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Abstract

Background: Smoking leads to the aging of organs. However, no studies have been conducted to quantify the
effect of smoking on the aging of respiratory organs and the aging-reversing ability of smoking cessation.

Results:We collected genome-wide methylation datasets of buccal cells, airway cells, esophagus tissue, arnd lung
tissue from non-smokers, smokers, and ex-smokers. We usegitfametic clockmethod to quantify the
epigenetic age acceleration in the four organs. The statistical analyses showed the following: (1) Smoking increased
the epigenetic age of airway cells by an average of 4.9 years and lung tissue by 4.3 years. (2) After smoking ceased,
the epigenetic age acceleration in airway cells (but not in lung tissue) slowed to a level that non-smokers hpd. (3)

The epigenetic age acceleration in airway cells and lung tissue showed no gender difference.

Conclusions:Smoking can accelerate the epigenetic age of human respiratory organs, but the effect varies famong
organs and can be reversed by smoking cessation. Our study provides a powerful incentive to reduce tobafgco
consumption autonomously.
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Introduction exposure induces autophagy impairment, producing
Tobacco smoking accelerates the process of orgamaggresome bodies that accelerate lung aging]. [
aging and leads to multiple diseased-{3]. The re- Current-smokers, compared to never-smokers, are
spiratory system, the frontline attacked by toxic sub-linked to a 0.74-2.4% decrease of DNA methylation
stances in tobacco, often falls victim to diseases suclin 11 loci located in lung cancer-related genes]|
as chronic bronchitis, emphysema, and chronic ob-Smoking cessation relievesespiratory symptoms and
structive pulmonary disease4]. Various studies also bronchial hyperresponsiveness and prevents an exces-
suggest that smoking can trigger aging-relatedsive decline in lung function 9]. Peripheral blood epi-
changes, from cell phenotype to gene expression andenetic data are used to confirm that the effects of
epigenetic regulation, in the respiratory system. Fortu-smoking on DNA methylation are partially reversible
nately, smoking cessation can effectively reverse thesg months after smoking cessationl{]. Most of these
changes %]. A photonumeric scale has been devel- studies, however, have described the age-related
oped to confirm that smokers perioral wrinkles are changes qualitatively but not quantitatively, and few
deeper than non-smokers ). Smoking dysregulates have tested the self-healing ability of organs after
18 age-related genes and shortened telomere lengtilsmoking cessation.
in small airway epithelia 7). Cigarette-smoke Recent studies have quantified the aging process in
the tissue by DNA methylation spectroscopyl]-13],
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unstable L1, 13]. Fortunately, the “epigenetic clock detrimental effects of smoking on the respiratory sys-
method, developed by 51 different tissues and celtem. Our finding may be encouraging for smokers to
types, has effectively solved this problerh2]. Simul- cease smoking.
taneously, it overcomes the technical obstacles in
measuring telomere length in various human systemsResults
including the respiratory system12]. At present, the Epigenetic age of respiratory system measured by DNA
ability of epigenetic clock to predict aging has beenmethylation
verified in studies concerning diet15], obesity fL6], We found that the DNAmM age of non-smokers had a
lifetime stress 17], centenarian status 18], Down strong linear relationship with the chronological age
syndrome [L9], osteoarthritis R0], Alzheimers disease of the major organs in the respiratory system except
[21], and Parkinsors disease 18], but we cannot find the airway cells (Fig.1). The null hypothesis of
analysis on smoking-induced epigenetic age acceleruncorrelation for the airway cells cannot be rejected
ation in the respiratory system. due to the small sample sizep(= 0.12, only four data
Here, with the “epigenetic clock method proposed points, Fig.1b). We will address the problem of insuf-
by Horvath [12], we evaluated the epigenetic age officient sample size later in this study. The linear cor-
buccal cells, airway cells, esophagus, and lung tissueslation relationship also holds if merging together
in non-smokers, smokers, and ex-smokers. We quan-the smokers and non-smokers (Figl, black lines).
tified the age acceleration by smoking and the aging-From all the predictions, we found that the DNAm
inhibiting effect of smoking cessation. The acceler-age of airway cells and lung tissue in smokers tended
ation of epigenetic age may be used to evaluate theéo be greater than that of non-smokers.

Fig. 1 Correlation between epigenetic age and chronological age. The figure shows scatter plots of epigenetixiajadainst chronological
age (-axis) in buccal cellg)( airway celldf, esophagus tissue)(and lung tissued]. Blue circles, red triangles, and green inverted triangleg
indicate non-smokers, smokers, and ex-smokers, respectively. The dashed line is the diagonal where epigenetic age equals to chronological age,
the blue solid line is the regression of epigenetic age on chronological age for non-smokers, and the black solid line is the regression ¢f
epigenetic age on chronological age for all the smokers and non-smokers
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Smoking accelerates aging of airway cells and lung tissue difference was not significant p( = 0.45, Fig. 2e),
We conducted Kruskal-Wallis tests to verify whether probably due to the small sample size. In the buccal
smoking accelerates aging in airway cells and lung tissuegells, the AccelerationDiff value of smokers was insig-
via two measurements on age acceleration developed bgificantly lower than that of non-smokers by 1.64 years
Horvath [12]. The first is AccelerationDiff which equals to (p = 0.36, Fig.2b). In the esophagus tissues, the Accel-
DNAm age minus chronological age; the second is Accel-erationDiff of smokers was insignificantly higher than
erationResidual based on the residual generated by the linthat of non-smokers, only by 0.99 yearg € 0.97, Fig2h).
ear regression (FidL, the black solid lines) of DNAmM age All the AccelerationResidual values did not show signifi-
on chronological age 2. A positive (negative) value of cant differences between smokers and non-smokers (buc-
age acceleration suggests that the organ is older (youngenal cellsp = 0.23; airway cellg = 0.45; esophagus tissues,
than its chronological age. In the lung tissue, the Accel-p = 0.18; lung tissuey = 0.25; Fig2c, f, i, and I), but these
erationDiff value of smokers exceeded that of non-differences showed trends similar to those in Accelera-
smokers by 4.3 yearg (= 2.7 x 102, Fig.2k). In the air-  tionDiff value. For example, age acceleration of smokers
way cells, the AccelerationDiff value of smokerswas faster than that of non-smokers in the airway cells,
exceeded that of non-smokers by 4.9years, but theesophagus tissue, and lung tissue. The difference of

Fig. 2 Comparison of chronological age and epigenetic age acceleration between smokers and non-smokers. Columns correspond to buccal
cells &), airway cellsi{f), esophagus tissugi), and lung tissug-{). Rows correspond to the chronological agel(g, andj),
AccelerationDiff valub (e, h, andk), and AccelerationResidual valué, {, andl). The latter two measure epigenetic age accelerationp The
value from Kruskal-Wallis tests is written above each sub-figure
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chronological age between the two groups was minor inthat smoking damage to the lung was permanent and
buccal cells, airway cells, and esophagus tissues (bucdateversible.
cells,p = 0.97; airway cellgy = 0.24; esophagus tissues, For the airway cells, the AccelerationDiff value of
=0.12; Fig2a, d, and g). In lung tissues, the chronologicalsmokers was larger than that of non-smokers, but the
age of non-smokers was significantly greater than that ofdifference was not significant, probably because of the
smokers (lung tissuey = 2.5 x 102, Fig.2j). Thus, smok- small sample size of non-smokers. Given that there was
ing can accelerate the aging of the lung and probably alsmo significant difference in AccelerationDiff value be-
the airway. tween ex-smokers and non-smokers, we merged these
two groups into a “now-non-smokef group and re-
Smoking cessation alleviates epigenetic aging in airway tested whether smoking accelerated epigenetic aging of
cells but not in lung tissue airway cells. The results showed that DNAm age of air-
In the airway cells, we found that smoking cessationway cells in now-non-smokers had a strong linear rela-
effectively lowered the rate of aging (ex-smokers vstionship with chronological age (Fig.3c). The new
smokers,p = 5.8 x 10% Fig. 3a) down to that of comparison showed that in the airway cells, the aging
non-smokers (ex-smokers vs. non-smokerg: = 0.17, rate of smokers was significantly higher than that of
Fig. 3a). However, in the lung tissues, the acceleratechow-non-smokers p = 7.7 x 10* for AccelerationDiff
aging rate did not fall significantly after smoking ces- and p = 0.11 for AccelerationResidual, Fi@e, f). Also
sation (ex-smokers vs. smokerg, = 0.83; ex-smokers there was no significant difference in the chronological
vs. non-smokersp = 8.3 x 103 Fig. 3b), suggesting age between the two groupw = 0.65, Fig3d).

Fig. 3 Change in epigenetic age acceleration after smoking cessation in airway cells, lung tissue and merged (for airway cell&) groups.
Comparison of epigenetic age acceleration between non-smokers, smokers, and ex-smokers in aiejandéllad tissueh).c A scatter plot
of epigenetic agextaxis) against chronological ageakis) in the airway cells (Fif). Blue circles indicate now-non-smokers (merge of non-
smokers and ex-smokers) and red triangles indicate smokers. The dashed line is the diagonal where epigenetic age equals to chronolpgical age,
the blue solid line is the regression of DNAm age on chronological age for now-non-smokers, and the black solid line is the regression| of DNAm
age on chronological age for all of smokers and now-non-smaker3he comparison of chronological agh,(AccelerationDiff value){ and
AccelerationResidual valdigk{etween smokers and now-non-smokers, as updates dId=igwhere ex-smokers were not included in analstiS




