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Abstract

Background Ageing traits and frailty are important health issues in modern medicine. Evidence supporting the causal
effects of tobacco smoking on various ageing traits is required.
Methods This study performed Mendelian randomization (MR) analysis instrumenting 377 genetic variants associ-
ated with being an ever-smoker at a genome-wide significance level to test the causal estimates from tobacco smoking.
The outcome data were obtained from 337 138 white British ancestry participants from the UK Biobank. Leucocyte
telomere length, appendicular lean mass index, subjective walking pace, handgrip strength, and wristband acceler-
ometry-determined physical activity degree were collected as ageing-related outcomes. Summary-level MR analysis
was performed using the inverse variance-weighted method and pleiotropy-robust MR methods, including weighted
median and MR-Egger. Observational association between the outcome traits and phenotypically being an
ever-smoker was also investigated.
Results Summary-level MR analysis indicated that a higher genetic predisposition for tobacco smoking was signifi-
cantly associated with shorter leucocyte telomere length (twofold increase in prevalence of smoking towards standard-
ized Z-score, �0.041 [�0.054, �0.028]), lower appendicular lean mass index (�0.007 [�0.010, �0.005]), slower
walking pace (ordinal category, �0.047 [�0.054, �0.033]) and lower time spent on moderate-to-vigorous physical ac-
tivity (hours per week, �0.39 [�0.56, �0.23]). The causal estimates were non-significant towards handgrip strength
phenotype (kg, 0.074 [�0.055, 0.204]). Pleiotropy-robust MR results generally supported the main causal estimates.
The observational findings also showed significant association between being an ever-smoker and the ageing traits.
Conclusions Genetically predicted and observational tobacco smoking status are significantly associated with poor
ageing phenotypes. Healthcare providers may continue to reduce tobacco use, which may be helpful in reducing the
burden of ageing and frailty.
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Introduction

The ageing epidemic is an important socio-economic
burden.1,2 The global population aged ≥60 years is more than
one billion, and the number is rapidly increasing. Ageing is an
important health status related to frailty syndrome,3 a state
characterized by muscle loss and low physical activity. Ageing
occurs differently among individuals, and those with acceler-
ated ageing have a higher risk of cardiovascular disease and
mortality.4–6

Tobacco smoking is another important global health prob-
lem that increases the risk of cardiovascular disease, malig-
nancy and death.7 The causal linkage between tobacco
smoking and ageing traits needs further study. Tobacco expo-
sure causes cellular senescence,8 and it is assumed that bio-
logical ageing is accelerated by tobacco use. Despite some
observational studies supporting the association,9 the direct
causal effect is difficult to reveal by conventional study design
because of complex confounding and reverse causal
effects.10 A higher level of evidence suggesting the causal ef-
fect would be important, as it would firmly support that so-
cial interventions to reduce tobacco use would be helpful in
reducing the rapidly increasing burden of ageing.

In recent biobank databases (e.g. UK Biobank), ageing-re-
lated traits including leucocyte telomere length (indicator
for biologic ageing), sarcopenia phenotypes (appendicular
lean mass index, walking pace and handgrip strength) and ob-
jectively measured physical activity traits are available in the
population scale.11 The availability of large-scale ageing traits
with associated genotypes has enabled various studies to
evaluate the risk factors and outcomes related to ageing. Par-
ticularly, genetic epidemiological analysis and Mendelian ran-
domization (MR) have been widely performed. MR utilizes a
genetic instrumental variable, which is minimally biased by
confounding effects or reverse causation, as it is fixed before
birth, to demonstrate causal estimate.10 MR analysis has also
been performed in studies related to ageing phenotypes, and
the method would be a useful tool to investigate the causal
effects of tobacco smoking on ageing.12–14

In this study, we hypothesized that tobacco smoking has
causal effects on various ageing traits. We performed MR
analysis in the UK Biobank, implementing genetic instru-
ments developed from a large-scale genome-wide association
study (GWAS) meta-analysis of tobacco smoking phenotypes.
We found that tobacco smoking may accelerate biological
ageing, physical inactivity and sarcopenia.

Methods

Ethical considerations

This study was approved by the Institutional Review Board of
Seoul National University Hospital (No. E-2203-053-1303) and

the UK Biobank Consortium (application no. 53799).11,15 The
study was performed in accordance with the Declaration of
Helsinki. The requirement for informed consent was waived
by the attending institutional review board because this
study investigated an anonymous public database without
medical intervention.

Genetic instruments for tobacco smoking

We used the genetic variants for tobacco smoking from one
of the largest GWAS meta-analysis on 1.2 million European
ancestry individuals, including more than half a million ever-
smokers (Figure 1).16 There were 29 studies included in the
meta-analysis, and the 23andMe, UK Biobank, deCODE and
HUNT were representative studies that provided a relatively
large number of samples. The 378-lead single nucleotide
polymorphisms (SNPs) associated with the phenotype of be-
ing a regular smoker (smoking initiation) with a conditionally
genome-wide significant association were selected as genetic
instruments for tobacco smoking (Table S1).

Genetic instruments for MR analysis should meet three core
assumptions to demonstrate causal estimates.10 First, the rele-
vance assumption is that the instruments should be closely
associated with the exposure phenotype, and this was consid-
ered attained as the SNPs were identified from the large-scale
GWAS meta-analysis. Genome-wide significant SNPs explained
2% of the variance for smoking initiation, providing sufficient
power for MR analysis considering the size of the outcome
dataset.16 Second, the independence assumption is that the
instruments should not be associated with confounding
phenotypes. We used pleiotropy-robust MR analysis methods
(MR-Egger, weighted median), which relax the assumption that
causal estimates are not affected by such pleiotropy.17,18 The
MR-Egger intercept P value was calculated to test the likeli-
hood of the presence of directional pleiotropy. Furthermore,
we performed sensitivity analysis with additional exclusion
for SNPs that were significantly associated with other pheno-
types in the GWAS catalogue, in which the search was already
performed in the previous GWAS meta-analysis.16,19 Third, the
exclusion-restriction assumption is that the causal pathway
should be through the exposure of interest. We used the
weighted median method, which relaxes the assumption for
up to half of the instrumented genetic weights.18 In addition,
a direct effect from an SNP towards an outcome phenotype
would invalidate the assumption, so we disregarded SNPs with
direct genome-wide significant association (P < 5E-8) with an
outcome phenotype when performing the analysis.

UK Biobank outcome data

UK Biobank data are a prospective cohort study on approxi-
mately 500 000 individuals aged 40–69 years at baseline.11,15
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The database includes deep phenotyping and genotyping
information for the samples and has been widely used in
modern medical research. Because of the large sample size,
availability of diverse phenotypes and large-scale genotype
data, UK Biobank data have been used in various MR
studies.12–14,20

We used data from white British ancestry samples from
the UK Biobank data, as ethnic-specific analysis is important
for MR analysis, and the genetic instruments were developed
from a European ancestry population.19,20 After disregarding
those with excess kinship, sex chromosomal aneuploidy or
outliers regarding heterogeneity or missing rate, a total of
337 138 white British ancestry individuals were included in
the analysis.

Outcome ageing traits

We collected data on diverse traits related to ageing and
frailty. (i) First, leucocyte telomere length was collected.13

The phenotype was used to reflect proxies of biological age-
ing, as those with accelerated ageing exhibit shortening of
telomeres. Log-transformed and standardized Z-scores for
leucocyte telomere length were collected from 326 075 sam-
ples. (ii) Second, we collected an objective parameter for
muscle mass loss, the appendicular lean mass adjusted for
body mass index (appendicular lean mass/body mass index),
measured by a BC418MA body composition analyser (Tanita,
Tokyo, Japan) and available in 329 903 samples.12,21 (iii)
Third, we collected functional parameters for sarcopenia, in-
cluding walking pace, self-reported as slow, average or brisk
category and handgrip strength, measured isometrically using
a Jamar J00105 hydraulic hand dynamometer (Lafayette In-
strument Company, IN, USA).12 The information for walking
pace was collected from the electronic questionnaire asking
‘How would you describe your usual walking pace?’ and
was available in 335 288 samples. The handgrip strength,
which was available in 335 061 samples, was measured once
for each hand, and the average value was used in the

analysis.12 (iv) Lastly, the objective data for physical
activity were included, which were collected from
wristband accelerometry.22 We used the time for physical ac-
tivity with moderate-to-vigorous intensity (activity as >100
milligravities in intensity), and the data were available in 71
433 samples.14

To calculate the association between genetic instruments
and outcome phenotype, linear regression analysis was per-
formed for SNPs using PLINK 2.0, and the genetic effect sizes
were adjusted for age, sex, age × sex, age2 and 10 genetic
principal components.23

Summary-level MR analysis

The multiplicative random-effects inverse variance-weighted
method was the main MR analysis, following the current
guidelines. The method allows balanced pleiotropic effects
of the utilized variants.19,24 Next, the weighted median
method, which relaxes the MR assumptions for up to half
of instruments, was used.18 MR-Egger regression with
bootstrapped standard error was performed.17 MR-Egger re-
gression is a method that provides pleiotropy-robust causal
estimates under the attainment of the InSIDE assumption.
Another strength of the method is that the MR-Egger inter-
cept P value can be calculated, which is a measure to assess
the presence of directional pleiotropy. If the intercept was
significantly non-zero (P < 0.05), directional pleiotropy was
suspected. However, MR-Egger regression has a weak
statistical power compared with other MR methods. The
summary-level MR analysis was performed using the
‘TwoSampleMR’ package in R (version 0.4.26).25 As we are
performing analysis towards five outcome traits, Bonferroni-
adjusted two-sided P value <0.05/5 by the inverse
variance-weighted method was used to indicate statistical
significance. The causal estimates were scaled to the effects
of a twofold increase in the prevalence of smoking by multi-
plying 0.693 with the raw causal estimates.26

Figure 1 Study flow diagram. GWAS, genome-wide association study; QC, quality control; SNPs, single nucleotide polymorphism.
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Power calculation for MR analysis

Post hoc power calculations for MR analysis are available on-
line (https://sb452.shinyapps.io/power/). We followed the
method suggested by Burgess et al. (http://
mendelianrandomization.com/) to calculate the power in ge-
netically predicting binary exposure.26,27 We calculated
beta2 × 2 × MAF × (1�MAF), where MAF indicates the minor
allele frequency of each genetic instrument, and the sum of
the values was the coefficient of determination of exposure.
Despite this limitation, this approach of using odds ratios as
a proxy for prevalence ratio was necessary, as genetic beta
effect sizes were not scaled to prevalence increase of a unit
of an exposure in GWAS. The effect sizes of causal estimates
by the inverse variance-weighted method towards outcome
traits were used as the effect size of the causal effect to
calculate the statistical power of the MR analysis.

Observational association

We additionally investigated the observational association
between being an ever smoker (including phenotype of ex-
smoker and current-smoker) and the ageing traits. As the
observational association is more prone to be affected by
confounding effects than MR results, we first tested the
age–sex adjusted linear regression results. Then, an addi-
tional multivariable model was constructed including the
major clinical covariates (e.g. history of medication for hyper-
tension, dyslipidaemia and diagnosis of diabetes mellitus).

Results

Characteristics of the outcome data

The final study sample included as the outcome data for the
MR analysis had a median age of 58 years (interquartile
range, 51–63 years) (Table 1). Male sex was identified in
46.3% of patients, and the median body mass index was
26.7 (interquartile range, 24.1–29.9) kg/m2. The prevalence
of diabetes mellitus was 4.8%, and 20.9% and 17.5% of the
participants were using medications for hypertension and
dyslipidaemia, respectively.

The median appendicular lean mass index was 0.85 (inter-
quartile range, 0.72–1.02), and the handgrip strength was
29.0 (interquartile range, 22.5–39.0) kg. There was 40.0% of
individuals who reported a brisk walking pace, whereas
52.5% reported an average walking pace, and 7.5% reported
a slow walking pace. The median time for moderate-to-vigor-
ous physical activity, measured by wristband accelerometry,
was 11.09 (interquartile range, 7.56–14.95) hours per week.

Genetic instruments

A total of 377/378 SNPs were identified in the UK Biobank
data (Table S1). Those without genome-wide significant asso-
ciations with an outcome trait were included as genetic in-
struments in the analysis. There were 14 SNPs with
genome-wide significant associations with other phenotypes,
such as educational attainment, inflammatory bowel disease,
malignancy and body mass index, which were identified from
the GWAS catalogue. The SNPs were disregarded in the
additional sensitivity analysis.

Summary-level MR analysis results

Genetically predicted smoking initiation was significantly as-
sociated with shorter telomere length (�0.041[�0.051,
0.031], P < 0.001) (Figure 2 and Table 2). The results re-
mained significant by the MR-Egger regression with
bootstrapped standard error (�0.027 [�0.059, 0.000],
P = 0.048) and weighted median method (�0.043[�0.059,
�0.028], P < 0.001). Additionally, the MR-Egger regression
intercept P value indicated a non-significant pleiotropic effect
(P = 0.65), supporting the main causal estimates. The results
were similar, even after disregarding the SNPs reported to be
associated with other traits (Table S2).

Table 1 Summary-level MR results

Variables Study sample(N = 337 138)

Age (years) 58 [51;63]
Sex
Female 181 027 (53.7%)
Male 156 111 (46.3%)

Hypertension medication users 70 021 (20.9%)
Dyslipidaemia medication users 58 533 (17.5%)
Diabetes mellitus 16 179 (4.8%)
Systolic BP 136.5 [125.0;149.5]
Diastolic BP 82.0 [75.5;89.0]
Hb A1c (mmol/L) 35.1 [32.7;37.7]
Body mass index (kg/m2) 26.72 [24.13;29.85]
Waist circumference (cm) 90 [80;99]
Smoking history
Non-smoker 183 640 (54.7%)
Ex-smoker 118 403 (35.24%)
Current-smoker 33 922 (10.1%)

Outcomes
Telomere (standardized Z-score) -0.03 [�0.67;0.61]
Appendicular lean mass index 0.85 [0.72;1.02]
Handgrip strength (average of

measurements for each hand)
29.00 [22.50;39.00]

Walking pace
Slow 25 105 (7.5%)
Average 175 921 (52.5%)
Brisk 134 262 (40.0%)

Accelerometry-determined
moderate-to-vigorous physical
activity (hours/week)

11.09 [7.56;14.95]

Categorical variables are presented as N (%), and continuous vari-
ables as medians (interquartile ranges).
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Genetically predicted being a regular smoker was also
significantly associated with lower appendicular lean mass in-
dex (�0.007 [�0.010, �0.005], P < 0.001). Again, the results
remained significant using the weighted median method
(�0.006 [�0.008, �0.004], P < 0.001). Although the
MR-Egger regression intercept was approximately zero
(P = 0.31), the causal estimates by MR-Egger regression were
attenuated (0.000 [�0.004, 0.004], P = 0.48). However, the
main causal estimate remained significant in the sensitivity
analysis, disregarding the SNPs associated with potential
confounders.

The causal estimates of walking pace indicated that a
higher genetic liability for being a smoker was significantly as-
sociated with having a slower walking pace category (�0.047
[�0.057, �0.037], P < 0.001). The results were similar to
those of the weighted median methods (�0.035 [�0.045,
�0.024], P < 0.001) and marginal for MR-Egger regression
(�0.014 [�0.036, 0.007], P = 0.10). The MR-Egger regression
intercept P value indicated a low probability of directional
pleiotropy (P = 0.26), and the results remained similar in
the sensitivity analysis with fewer instrumented SNPs.
However, the main causal estimate from genetically predicted
tobacco smoking towards handgrip strength was
non-significant (0.074 [�0.055, 0.204], P = 0.26).

The summary-level MR analysis demonstrated that geneti-
cally predicted tobacco smoking was significantly associated
with less time spent on moderate-to-vigorous physical activ-
ity (�0.394 [�0.556,-0.233], P < 0.001). Although the results
of the weighted median method (�0.235 [�0.437, �0.034],
P = 0.02) and the MR-Egger regression were marginal
(�0.131 [�0.529, 0.267], P = 0.26), the direction of the effect
size was the same as the main estimate, and the MR-Egger in-
tercept P value was non-significant (P = 0.67), indicating that
the main estimate was less likely to be affected by directional
pleiotropy.

Post hoc power calculation results for MR analysis

The calculated coefficient for determination was 0.055, ex-
cept for analysis with the appendicular lean mass index out-
come, which yielded a coefficient of 0.051, as a large number

Figure 2 Causal estimates from the Mendelian randomization analysis.
The x-axis shows causal estimates (beta and 95% confidence inter. The
multiplicative random-effect inverse variance-weighted method (MR-
IVW), weighted median and MR-Egger regression with bootstrapped
standard errors are presented. The outcome phenotypes were leucocyte
telomere length (log-transformed, standardized to Z-score), appendicular
lean mass index (appendicular lean mass/body mass index), walking pace
(self-reported ordinal category, slow, average and brisk), handgrip
strength (kg, average from two measurements from each hand) and
wristband accelerometer defined time for moderate-to-vigorous physical
activity. Causal estimates were scaled towards a twofold increase in the
prevalence of tobacco smoking.
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of SNPs were disregarded due to their genome-wide signifi-
cant association with the outcome itself (Table 3). The post
hoc power towards the outcome phenotypes was sufficient
for telomere length (99.8%), appendicular lean mass
(100%), walking pace (100%) and accelerometer-defined
moderate-to-vigorous physical activity (100%). However, the
relative effect sizes of the main causal estimate for handgrip
strength considering the standard deviation were relatively
small compared with others, and the power was limited
(10.5%) in the analysis with handgrip strength outcome.

Observational findings

In the UK Biobank data, the observational analysis provided
similar findings as our MR study, as leucocyte telomere
length, appendicular lean mass index, walking pace and time

on moderate-to-vigorous physical activity traits were all sig-
nificantly lower in those with an ever-smoking history. But
the handgrip strength was non-significantly associated with
smoking exposure in the age–sex adjusted model (Table 4).
The results were similar when we additionally adjusted major
co-morbidities, although handgrip strength was inversely as-
sociated with the smoking exposure.

Discussion

In this study, we found that genetically predicted and obser-
vational tobacco smoking was significantly associated with
shorter leucocyte telomere length, lower appendicular lean
mass index, slower walking pace and lower physical activity.
We considered important aspects of MR analysis to

Table 2 Causal estimates by summary-level MR analysis

Outcome
N of instrumented

SNPs

MR-Egger
intercept
P value MR methods

Causal estimates
[beta (95% CI)] P value

Leucocyte telomere length (Z-score) 377 0.654 MR-IVW �0.041 (�0.054, �0.028) < 0.001
Weighted median �0.043 (�0.059, �0.028) < 0.001
MR-Egger �0.027 (�0.059, 0.000) 0.048

Appendicular lean mass index 353 0.306 MR-IVW �0.007 (�0.01, �0.005) < 0.001
Weighted median �0.006 (�0.008, �0.004) < 0.001
MR-Egger 0 (�0.004, 0.004) 0.48

Walking pace (ordinal category) 375 0.257 MR-IVW �0.047 (�0.057, �0.037) < 0.001
Weighted median �0.035 (�0.045, �0.024) < 0.001
MR-Egger �0.014 (�0.036, 0.007) 0.01

Handgrip strength (kg) 376 0.557 MR-IVW 0.074 (�0.055, 0.204) 0.26
Weighted median 0.022 (�0.11, 0.153) 0.75
MR-Egger 0.298 (0.028, 0.568) 0.02

Time on moderate-to-vigorous
physical activity (hours/week)

377 0.666 MR-IVW �0.394 (�0.556, �0.233) < 0.001
Weighted median �0.235 (�0.437, �0.034) 0.02
MR-Egger �0.131 (�0.529, 0.267) 0.26

MR, Mendelian randomization; MR-IVW, multiplicative random-effect inverse variance-weighted method; SNP, single nucleotide
polymorphism.
Causal estimates are scaled towards twofold increase in prevalence of tobacco smoking.

Table 3 Post hoc power calculation for MR analysis

Outcome trait
Outcome

sample size
N of instrumented

SNPs
Coefficient of
determinationa

Causal estimate effect size
(standard deviation change)b Power (%)c

Telomere length 326 075 377 0.055 0.041 99.8
Appendicular lean mass index 329 903 353 0.051 0.059 100
Walking pace 335 288 375 0.055 0.111 100
Handgrip strength 335 061 376 0.055 0.010 10.5
Time for moderate-to-
vigorous physical activity

71 443 377 0.055 0.097 100

SNP, single nucleotide polymorphism.
aCoefficient of determination was calculated by summing the beta2 × 2 × MAF × (1 � MAF), where MAF indicates the minor allele fre-
quency of each genetic instrument. The coefficient is a proxy value, as the current MR analysis tested binary tobacco smoking exposure,
different from a conventional analysis testing the effects of continuous exposure.

bStandardized causal estimate effect sizes were derived from the main causal estimates using the inverse variance-weighted method, di-
vided by the standard deviation of the outcome phenotype.

cStatistical power was calculated using an online power calculator (https://sb452.shinyapps.io/power/), and we followed the method sug-
gested by Burgess et al. (http://mendelianrandomization.com/) to calculate the power in MR analysis with binary exposure.
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demonstrate causal estimates, and the results supported that
tobacco smoking may be a causal risk factor for ageing traits.
This study highlights that reducing tobacco use may be help-
ful in reducing the rapidly increasing burden of the ageing ep-
idemic in modern medicine.

Ageing traits are important medical dimensions related to
various complications (e.g. cardiovascular disease and meta-
bolic syndrome) and mortality.4,5 The velocity of ageing dif-
fers among individuals, and those with accelerated ageing
have adverse outcomes related to frailty. Conversely, the
causal effect of tobacco smoking, a harmful lifestyle behav-
iour with increasing global awareness,7 on ageing traits has
been yet determined in a population scale despite the nu-
merous evidence that tobacco exposure accelerates cellular
senescence.8 As the association between tobacco smoking
and ageing traits occurring in the later period of life is con-
founded by many related traits, conventional observational
study may have difficulty revealing the causal linkage because
of the confounding effects and issue related to reverse
causation.10 A previous MR study investigating the adverse
effects from tobacco smoking reported null finding towards
telomere length shortening.28 An additional study with ro-
bust genetic instruments and a larger-scale outcome data,
ensuring the statistical power, was warranted. In this study,
we showed that genetic predisposition to tobacco smoking
is significantly associated with adverse ageing traits by imple-
menting genetic variants reported from a recent large-scale
GWAS meta-analysis. The main strength of this study is that
we assessed certain dimensions of ageing and frailty. Based
on our results, medical societies should pay attention to
preventing tobacco use in the general population to reduce
the socio-economic burden of ageing traits.

Various experimental studies have established that to-
bacco smoking causes cellular senescence in organs where di-
rect exposure occurs (e.g. lung).29 Tobacco smoking has been
reported to be a risk factor for skeletal muscle dysfunction,
not only in patients with lung disease but also in the general
population.30–32 Smoking directly induces skeletal muscle

dysfunction by impaired oxygen deliveries to the mitochon-
dria, in which the chronic condition may lead to muscle atro-
phy and sarcopenia. In our study, both genetically predicted
and observational tobacco smoking status were significantly
associated with both the objective and functional dimensions
of sarcopenia and physical activity, suggesting that the effect
would be generally present by tobacco use in the general
population. Our study suggests that a direct effect on cellular
senescence, indicated by telomere length attrition, may also
contribute to ageing. Future studies may consider testing
the effects of reducing or stopping tobacco use on ageing
or frailty, further supporting the efforts to educate smokers,
even those who already have smoking histories. Further-
more, additional investigation of the mechanisms of the ef-
fects of tobacco components on cellular senescence may re-
veal future directions to reverse this effect.

This study had certain limitations. First, the significance of
the causal estimates by MR-Egger regression is
controversial.19 Some may advocate that the causal estimates
by MR-Egger regression are supportive of the main estimates
as the directions were generally consistent and the MR-Egger
intercept indicated a low probability of directional
pleiotropy.33 However, as tobacco smoking is a complex social
behaviour, the possibility of a pleiotropic pathway may still
need to be considered. Second, there was a certain sample
overlap in the two-sample MR, as the GWAS meta-analysis
for tobacco smoking included the UK Biobank data. If instru-
mental power is weak, this may cause bias in the causal
estimates34; however, considering that most analyses were
performed with sufficient power, such an issue may not be
substantial. Third, the statistical power of MR for handgrip
strength was not secured. However, the main reason may
be that the actual effect size of the causal estimate is small,
leaving handgrip strength to have a lower priority outcome
in consideration of the causal effects of tobacco smoking.
Lastly, performing MR analysis with binary exposure tests
the association between genetic liability and outcomes.26

However, utilizing quantitative traits (e.g. smoking heaviness)

Table 4 Observational association between being an ever-smoker and ageing-related traits

Outcome trait

Age–sex adjusted model Multivariable model adjusted for co-morbiditiesa

Beta (95% CI) P Beta (95% CI) P

Leucocyte telomere length (Z-score) �0.049 (�0.052, �0.043) <0.001 �0.046 (�0.052, �0.040) <0.001
Appendicular lean mass index �0.010 (�0.011, �0.009) <0.001 �0.008 (�0.009, �0.007) <0.001
Walking pace (ordinal category) �0.087 (�0.091, �0.083) <0.001 �0.074 (�0.078, �0.070) <0.001
Handgrip strength (kg) 0.025 (�0.024, 0.074) 0.33 0.098 (0.049, 0.147) <0.001
Time on moderate-to-vigorous
physical activity (hours/week)

�0.291 (�0.375, �0.207) <0.001 �0.209 (�0.293, �0.125) <0.001

N of individuals with the available complete information for the smoking status, covariates and the outcome traits were 324 947/322 438,
329 903/327 090, 334 152/321 298, 333 906/331 022 and 72 461/71 937 for telomere length, appendicular lean mass index, walking
pace, handgrip strength and time for moderate-to-vigorous physical activity, respectively, in the age–sex adjusted model/multivariable
model adjusted for co-morbidities.
The exposure of the analysis was being an ever-smoker, including phenotypical ex-smoker and current smoking status.
aThe multivariable model was adjusted for age, sex, history of medications for hypertension, dyslipidaemia and diagnosis of diabetes
mellitus.
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as exposure phenotypes was not possible for tobacco
smoking, as testing the causal estimates only in a subgroup
(e.g. smokers) causes collider bias.35

In conclusion, tobacco smoking may be a causal factor for
telomere shortening, loss of muscle mass, slow gait speed
and physical inactivity. Healthcare providers should consider
the harmful effects of tobacco smoking, particularly those af-
fecting various dimensions of ageing traits.
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