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Abstract

Background DNA methylation clocks emerged as a tool to determine biological aging and have been related to
mortality and age-related diseases. Little is known about the association of DNA methylation age (DNAm age) with
coronary heart disease (CHD), especially in the Asian population.

Results Methylation level of baseline blood leukocyte DNA was measured by Infinium Methylation EPIC BeadChip
for 491 incident CHD cases and 489 controls in the prospective China Kadoorie Biobank. We calculated the methyla-
tion age using a prediction model developed among Chinese. The correlation between chronological age and DNAmM
age was 0.90. DNA methylation age acceleration (Aage) was defined as the residual of regressing DNA methylation
age on the chronological age. After adjustment for multiple risk factors of CHD and cell type proportion, compared
with participants in the bottom quartile of Aage, the OR (95% Cl) for CHD was 1.84 (1.17, 2.89) for participants in the
top quartile. One SD increment in Aage was associated with 30% increased risk of CHD (OR=1.30; 95% CI 1.09, 1.56;
Ptrend =0.003). The average number of cigarette equivalents consumed per day and waist-to-hip ratio were posi-
tively associated with Aage; red meat consumption was negatively associated with Aage, characterized by acceler-
ated aging in those who never or rarely consumed red meat (all P <0.05). Further mediation analysis revealed that
10%, 5% and 18% of the CHD risk related to smoking, waist-to-hip ratio and never or rarely red meat consumption
was mediated through methylation aging, respectively (all P for mediation effect < 0.05).

Conclusions We first identified the association between DNAm age acceleration and incident CHD in the Asian
population, and provided evidence that unfavorable lifestyle-induced epigenetic aging may play an important part in
the underlying pathway to CHD.
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Background

The risk of coronary heart disease (CHD) strikingly
increases with aging [1]. Both genetic and environmental
factors are among the determinants of aging [2]. Chrono-
logical age, as a most informative marker of aging, cannot
depict the remarkable heterogeneity of biological aging
rates observed in peers. DNA methylation clocks form an
interface between the genotype and the environment [3],
emerging as a tool to determine biological aging objec-
tively [4]. Previous studies provided evidence that accel-
erated DNA methylation age was predictive of mortality
[5] and age-related diseases [6] even after adjusting for
various known risk factors.

However, little is known about the association of DNA
methylation age with CHD. Only a few studies were
conducted in European ancestry and got mixed results
[7-12]. No previous studies investigated the association
of methylation aging with CHD risk in the Asian popula-
tion, despite the mortality rate of CHD has been increas-
ing continuously in the Asian population [13]. Studies are
warranted to increase the genetic diversity of study par-
ticipants to understand the mechanisms underlying DNA
methylation aging across humans [14]. In addition, the
current knowledge of how environmental factors affect
methylation aging is still lacking [15]. Such factors may
serve as intervention targets that might delay cardiovas-
cular aging, thus approaching the goal of longevity.

To fill this gap, we aim to investigate the association
between methylation aging and the incident risk of CHD
in a Chinese population, and further quantify how much
of the effects of lifestyle factors on CHD are mediated
through methylation aging. We did a case—control study
nested in the 10-year follow-up of the China Kadoorie
Biobank (CKB) cohort, comprising 494 incident CHD
cases and 494 matched controls.

Results
The mean chronological age at baseline was
51.1£7.7 vyears for incident CHD cases and

49.9+7.2 years for matched controls (Table 1). Incident
CHD cases were more likely to smoke, have higher meas-
ures of adiposity and total cholesterol (TC), and have a
higher prevalence of hypertension and diabetes at base-
line, compared with matched controls.

DNAm age and incident CHD

The correlation between chronological age and methyla-
tion age was 0.89 and 0.91 in cases and controls, respec-
tively (Additional file 2: Fig. 1). The mean DNAm age was
51.4£6.9 for incident CHD cases and 49.6+6.3 years
for matched controls. The corresponding mean value of

Page 2 of 9

Table 1 Baseline characteristics of 980 participants according to
the case and control status

Baseline characteristics Cases (n=491) Controls
(n=489)
Matched factors
Age, year 51.1 499
Female, % 436 438
Urban area, % 206 204
Fasting time, h 40 40
Middle school and above, % 446 444
Married, % 90.3 94.1
Family history of heart attack, % 6.9 4.7
Lifestyle factors
Daily tobacco smoker, % 46.5 40.2
Daily alcohol drinker, % 89 10.1
Physical activity, MET-h/day 223 237
Dietary habits
Days consumed fresh vegetables/week 6.8 6.7
Days consumed fresh fruits/week 1.7 22
Days consumed red meat/week 29 30
Adiposity
Body mass index, kg/m? 239 233
Waist circumference, cm 82.2 79.7
Waist-to-hip ratio 0.91 0.88
Fat percentage, % 27.1 258
Prevalent hypertension, % 520 306
Prevalent diabetes, % 9.6 4.7
Total cholesterol, mmol/L 4.7 4.5

The results are presented as means or percentages with adjustment for age, sex,
and study area. MET Metabolic equivalent of task

DNAm age acceleration was 0.42 years for incident cases
and — 0.42 years for controls at baseline.

After adjustment for multiple risk factors of CHD and
cell type proportion, Aage was associated with increased
risk of incident CHD (Table 2). In all eligible partici-
pants, compared with participants in the bottom quar-
tile of Aage, the odds ratio (OR) (95% confidence interval
[CI]) for CHD was 1.84 (1.17, 2.89) for participants in
the top quartile. One SD increment in Aage was associ-
ated with 30% increased risk of CHD (OR=1.30; 95% CI
1.09, 1.56; P,,.,q=0.003). Further adjustment for baseline
cardiometabolic risk factors only slightly attenuated the
association (OR=1.29; 95% CI 1.08, 1.55; P,,.,q="0.005).
The adjusted OR (95%CI) for the risk of CHD associ-
ated with one SD increase in Aage was 1.36 (1.07, 1.74)
among men and 1.18 (0.89, 1.56) among women. We
did not observe statistically significant difference in the
association of Aage with CHD between men and women
(Pipteraction=0.995). We performed conditional logis-
tic regression accounting for matched study design, and
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additionally adjusted for family history of heart attack.
We observed generally similar results in these sensitivity
analyses (Additional file 3: Table S1 and S2).

We examined the association between Aage and CHD
risk according to potential baseline risk factors. The posi-
tive association between Aage and CHD was stronger in
non-weekly drinkers (P;eraction=0-004; Fig. 1). No other
statistically significant difference between groups was
observed for the following baseline factors: chronological
age, smoking status, physical activity, frequency of con-
suming red meat, body mass index (BMI), waist circum-
ference (WC), waist-to-hip ratio, prevalent hypertension,
prevalent diabetes, and TC level.
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Lifestyle factors, DNAm age acceleration, and mediation
analysis for CHD

The average number of cigarette equivalents consumed
per day was positively associated with Aage (effect
size=0.008; standard error [SE]=0.003; P=0.017;
Table 3). Further mediation analysis revealed that 10.0%
of the smoking-associated CHD risk was mediated
through Aage (P value for average causal mediation effect
[ACME] =0.025). The frequency of consuming red meat
was negatively associated with Aage, with the adjusted SD
difference (SE) being -0.041 (0.015) per one-day increase
in days consuming red meat per week (P=0.007). A
total of 17.8% of the red meat-associated CHD risk was

Subgroup No. of cases/controls OR (95%Cl) P for interaction

Chronological age
< 50 years 196/231 R e 1.39 (1.04, 1.87) 0.954
2 50 years 295/258 — 1.27 (1.01, 1.61)

Smoking status
Daily* 229/196 T 1.25 (0.95, 1.64) 0.466
Not daily 262/293 — 1.30 (1.01, 1.68)

Alcohol consumption
Weekly 73/96 o 0.78 (0.46, 1.33) 0.004
Not weekly 418/393 — - 1.48 (1.20, 1.82)

Physical activity
<20.01 MET-h/d 263/227 B 1.10 (0.85, 1.43) 0.099
=220.01 MET-h/d 228/262 I 1.48 (1.13, 1.93)

Consumed red meat
< monthly 164/135 - 1.68 (1.15, 2.44) 0.310
1-7 days/week 327/354 — 1.21 (0.99, 1.49)

Body mass index
< 24 kg/m? 263/289 — 1.35 (1.07, 1.70) 0.779
2 24 kg/m? 228/200 ! 1.29 (0.96, 1.74)

Waist circumference
Male < 90 or female < 85 cm 343/394 — 1.40 (1.14,1.72) 0.125
Male = 90 or female = 85 cm 148/95 L — 0.82 (0.52, 1.29)

Waist to hip ratio
Male < 0.90 or female < 0.85 1741244 | 1.30 (0.97, 1.75) 0.725
Male = 0.90 or female = 0.85 317/245 — 1.24 (0.97, 1.57)

Prevalent hypertension
Yes 258/147 - 1.24 (0.91, 1.68) 0.942
No 233/342 =& 1.32 (1.05, 1.66)

Prevalent diabetes
Yes 49/22 Tt 1.64 (0.59, 4.56) 0.371
No 442/467 - 1.34 (1.11, 1.62)

Total cholesterol level
25.17 mmol/l 135/99 T ™ 1.49 (0.94, 2.36) 0.570
< 5.17 mmol/l 356/390 — 1.27 (1.03, 1.55)

D T B = ]

0.70 0.90

12 14 16 1820

Fig. 1 Subgroup analysis of the association between DNA methylation age acceleration and the risk of incident coronary heart disease according
to potential baseline risk factors. Horizontal lines represent 95% Cls. Odds ratio and 95% Cl are for the associations of 1-SD Aage increasing with
CHD risk. Covariates in the multivariable model: age, sex, education level, marital status, smoking, alcohol drinking, physical activity, average days
consuming fresh vegetables, fruits, and red meat per week, body mass index, fasting time, study area, batch, and cell type proportions. * To avoid
misleadingly elevated risk, former smokers who stopped smoking for illness were categorized as the current smoker
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Table 2 Odds ratios (95% confidence intervals) for incident coronary heart disease according to DNA methylation age acceleration

Q1 Q2 Q3 Q4 per SD increase P for trend

Whole cohort

No. of cases/controls 100/145 118/127 129/116 144/101 491/489

Multivariable adjusted* 1.00 1.37(0.90, 2.08) 1.72(1.12,2.62) 2.02(1.32,3.11) 136 (1.15,1.61) <0.001
+ cell type proportiont 1.00 1.38(0.89,2.14) 1.68(1.08,2.62) 1.84(1.17,2.89) 1.30(1.09, 1.56) 0.003
+ baseline cardiometabolic risk factor** 1.00 1.34(0.85,2.11) 1.78(1.13, 2.80) 1.78(1.12,2.82) 1.29(1.08, 1.55) 0.005
Men

No. of cases/controls 62/78 62/78 76/68 77/51 277/275

Multivariable adjusted* 1.00 1.30(0.73,2.32) 1.67 (0.95, 2.95) 220(1.22,3.99) 1.39(1.10, 1.76) 0.006
+ cell type proportiont 1.00 1.51(0.81,2.80) 1.94(1.06, 3.54) 2.10(1.12,3.96) 1.36(1.07,1.74) 0014
+ baseline cardiometabolic risk factor™ 1.00 1.51(0.80, 2.85) 2.03(1.09, 3.75) 1.98(1.04,3.77) 1.35(1.05,1.74) 0.019
Women

No. of cases/controls 38/67 56/49 53/48 67/50 214/214

Multivariable adjus‘[ed* 1.00 1.54(0.79, 2.98) 1.91(0.97,3.76) 1.79(0.93,3.46) 1.29(1.00, 1.67) 0.053
+ cell type proportiont 1.00 1.38(0.68,2.79) 1.49(0.72,3.10) 1.47(0.72,3.00) 1.18(0.89, 1.56) 0.247
+ baseline cardiometabolic risk factor” 1.00 1.40(0.67, 2.89) 1.66(0.77,3.57) 1.51(0.72,3.15) 1.17(0.87,1.56) 0.301

" Covariates in the multivariable model: age, sex, education level, marital status, smoking, alcohol drinking, physical activity, average days consuming fresh vegetables,

fruits, and red meat per week, body mass index, fasting time, study area, and batch

TThe estimated proportion of CD4 +T cell, CD8 +T cell, B cell, natural killer, monocytes, and granulocyte

" Baseline cardiometabolic risk factors included prevalent diabetes, hypertension, and total cholesterol level

mediated through Aage (P e =0.008). The total effect
and average direct effect of the average number of ciga-
rette equivalents consumed per day and red meat con-
sumed days per week on CHD were not statistically
significant (all P value>0.05; Additional file 3: Table S3).
One unit increase in waist-to-hip ratio was associated
with a 1.53 SD increase in Aage (SE=0.566, P=0.007)
after adjustment for BMI. The total effect and average
direct effect of per 0.1 increase in waist-to-hip ratio were
1.79 (1.56, 1.94) and 1.74 (1.49, 1.90), respectively (all P
value <0.001, Additional file 3: Table S3). The proportions
of CHD risk associated with waist-to-hip ratio mediated
by Aage were 4.7% (Pcpe=0.017). Alcohol consump-
tion, frequency of consuming fresh vegetables and fruits,
physical activity, BMI, WC, and fat percentage were not
significantly associated with Aage (all P values>0.05;
Table 3).

When we included smoking, alcohol consumption, and
dietary habits as categorical variables in the analyses of
lifestyle factors and Aage, participants who quit smoking
because of illness and participants who never or rarely
consumed red meat had statistically significantly higher
Aage (Additional file 3: Table 4).

Discussion

In this prospective study of middle-aged Chinese, an
understudied population for epigenetics and cardiovas-
cular disparities, we observed epigenetic age acceleration

was associated with an increased risk of incident CHD
after careful adjustment for potential confounders. One
SD increase in DNAm age acceleration was associated
with a 30% increased risk of CHD. Further mediation
analyses revealed the possible mediating role of DNAm
age acceleration in the pathway from smoking, none or
rare intake of red meat, and central obesity as measured
by waist-to-hip ratio to the risk of CHD.

Individuals of different ethnicities may exhibit different
aging rates, methylation profiles, and association effects
[7]. Ethnic differences might limit the accuracy of meth-
ylation age predictors and also the generalization of the
association results across populations. We adopted a
methylation aging marker [20] established especially for
Chinese populations and observed a strong correlation
between methylation aging and chronological age.

Previous studies regarding the association between
DNAm age acceleration and CHD were inconsistent.
Studies conducted in the European ancestry got mixed
results: null [7, 8] or positive association of methylation
aging with CHD death [9] and incidence [10]. Only a
few studies investigated the impact of methylation aging
on CHD among other ancestries [11, 12]. These studies
both adopted DNAm GrimAge [11], a composite surro-
gate biomarker of chronological age, sex, plasma protein
levels, and smoking pack-years, and showed increased
CHD incidence with accelerated DNAm GrimAge in
1,100 primarily hypertensive African Americans [12] and
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Table 3 Associations between lifestyle factors and Aage, and the risk of coronary heart disease mediated through Aage

Lifestyle factors and Aage *

Mediation effect

Effect size (SE) P value Proportion mediated, % P value for ACME
Smoking
No. of cigarette equivalents/dayt 0.008 (0.003) 0.017 10.0 0.025
Alcohol drinking
Average pure alcohol (g)/day 0.0004 (0.001) 0.777
Dietary habits
Fresh vegetables, days/week 0.020 (0.033) 0.551
Fresh fruits, days/week 0.014 (0.015) 0354
Red meat, days/week —0.041 (0.015) 0.007 17.8 0.008
Physical activity (METs-h) 0.002 (0.002) 0387
Adiposity
Body mass index (kg/m?) 0.012 (0.009) 0.168
Waist circumference, cm ** 0.008 (0.006) 0.186
Waist-to-hip ratio ** 1.530 (0.566) 0.007 4.7 0.017
Fat percentage (%)** —0.008 (0.009) 0.371

ACME Average causal mediation effects; Bold text represents statistically significant results (P values < 0.05)

" Basic adjustment included age, sex, study area, fasting time, education level, marital status, batch, and the estimated proportion of CD4 4T cell, CD8 4T cell, B cell,
natural killer, monocytes, and granulocyte. All lifestyle factors were included in the model simultaneously

* To avoid misleadingly elevated risk, former smokers who stopped smoking for illness were categorized as the current smoker

" Additionally adjusted for body mass index (kg/m?)

6,935 individuals comprising three ethnic groups (50%
European ancestry, 40% African Americans, and 10%
Hispanic ancestry) [11]. To our knowledge, our study is
the first to investigate the association of accelerated epi-
genetic age with the risk of developing CHD in the Asian
population. Our findings expanded the diversity of epige-
netic research to understand the mechanisms underlying
methylation aging variability across humans.

Lifestyle factors that affect the DNAm markers of aging
remain an open question. Studies reported null [23-26]
or positive association [8, 27] between smoking behavior
and DNAm age among the Western populations; only
one study was conducted in African Americans [28]. The
majority of previous studies reported null association
when comparing the methylation aging of current smok-
ers with others [23, 25, 26, 28]. A previous study showed
that smoking pack-year was associated with methylation
aging [27]. The present study identified methylation aging
accelerated with the average number of cigarette equiv-
alents consumed per day, suggesting that the amount
a person smoked is of importance in the methylation
aging process. The study of African Americans showed
that accelerated methylation aging was observed in par-
ticipants who quit <15 years prior, but not in those who
quit>15 years [28]. The present study further identi-
fied accelerated methylation aging in former smokers
who stopped smoking for illness, but not in those who
stopped for other reasons. Taken together, although

studies have shown that DNA methylation changes can
be reversed following smoking cessation, smoking ces-
sation due to illness or for a short period might be the
exception. The differences in methylation aging among
former smokers (different cessation duration or reasons)
and current smokers (how much has smoked) could be
leveraged to offer new insights to explore the effect of
smoking on methylation aging in future studies.

BMI was positively associated with DNAm age in pre-
vious studies among the Western populations. [8, 25, 27,
29] The present study reported no association of BMI
with methylation aging but a positive association of
waist-to-hip ratio with methylation aging. Of note, the
pattern of obesity is different between Asian and White
populations. Asians tend to put on abdominal fat prefer-
entially [30]. Our results indicated that methylation aging
might be more sensitive in response to the change in
waist-to-hip ratio than BMI in the Asian population. We
further quantitatively estimated how much lifestyle fac-
tors’ effects on CHD are mediated through methylation
aging. Our mediation analysis noted that around 10%
and 5% of the increased CHD risk related to smoking and
central obesity, as measured by waist-to-hip ratio, was
mediated through methylation aging, respectively.

Regarding diet, previous studies in the European popu-
lations investigated the association between the amount
of red meat intake (servings/day) and methylation aging,
and found that excess intake of red meat may accelerate
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the methylation aging rate [25, 31]. Our baseline sur-
vey was conducted during 2004-2008. During this time
period, the average intake of total meat was 80 g per day
in China [32], far less than the 175 g in the U.S [33]. The
present study collected data on the frequency of red meat
intake (days/week) and found that participants who never
or rarely consumed red meat had accelerated methylation
aging. These findings might suggest that red meat con-
sumption showed a U-shaped association with methyla-
tion aging.

In addition, we found that methylation aging mediated
18% of the CHD risk related to none or rare red meat
consumption. The analysis based on 500,000 CKB par-
ticipants found that lower frequency of red meat intake
was associated with a higher risk of intracerebral haem-
orrhage [34]. Our findings may partially explain the pro-
tective impact of moderate red meat consumption on this
CVD subtype in Chinese and stimulate future studies
toward a better understanding of disease mechanisms.

We firstly investigated the association between
DNAm age acceleration and the risk of incident CHD
in the Asian population, and quantitatively estimated
how much of the effects of unfavorable lifestyles on the
increased risk of CHD are mediated through DNAm age
acceleration. These findings highlighted the importance
of DNA methylation in the underlying mechanisms of
cardiovascular disease, and the potential usage of epige-
netic age as a biomarker of aging and CHD development.
Other strengths included the prospective design that
allowed us to preclude the possibility that the changes in
DNAm age acceleration were a result of disease state; the
use of an accurate methylation age predictor specific for
the Chinese population; and careful adjustment of pos-
sible risk factors of CHD.

Our study has limitations that warrant discussion.
First, the methylation aging was measured in whole
blood, which might capture only particular aspects of
aging. However, whole blood is easy to access and thus
widely used in epidemiological studies. We have made
adjustments for cellular compositions, suggesting that
our findings were not significantly confounded by the
mixed cellular nature of whole blood. These association
results may not be generalized to methylation aging of
other tissues. Multi-tissue age predictor that fits Chinese
population might offer further insights into the aging
process. Second, both lifestyle factors and DNA methyla-
tion were measured at baseline; therefore, the temporal
order between lifestyle and aging acceleration cannot be
inferred. However, behavioral lifestyles are long-term
habits and less likely to be driven by DNA methylation
levels. Changes in covariates during follow-up might lead
to residual confounding in prospective studies.
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Conclusions

In this prospective cohort of the Chinese population, we
have shown that epigenetic aging was associated with the
incident risk of CHD in the next 10 years. Our results also
provide evidence that smoking, central obesity, or never
consumed red meat-induced epigenetic aging may play
an important role in the underlying pathway to CHD.
Our study adds to the evidence regarding the potential
of using epigenetic clock as a marker of biological age
across ethnic diversity humans. Our study also extended
beyond the previous evidence that lifestyle intervention
may attenuate methylation aging, and further lower the
risk of CHD. Future research is warranted to translate
epigenetic age acceleration measures into practical clini-
cal and public health applications.

Methods

Study population

The CKB cohort was established in 10 geographically
diverse areas across China (5 urban and 5 rural sites)
during 2004-2008. All participants (N=512,715) had
baseline data collected by laptop-based questionnaires,
including sociodemographics, lifestyle factors, and medi-
cal and medication history. Trained staff measured body
weight, height, WC, hip circumference, and body fat per-
centage using standard protocol and calibrated instru-
ments. All participants provided a 10 ml blood sample for
long-term storage, with the time since last meal recorded.
Participants were not asked to be fasting. Further details
of the CKB have been described elsewhere [16].

The study protocol was approved by the Ethics Review
Committee of the Chinese Center for Disease Con-
trol and Prevention (005/2004, Beijing, China) and the
Oxford Tropical Research Ethics Committee, University
of Oxford (025-04, UK). All participants provided writ-
ten informed consent.

Study design and DNAm profiling
A total of 494 incident CHD cases occurring before the
censoring date of 31 December 2015 and 1:1 matched
controls were selected for genome-wide DNA meth-
ylation measurements in a case—control study nested in
the CKB cohort. Matched factors included age at base-
line (£3 years), birth year (£3 years), study area, sex,
and hours fasting prior to blood draw (0 to<6, 6 to<8, 8
to <10, and > 10 h) at baseline. All these participants were
free of heart disease, stroke, or cancer at baseline. Details
of the inclusion and exclusion of participants have been
provided previously [18].

Incident CHD cases were identified through link-
age with the national health insurance system, with
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local death and disease registries, and by active follow-
up. Linkage to the health insurance databases has been
achieved 97% of the participants since 2014. Trained
staff coded all diagnoses by the International Classifica-
tion of Diseases, Tenth Revision (ICD-10). Incident CHD
included fatal ischemic heart disease (I120-125 in ICD-10)
and nonfatal acute myocardial infarction (I21). Trained
staff reviewed hospital medical records for 134 reported
cases for diagnosis adjudication, and confirmed 90% of
the diagnoses of CHD.

The Infinium Methylation EPIC BeadChip (Illumina,
USA), which interrogates ~ 850,000 CpG sites, was used
to measure epigenome-wide methylation levels for CHD
cases and matched controls (BGI, China). DNA was
extracted from baseline peripheral blood leukocytes.
B-value for each CpG site was reported (ranging from 0
to 1.0) to signify the percentage of DNAm at each CpG
site. The R package minfi [17] was used to process meth-
ylation data. Quality control, filtering, and normalization
of the methylation data have been described previously
[18]. These filtering processes resulted in 980 samples
with 747,726 CpG sites retained.

Assessment of lifestyle factors
Lifestyle factors included smoking, alcohol consump-
tion, total physical activity level, dietary habits (fresh
vegetables, fruits, and red meat), and adiposity levels
(BMIL, WC, waist-to-hip ratio, and fat percentage).
Lifestyle factors were collected based on questionnaires
and physical measurements. We asked about smoking
frequency, type and amount of tobacco smoked per day
for ever smoker and calculated the average number of
cigarette equivalents consumed per day. We also asked
former smokers to report their reason for quitting smok-
ing. Former smokers who stopped smoking for illness
were included in the category of current smokers to avoid
misleadingly elevated risk. Drinking frequency, type of
alcoholic beverage, and volume of alcohol consumed on
a typical drinking day were collected at baseline to calcu-
late the average pure alcohol volume consumed per day.
The usual type and duration of activities were collected
to calculate daily level of physical activity by multiplying
the METs value for a particular type of physical activity
by hours spent on that activity per day and summing the
MET-hours for all activities. Information on consump-
tion frequency of three food items (fresh vegetables, fresh
fruits, and red meats) that were mainly addressed in a
2013 guideline from the American Heart Association and
the American College of Cardiology on lifestyle manage-
ment to reduce cardiovascular risk [19] was collected.
We then calculated average number of days consuming
that food item per week. We calculated BMI (weight in
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kilograms divided by the square of the height in meters)
to measure general adiposity. WC and waist-to-hip ratio
(the ratio of WC to hip circumference) were used to
measure central adiposity. Body fat percentage was esti-
mated using a TBF-300 monitor (Tanita, Tokyo, Japan).

Assessment of covariates

For each participant, sociodemographic character-
istics (age, sex, education, and marital status) and
personal health and medical history (hypertension
and diabetes) were also collected based on question-
naire. Trained staff measured blood pressure with
calibrated instruments. Participants with measured
systolic blood pressure >140 mm Hg, measured dias-
tolic blood pressure>90 mm Hg, or self-reporting
prior diagnosis of hypertension or usage of antihyper-
tensive medication at baseline were defined as hav-
ing prevalent hypertension. Participants also provided
blood samples for a quick on-site plasma glucose test
at baseline. Participants with measured fasting blood
glucose >7.0 mmol/l, measured non-fasting blood glu-
cose>11.1 mmol/l, or self-reporting prior diagnosis of
diabetes were defined as having prevalent diabetes. TC
level was measured using standard clinical chemistry
assays (Wolfson Laboratory at the University of Oxford,
UK).

Statistical analysis

DNA methylation age and age acceleration

We calculated the methylation age using an existing
prediction model developed among Chinese [20]. This
method has been shown to have higher accuracy and less
error in Chinese populations [20]. Of all 239 CpGs used
to calculate methylation age, 205 available CpGs passed
the quality control process. DNA methylation age accel-
eration (Aage) was defined as the residual of regressing
DNA methylation age on the chronological age. Aage
was inverse normal transformed (SD =1) for comparison
purposes.

Aage and incident CHD

Logistic regression was applied to estimate the OR and
95% CI, with adjustment for chronological age (continu-
ous, year), sex (male or female), education level (middle
school and above, or others), marital status (married or
not), smoking (continuous, average cigarettes or equiva-
lents consumed per day), alcohol consumption (continu-
ous, average pure alcohol volume consumed per day),
physical activity (continuous, MET-h/d), average days
consuming fresh vegetables, fruits, and red meat per
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week, BMI (continuous, kg/m [2]), fasting time (0-<6,
6-<8, 8-<10, or>10 h), ten study area, and five DNAm
measurement batchs (Model 1). We additionally adjusted
for cellular proportions (CD4+T cell, CD8+T cell, B
cell, natural killer, monocytes, and granulocyte) (Model
2) and baseline cardiometabolic risk factors (prevalent
diabetes, hypertension, and TC level) (Model 3). The pro-
portion of leucocyte cells was estimated from DNAm sig-
nature using the algorithm from Houseman et al. [21] by
R package minfi [17]. To examine the robustness of the
findings, we also performed conditional logistic regres-
sion, which accounts for matching, to estimate OR and
CI. Matched factors (chronological age, sex, study area,
and fasting time) were not included as covariates in the
model. We also additionally adjusted for family history of
heart attack (yes or no).

We examined the association of Aage with CHD among
prespecified baseline subgroups based on sex (men or
women), chronological age at baseline (< 50, or > 50 years),
smoking status (current daily smoker or not), alcohol con-
sumption (current weekly drinker or not), level of physical
activity (categorized using median cutoff), consumption
of red meat (1-7 days/week, or <monthly), BMI (<24.0
or>24.0 kg/m?), WC (male>90 or female>85 cm, or
others), waist-to-hip ratio (male>0.90 or female > 0.85,
or others), prevalent diabetes (presence or absence), prev-
alent hypertension (presence or absence), and TC level
(>5.17 mmol/l or not). The tests for interaction were per-
formed employing a likelihood ratio test comparing mod-
els with and without cross-product terms.

Lifestyle factors and Aage

Linear regression was applied to investigate the associa-
tion between lifestyle factors and Aage. All five lifestyle
factors were included in the model as continuous variables
simultaneously. Covariates adjusted in the model included
chronological age, sex, study area, fasting time, marital sta-
tus, education level, batch, and the estimated proportion
of CD4+T cell, CD8+T cell, B cell, natural killer, mono-
cytes and granulocyte. In the analysis of central adiposity
level or fat distribution with Aage, additional adjustment
for BMI was made. Smoking behavior, alcohol consump-
tion, and dietary habits were also treated as categorical
variables in the analyses of lifestyle factors and Aage.

Mediation analyses

In the subsequent mediation analyses, we focused on
lifestyle factors associated with Aage (P<0.05). Causal
mediation analyses were performed to estimate how
much of the lifestyle-associated CHD risk was mediated
through Aage. We used the R package mediation [22] to
perform parametric regression models. Two models were
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estimated for each lifestyle factor. The first was regress-
ing Aage (mediator) on the lifestyle factor (exposure)
and covariates. The second one was regressing the risk of
CHD (outcome) on the lifestyle factor, Aage, and covari-
ates, allowing for exposure-mediator interactions. Covar-
iates included chronological age, sex, study area, fasting
time, education level, marital status, batch, blood cell
compositions, and four other lifestyle factors. The medi-
ated proportion was calculated as the mediating effect
(average causal mediation effect, ACME) of Aage divided
by the total effect on log odds scale.

All analyses were performed with Stata version 14.2
(StataCorp) and R software version 3.5.2 (R Foundation
for Statistical Computing). Statistical significance was set
at two-tailed P<0.05.
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