated with frailty-related phenotypes and the FI. Marioni et al.
reported significant correlations between the epigenetic clock
and cognitive functioning, grip strength and lung function.46 In
addition, Breitling et al. showed that the epigenetic clock was
correlated with the FI and further confirmed the robustness of
this association across diverse domains of health deficits.45 Our
previous study on the relationship between smoking-induced
DNA methylation and the epigenetic clock intriguingly found 7
out of the 9 now identified loci to be associated with the epige-
netic clock as well,47 including cg01127300, cg02657160
(CPOX), cg05673882 (POLK), cg07826859 (MYO1G),
cg14753356, cg19589396 and cg23667432 (ALPP). The associa-
tions of smoking-related methylation with the FI and the epige-
netic clock consequently share some pronounced
commonalities, though the underlying causality certainly
requires further investigation. These overlapping CpG sites
have the potential to be investigated by pertinent research to
discover the common mechanisms of aging reflected by the epi-
genetic clock and frailty.

Major strengths of this study include the relatively large
sample size with detailed information on a broad range of cova-
riates and validation in an independent group. Several limita-
tions should be acknowledged as well. First, the associations of
DNA methylation with smoking exposure and FI in whole
blood may be affected by smoking-related shifts in leukocyte
distribution.48 Hence, we adjusted for leukocyte distribution by
the Houseman algorithm,49 which limits the confounding from
differential blood counts to the greatest possible extent. Fur-
thermore, all deficits for the FI construction were self-reported
and possibly affected by reporting bias. Confounding from
inter-individual heritable genetic variations might also impair
the interpretability of the observed DNA methylation pat-
terns.50 Finally, our study was cross-sectional, limiting our
capability for drawing conclusions on causality and direction of
effects.

In conclusion, this study raises the possibility that active
smoking could affect frailty development through DNA meth-
ylation changes at specific smoking-related CpG sites. Never-
theless, prospective longitudinal studies with repeated
measurements of smoking status, DNA methylation profiles,
the FI and causality analyses possibly along the lines of Mende-
lian randomization51 will be needed to conclusively clarify the
causality in the observed associations among smoking expo-
sure, DNA methylation and frailty.

Methods

Study design and population

Study subjects were selected from the ESTHER study, an ongo-
ing statewide population-based cohort study conducted in

Saarland, a state located in southwestern Germany. Details of
the study design have been reported previously.52,53 Briefly,
9,949 older adults (aged 50–75 years) were enrolled by their
general practitioners during a routine health check-up between
July 2000 and December 2002, and followed up thereafter. The
current cross-sectional analysis is based on data and biospeci-
men collected at baseline. Two independent subgroups were
selected as the discovery and the validation panel for DNA
methylation analyses as described previously.47 Briefly, the dis-
covery panel included 1,000 participants recruited consecu-
tively at the start of the ESTHER study between July and
October 2000. The validation panel included 548 participants
randomly selected from participants recruited between October
2,000 and March 2001. The study was approved by the ethics
committees of the University of Heidelberg and the state medi-
cal board of Saarland, Germany. Written informed consent was
obtained from all participants.

Data collection

Information on socio-demographic characteristics, lifestyle fac-
tors, and health status at baseline was obtained by standardized
self-administered questionnaires. Participants were asked about
past and present cigarette, cigar, and pipe smoking behaviors
and were then categorized into current, former and never
smokers. Detailed information on smoking history was also
obtained from questionnaires, including age at initiation and
smoking intensities at various ages, as well as the age of quitting
smoking for former smokers.54 Twenty-two and 17 participants
with missing information on smoking status were excluded
from the discovery and the validation panel, respectively. Addi-
tional information on body mass index (BMI) was extracted
from a standardized form filled by the general practitioners
during the health check-ups.

Laboratory analyses

Blood samples were taken during the health check-up and
stored at ¡80�C until further processing. Serum cotinine levels
of participants in the discovery panel were measured using the
customized version of an enzyme-linked immunosorbent assay
(Inspec II-Cotinine-EIA; Mahsan Diagnostika) as described
previously.28 DNA from whole blood samples was collected
using a salting out procedure.55 DNA methylation profiles of
151 smoking-related loci which had been identified � 2 times
in previous smoking EWAS26 were extracted by the Illumina
HumanMethylation450 BeadChip (Illumina, San Diego, CA,
USA). As described previously,,56 samples were analyzed fol-
lowing the manufacturer’s instruction at the Genomics and
Proteomics Core Facility of the German Cancer Research Cen-
ter, Heidelberg, Germany. Illumina’s GenomeStudio� (version
2,011.1; Illumina Inc.) was used to extract DNA methylation
signals from the scanned arrays (Module version 1.9.0; Illumina
Inc.). The methylation level of a specific CpG site was quanti-
fied as a b value ranging from 0 (no methylation) to 1 (full
methylation). According to the manufacturer’s protocol, no
background correction was done and data were normalized to
internal controls provided by the manufacturer. All controls
were checked for inconsistencies in each measured plate.
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Signals of probes with a detection P-value > 0.05 were excluded
from analysis. We used the Illumina normalization and prepro-
cessing method implemented in Illumina’s GenomeStudio�.

Frailty index (FI)

As described previously,4 a continuous FI was derived for all
participants to define frailty by an accumulation of deficits
approach.7 The FI counts individuals’ health deficits, which can
be symptoms, signs, blood markers, disabilities, and diseases.
The index is the ratio of the deficits present divided by the total
number of deficits considered and ranges from 0 (the absence
of any deficit) to 1 (the presence of all deficits). According to
pre-defined selection criteria,7 we selected 34 out of 50 potential
deficits assessed in the ESTHER study (Table S1), that were
associated with the general health status, accumulated with age,
did not saturate too early, had more than 1% prevalence, and
did not have a high prevalence (>50%) at younger ages (50–
60 years). Missing values in the variables needed for the FI cal-
culation were dealt with by multiple imputations (20 data sets
imputed). According to previously determined cut-off points
for the FI, study participants were assigned to the groups of
non-frail (FI � 0.20), pre-frail (0.20 < FI < 0.45) and frail
(FI � 0.45).4

Statistical analyses

Major socio-demographic characteristics, lifestyle factors, and
smoking behaviors of both the discovery and the validation
panel were summarized by descriptive statistics.

First, we investigated the associations of self-reported smok-
ing indicators [smoking status (current/ former/ never smoker),
cumulative smoking exposure (pack-years, in current and for-
mer smokers) and smoking cessation time (years, in former
smokers only), as independent variables] and serum cotinine
levels (ng/ml, as independent variable) with the FI (as depen-
dent variable) in the discovery panel. Two linear regression
models were used, controlling for potential confounding fac-
tors. Model 1 was adjusted for age (years) and sex (male/
female), and Model 2 was additionally adjusted for alcohol con-
sumption [abstainer, low (women: 0 to <20 g/d, men: 0 to
<40 g/d), intermediate (20 to <40 g/d and 40 to <60 g/d,
respectively), high (� 40 g/d and � 60 g/d, respectively)]. Indi-
cators with a P-value < 0.05 were considered as frailty-associ-
ated factors.

Furthermore, we selected the 151 smoking-related loci that
had been identified � 2 times in previous smoking EWAS as
potential biomarkers of smoking exposure.26 Associations of
their methylation levels (as independent variables) with the FI
(as dependent variable) were analyzed by a mixed linear regres-
sion model with methylation assay batch as a random effect,
controlling for age, sex, alcohol consumption, and the leukocyte
distribution estimated by the Houseman algorithm.49 After cor-
rection for multiple testing by the false discovery rate (FDR,
Benjamini-Hochberg method),57 CpG sites with a corrected
P-value < 0.05 were selected from the discovery panel and then
replicated in the validation panel. Loci with a FDR < 0.05 in
the validation panel were eventually identified as frailty-associ-
ated CpG sites.

We used the identified frailty-associated loci to construct a
smoking index (SI) according to Teschendorff et al.’s algo-
rithm,25 to measure the deviation of DNA methylation in a
given sample from a normal reference, with the mean taken
over from the identified loci. In more detail, we computed the
mean b value (mc) and standard deviation (sc) across never
smokers of the given data set, and then defined the SI as

SI sð ÞD 1
n

Xn

c

Wc
bcs ¡ mc

sc

where Wc is ¡1(C1) if the smoking-associated CpG, c, is hypo-
methylated (hypermethylated) in smokers and where bcs is the
b value of this CpG in samples s.25 We calculated the SI for
each participant and assessed its association with the FI by
mixed linear regression models with adjustment for potential
covariates in the validation panel. Subsequently, we used
restricted cubic spline functions using the SAS macro from
Desquilbet et al. to evaluate the dose-response relationship of
the SI with the FI, controlling for age, sex, alcohol consump-
tion, and the leukocyte distribution. The 25th, 50th, and 75th

percentiles of the SI were selected as knots.
Finally, we intended to assess whether and to what extent

the association between smoking and FI might be mediated by
smoking-associated methylation changes. We assessed and
compared the associations of self-reported smoking status (cur-
rent/ former/ never smoker) and the methylation-based SI (in
quartiles) with the FI (as dependent variable) when both types
of smoking indicators were simultaneously included as categor-
ical independent variables in mixed linear regression models,
adjusting for age, sex, and alcohol consumption, in the valida-
tion panel. The models including the SI were additionally
adjusted for the leukocyte distribution estimated by the House-
man algorithm.49

Data cleaning and all aforementioned analyses were per-
formed by SAS version 9.3 (SAS Institute Inc., Cary, NC, USA).
Analyses on the FI were performed in the 20 imputed data sets
and results were combined by the SAS procedure PROC MIA-
NALYZE, taking into account the variation between the results
of the 20 data sets.
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