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Abstract

Background: The complexity of physical activity (PA) and DNA methylation interaction in the development of
cardiovascular disease (CVD) is rarely simultaneously investigated in one study. We examined the role of DNA
methylation on the association between PA and CVD.

Results: The Multi-Ethnic Study of Atherosclerosis (MESA) cohort Exam 5 data with 1065 participants free of CVD
were used for final analysis. The quartile categorical total PA variable was created by activity intensity (METs/week).
During a median follow-up of 4.0 years, 69 participants developed CVD. lllumina HumanMethylation450 BeadChip
was used to provide genome-wide DNA methylation profiles in purified human monocytes (CD14+). We identified
23 candidate DNA methylation loci to be associated with both PA and CVD. We used the structural equation
modeling (SEM) approach to test the complex relationships among multiple variables and the roles of mediators.
Three of the 23 identified loci (corresponding to genes VPS13D, PIK3CD and VPS45) remained as significant
mediators in the final SEM model along with other covariates. Bridged by the three genes, the 2nd PA quartile (3 =
—0.959; 95%Cl: — 1,554 to —0.449) and the 3rd PA quartile (3 =—0.944; 95%Cl: — 1.628 to —0.413) showed the
greatest inverse associations with CVD development, while the 4th PA quartile had a relatively weaker inverse
association (3 =—0.355; 95%Cl: —0.713 to — 0.124).
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pathogenesis of CVD.

Conclusions: The current study is among the first to simultaneously examine the relationships among PA, DNA
methylation, and CVD in a large cohort with long-term exposure. We identified three DNA methylation loci bridged
the association between PA and CVD. The function of the identified genes warrants further investigation in the
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Background

Cardiovascular disease (CVD) is the leading cause of
mortality in the United States [1]. Understanding con-
tributors to the etiology of CVD will help us better con-
trol the disease at the level of primary prevention [2].
The etiology of CVD involves complex multifactorial
mechanisms including environmental and genetic factors
[3]. Among the environmental or behavioral exposures,
physical activity (PA) has consistently been shown in
epidemiological studies to be associated with reduced
risk of CVD [4]. Although multiple mediating mecha-
nisms have been proposed (e.g., an anti-inflammatory re-
sponse, insulin-sensitivity) [4, 5], our knowledge about
the underlying mechanisms of the benefits of PA on car-
diovascular health is still sparse. Owing to the evolution-
ary development of genomic study methods, recent
studies suggest that epigenetic modifications are also in-
volved in the association between PA and CVD [6].

DNA methylation is the best-studied epigenetic modi-
fication. It is a dynamic epigenetic mechanism in several
cellular process such as regulating gene expression, gen-
omic imprinting, and X-chromosome inactivation [7]. In
eukaryotes, the methylated cytosine (5-methylcytosine,
5mC) occurs predominantly at C followed by guanine
(G) forming the so-called CpG site. Although the result
of DNA methylation is usually linked to the silencing of
genes [8], growing evidences showed that DNA methyla-
tion can also increase gene expression in some instances
[9]. Epigenome-wide association studies (EWAS) have
shown that many DNA methylation loci are associated
with CVD traits [10, 11] and influenced by physical ac-
tivity [12]. However, because the associations between
PA or CVD and DNA methylation were studied separ-
ately in previous studies, the role of DNA methylation
on PA’s benefits on cardiovascular health was only de-
duced from the biological functions of identified genes
[13]. There is a lack of evidence directly showing the
complexity of PA-DNA methylation interaction in the
development of CVD [14].

To investigate the complex relationships among PA,
DNA methylation, and CVD, we applied the structural
equation modeling (SEM) approach to a cohort. Com-
pared with common statistical methodologies, SEM al-
lows for testing of complex relationships among
multiple variables including the roles of mediators [15].

In epigenetic epidemiology, it is useful to investigate
whether DNA methylation is a component of the path-
way linking the exposure and the outcome [14]. In the
current study, we evaluated the role of DNA methylation
on the longitudinal association between PA and CVD,
along with other covariates, using data from the Multi-
Ethnic Study of Atherosclerosis (MESA).

Methods

Data source and study cohort

The MESA study is a prospective cohort study designed
to investigate the prevalence, associations, and progres-
sion of subclinical CVD in 6814 men and women aged
45-84 years and free of clinical CVD at the first examin-
ation (Exam 1, 2000-2002). Following Exam 1, five
follow-up examinations (Exam 2-6) have occurred.
Written informed consent was obtained from all partici-
pating subjects under research protocols approved by
the review boards of the six filed centers. A detailed de-
scription of the MESA study be found elsewhere [16].
Corresponding to Exam 5 (2010-2012), the MESA Epi-
genomics and Transcriptomics Study (2010-2012) was
conducted to investigate the association between DNA
methylation and gene expression in purified human
monocytes (CD14") [17]. Asian participants were not in-
cluded since the study was not available for participants
from two of six MESA sites [18]. The DNA methylation
data are publicly accessible through the GEO website
with accession ID GSE56046.

In this study, we linked the MESA DNA methylation
data to Exam 5 data through unique MESA participant
IDs. As a result, we used exposure (physical activity), co-
variate, and DNA methylation data of 1264 participants
collected in 2010-2012 (Exam 5). Data were analyzed
and compared for CVD outcomes occurring through
December 31, 2015. We excluded participants with
prevalent CVD at baseline (n = 155) and those with miss-
ing exposure or covariate data (n = 44). The final sample
size of the analyzed cohort was 1065.

Variables and analysis

Physical activity

Physical activity and sedentary behaviors were assessed
through an interviewer-administered MESA Typical
Week Physical Activity Survey (TWPAS) which was
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designed to estimate participants’ habitual activities as of
their last interview. The survey contains 28 question
item categories asking participants about the duration of
time when doing each category of activities. The unit of
the continuous activity variables was measured as both
minutes per week and metabolic equivalence of tasks
(METs) per week. According to the MET value of each
activity, the intensity was classified according to MET
value as sedentary behavior (METs <1.5), light PA (1.5 <
METs < 3.0), moderate PA (3 < METSs < 6), and vigorous
PA (METs 26) [19, 20]. In the screening stage of this
study, the continuous total PA variable was defined as
the sum of total METs per week spent doing light, mod-
erate, and vigorous PAs. The quartile categorical total
PA variable (METs/week) was created from the continu-
ous total PA variable used both in screening stage and in
the SEM model to examine potential non-linear pattern.
In addition to total PA, each PA components (i.e., light,
moderate, and vigorous PA), two combinations of PA in-
tensity (i.e., moderate to vigorous PA [MVPA] and exer-
cise PA), and leisure sedentary behavior were also used
for screening PA related DNA methylation loci to in-
crease the screening power. The detailed descriptions of
all PA variables are listed in Supplementary Table S1.

CVD outcomes

Each MESA participant was contacted every 9-12
months to collect information on new CVD conditions,
which were classified using medical records and death
certificates [16]. MESA assessed 11 individual cardiovas-
cular events. The detailed descriptions of all CVD out-
comes are listed in Supplementary Table S2. In this
study, CVD (all types), which was the combination of all
11 individual cardiovascular events, was used as the
CVD outcome in the SEM model. The endpoint out-
come was the binary response (Yes/No) to CVD (all
types) occurring through December 31, 2015. However,
in the screening stage of DNA methylation loci identifi-
cation, all individual CVD outcomes were used separ-
ately to increase the sensitivity of screening.

Covariates

Atherosclerotic CVD (ASCVD) 10-year risk score is de-
veloped by the American College of Cardiology (ACC)
and American Heart Association (AHA) in collaboration
with the National Heart Lung and Blood Institute
(NHLBI). The score is in a percentage form to estimate
the risk of a hard ASCVD event within the next ten
years [21, 22]. The risk estimator is calculated based on
an individual’s sex, race, age, total cholesterol (mg/dL),
high-density lipoprotein cholesterol (HDL, mg/dL), sys-
tolic blood pressure, use of blood pressure medication,
smoking status, and diabetes status. The calculation
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additionally takes into account the potential interactions
between these variables.

Some potential confounders associated with CVD in
the literature [23—25], but absent in the ASCVD score,
included ethnicity (Hispanic or not), body mass index
(BMI), waist circumference (WC, cm), and coronary ar-
tery calcium (CAC) score. BMI and WC were catego-
rized into three categories based on well-established
definitions [26]. CAC score is the quantification of the
coronary artery calcification by computed tomography
(CT) [27]. In this study, we used the Agatston CAC
score and categorized it into four levels (0, 1-100, 101—
400, >400) according to one of the most widely used
classification systems [28].

Identification of DNA methylation locus

[llumina HumanMethylation450 (450 K) BeadChip was
used to provide genome-wide DNA methylation profiles
with over 485,000 DNA methylation loci. Quality control
was descripted in detail in a previous study [18]. Prior to
identification, CpG sites were filtered according to beta
values (cut-off =0.2) to exclude background changes
[29]. A two-stage strategy was then used. In the first
stage (screening stage), EWAS were performed using
limma and preprocessCore packages in R [30, 31]. Separ-
ate univariate logistic regression models were fitted
using the normalized M-value for each CpG site as the
dependent variable. Each of the PA related variables
(continuous or categorical) or each of the CVD outcome
variables (binary) was used as the independent variable.
P-values were adjusted for multiple testing using the
Benjamini-Hochberg method for controlling the false
discovery rate (FDR), which was discussed in our pre-
vious publications [32, 33]. CpG sites with adjusted
p-value <0.05 were selected as potential candidates.
All candidate CpG sites screened from regression
models with PA related variables were pooled as Set
A, and all candidate CpG sites from models with
CVD outcome variables were pooled as Set B. In the
second stage (identification stage), CpG sites over-
lapped by Set A and Set B were finally identified as
the final candidate DNA methylation loci for the fur-
ther SEM model. The corresponding genes were de-
termined using Illumina annotation. Volcano plots
and heatmaps were created using ggplot2 and pheat-
map packages in R [34, 35] to show the differentially
methylated level on the identified DNA loci.

SEM model

SEM analyses were performed to examine the proposed
conceptual model, namely, the role of DNA methylation
on the association between PA and CVD. Model fits
were conducted using Mplus version 8.5 (Muthen and
Muthen, 2017). All the parameters in the SEM model
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were estimated by a maximum likelihood method [36].
The estimated coefficient (a.k.a. coefficient load, ) gen-
erated from the SEM model was used to measure the
strength of association between two variables. Prior to
model fitting, the correlation matrix of all identified
DNA methylation loci was examined based on M-values
to avoid multicollinearity. We did SEM model selection
by including the categorical total PA variable (MET-
mins/week), CVD (all), and all identified DNA methyla-
tion loci, along with all covariates. Association was con-
sidered non-significant if the coefficient load  had a p-
value >0.1. Variables lacking significant associations
with other variables were removed from the SEM model.
The final SEM model was fitted using variables with at
least one significant direct or indirect path from PA to
CVD. Sensitivity analyses were conducted by fitting SEM
models and substituting the continuous PA variable for
the categorical PA variable or excluding mediators from
the final SEM model.

Results

Demographic and clinical characteristics of the studied
samples

During a median of 4.0 years’ follow-up, 69 of 1065 par-
ticipants had a cardiovascular disease event. The cumu-
lative incidence is 6.5%. The baseline characteristics of
the 1065 participants revealed an average age of 69.2
years (range: 54—92 years) with a slightly higher propor-
tion of females (52.3%) than males (Table 1). The largest
group of the participants were non-Hispanic White
(46.9%), followed by Hispanics (31.3%) and non-
Hispanic Blacks (21.8%). Compared with participants
who did not develop any CVD event (non-incident
cases), incident cases were more likely to be older people
(72.7 years vs 69.0 years), to have hypertension (71.0% vs
57.0%), and undergoing hypertension treatment (69.6%
vs 52.4%). Notably, compared with non-incident cases,
incident cases were more likely to be identified in the
lowest PA quartile (39.1% vs 24.4%), but less likely to be
in the second (17.4% vs 25.5%) or third PA quartile
(15.9% vs 25.5%). At baseline, the mean ASCVD (athero-
sclerotic cardiovascular disease) score of the future inci-
dent cases was higher (28.5%) than that of non-incident
cases (19.3%). Also, incident cases were more likely to
have a CAC (coronary artery calcium) score greater than
100 (55.0%) than non-incident cases (33.6%).

As shown in Table 2, several baseline summary mea-
sures were significantly different across the PA quartiles
(PA Q1-4). From the PA Q1 to Q4, the mean ages of
participants decreased from 72.6years to 66.0 years,
which indicated that older people were more likely to be
physically inactive. A higher proportion of males (55.1%)
than females (44.9%) were observed in PA Q1. Females
were dominant (>54.0%) in all other three higher
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quartiles (PA Q2-3), indicating that females were more
likely to be physically active than males. Regarding the
clinical characteristics, hypertension prevalence at base-
line was higher in lower PA quartiles (i.e., PA Q1 and
Q2; > 62.0%) than that in upper PA quartiles (i.e., PA Q3
and Q4; <55%). Notably, the mean ASCVD score was
highest in PA Q1 (25.9%) and lowest in the PA Q4
(15.8%). Similarly, the proportion of the participants
with a high CAC score (i.e., greater than 400) decreased
from 20.6% (PA Q1) to 14.4% (PA Q4).

Table 3 displays the cumulative incidence of each
CVD outcome across the PA quartiles. Besides overall
CVD (6.5%), the most frequently identified outcome
during the follow-up was hard CVD (3.9%), followed by
stroke (2.3%). Across the PA quartiles, it is noticeable
that more CVD (all) incident cases were observed in PA
Q1 and PA Q4 with the cumulative incidences of about
10.0%. The middle two quartiles (i.e., PA Q2 and Q3)
had less CVD (all) incident cases, with no more than
4.5% cumulative incidence. A similar “U” shape pattern
was also observed for the CVD (hard) outcome. In con-
trast, stroke incidence did not have this pattern. The
highest stroke cumulative incidence (5.2%) was observed
in PA QI. All the other three quartiles (PA Q2-4) had
lower incidences (< 1.5%). Although the interesting “U”
shape pattern was observed in this study, the similar pat-
tern was not appreciable in cross-sectional studies using
MESA dataset [37].

DNA methylation loci identification

Representative volcano plots (Fig. 1a and b), Manhattan
plots (Fig. S1), and Q-Q plots (Fig. S2) show the differ-
entially methylated loci identified at the screening stage.
The total number of candidate loci identified from each
variable is presented in Supplementary Tables S3 and
S4. As shown in the Venn diagram (Fig. 1c), a total
number of 1048 loci were selected from the EWAS on
PA variables (Set A), and 124 loci were from the EWAS
on all the CVD variables (Set B). The overlapped 23 loci
were then identified from the two sets. The detailed in-
formation of the overlapped 23 loci and corresponding
gene names are listed in Supplementary Table S5. The
heatmap shows the differential degree of methylation of
the 23 loci grouped by four PA quartiles (PA Q1-4) and
CVD (all) outcome (Fig. 1d).

SEM model

The final SEM model was fitted among PA, 3 identified
loci and CVD, along with factors such as waist circum-
ference (WC), ASCVD score, CAC score, and ethnicity.
20 loci were excluded during the model selection due to
non-significant correlations with CVD outcome. Simi-
larly, sedentary time and BMI were also excluded due to
a lack of correlation with other variables. The remaining
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Table 1 Baseline demographic, behavioral, and risk factor characteristics by CVD outcome during follow-up (mean, SD or N, %)

CVD during follow-up

Total sample Yes No

Characteristics (N =1,065) (n=69) (n=996) p-value*
Age (years) 69.2 (9.3) 72.7 (9.5) 69.0 (9.3) 0.002
Gender 0.164

Female 557 (52.3) 30 (43.5) 527 (52.9)

Male 508 (47.7) 39 (56.5) 469 (47.1)
Race/ethnicity 0.136

Non-Hispanic White 500 (46.9) 27(39.1) 473 (47.5)

Non-Hispanic Black 232(21.8) 13 (18.8) 219 (22.0)

Hispanics 333(31.3) 29 (42.0) 304 (30.5)
Smoking status 0.250

Never 440 (41.3) 22 (10.1) 418 (42.0)

Former 530 (49.8) 40 (58.0) 490 (49.2)

Current 92 (8.6) 7(31.9) 85 (8.5)
Total cholesterol (mg/dl) 183.4(36.2) 176.6 (34.9) 183.9(36.3) 0.100
HDL cholesterol (mg/dl) 54.7 (16.2) 55.0(17.0) 54.7 (16.1) 0.873
Hypertension 617 (57.9) 49 (71.0) 568 (57.0) 0.033
Hypertension treatment 570 (53.5) 48 (69.6) 522 (52.4) 0.008
Diabetes mellitus 192 (18.0) 16 (23.2) 176 (17.7) 0.322
Body mass index (BMI, kg/m?) 29.5 (5.5) 28.8 (5.0) 29.5 (5.5) 0.249
BMI categories (kg/m?) 0.605

Normal (< 24.9) 215 (20.2) 17 (24.6) 198 (19.9)

Overweight (25 - 29.9) 411 (38.6) 24 (34.8) 387 (38.9)

Obese (2 30.0) 438 (41.1) 28 (40.6) 410 (41.2)
Waist circumference (WC, cm) 101.1 (14.4) 99.6 (13.0) 101.2 (14.5) 0.341
WC categories (C1 - C3, cm) 0.590

C1: < 90 (female); < 100 (male) 386 (36.2) 29 (42.0) 357 (35.8)

C2:< 105 (female); < 110 (male) 375(35.2) 22 (31.9) 353 (35.4)

€3: > 105 (female); > 110 (male) 303 (28.5) 18 (26.1) 285 (28.6)
ASCVD score (%) 19.9 (17.9) 28.5(20.3) 19.3 (17.6) <0.001
Physical activity (PA, MET-mins/week) 7705 (5,478.0) 7,229 (5,918.6) 7,738 (5,447.8) 0.204
PA quartiles (MET-mins/week) 0.017

Q1: <3,555 267 (25.1) 27(39.1) 243 (24.4)

Q2:<6,555 267 (25.1) 12 (17.4) 254 (25.5)

Q3:< 10,650 266 (25.0) 11 (15.9) 254 (25.5)

Q4:>10,650 265 (24.9) 19 (27.5) 245 (24.6)
Sedentary time (MET-mins/week) 1,624 (1,194.5) 1,576 (1,085.1) 1,627 (1,202.2) 0.860
Sedentary time quartiles (MET-mins/week) 0.695

Q1: <840 316 (29.7) 22(31.9) 294 (29.5)

Q2:<1,260 222(20.8) 15 (21.7) 207 (20.8)

Q3:<2,160 264 (24.8) 13 (18.8) 251 (25.2)

Q4: > 2,160 263 (24.7) 19 (27.5) 244 (24.5)
CAC score categories (C1 - C4) 0.001

C1:CAC=0 339 (31.8) 12 (17.4) 327(32.8)

€2:0< CAC <100 307 (28.8) 15 (21.7) 292 (29.3)

€3:100 < CAC < 400 204 (19.2) 19 (27.5) 185 (18.6)

C4: CAC > 400 168 (15.8) 19 (27.5) 149 (15.0)

* Chi-square test, Student's t-test, or Mann-Whitney U test;
ASCVD, atherosclerotic CVD; CAC score, coronary artery calcium score; MET, metabolic equivalence of tasks.
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Table 2 Baseline demographic, behavioral, and risk factor characteristics by physical activity intensity (mean, SD or N, %)

Physical activity (PA, MET-min/week)

PA Quartile 1 (PA PA Quartile 2 (PA PA Quartile 3 (PA PA Quartile 4 (PA

Q1) Q2) Q3) Q4)
<3,555 <6,555 <10,650 > 10,650
Characteristics (n=267) (n=267) (n=266) (n=265) p-value*
Age (years) 72.6 (9.3) 70.0 (9.5) 68.2(8.6) 66.0 (8.7) <0.001
Gender 0.048
Female 120 (44.9) 145 (54.3) 144 (54.1) 148 (55.8)
Male 147 (55.1) 122 (45.7) 122 (45.9) 117 (44.2)
Race/ethnicity 0.106
Non-Hispanic White 114 (42.7) 145 (54.3) 128 (48.1) 113 (42.6)
Non-Hispanic Black 61 (22.8) 53(19.9) 54 (20.3) 64 (24.2)
Hispanics 92 (34.5) 69 (25.8) 84 (31.6) 88(33.2)
Smoking status 0.348
Never 107 (40.1) 110 (41.2) 113 (42.5) 110 (41.5)
Former 141 (52.8) 132 (49.4) 135 (50.8) 122 (46.0)
Current 18(6.7) 25(9.4) 18 (6.8) 31(11.7)
Total cholesterol (mg/dl) 178.3 (38.8) 185.3 (35.9) 184.5 (35.4) 185.6 (34.3) 0.066
HDL cholesterol (mg/dl) 55.3(16.8) 55.9 (16.3) 54.9 (17.5) 52.6 (13.6) 0.091
Hypertension 166 (62.2) 167 (62.5) 139 (52.3) 145 (54.7) 0.029
Hypertension treatment 155 (58.1) 151 (56.6) 128 (48.1) 136 (51.3) 0.078
Diabetes mellitus 54 (20.2) 52 (19.5) 39 (14.7) 47 (17.7) 0.347
Body mass index (BMI, kg/m?) 29.7 (5.6) 29.4 (5.4) 29.0 (5.5) 29.7 (5.4) 0.769
BMI categories (kg/m?) 0.706
Normal (< 24.9) 51(19.1) 55(20.7) 61(22.9) 48 (18.1)
Overweight (25 - 29.9) 102 (38.2) 105 (39.5) 105 (39.5) 99 (37.4)
Obese (> 30.0) 114 (42.7) 106 (39.8) 100 (37.6) 118 (44.5)
Waist circumference (WC, cm) 102.8 (14.4) 101.5 (15.2) 99.8 (14.1) 100.3 (13.6) 0.063
WC categories (C1 - C3, cm) 0.306
C1: < 90 (female); < 100 (male) 88(33.1) 98 (36.7) 104 (39.1) 96 (36.2)
€2: < 105 (female); < 110 (male) 90 (33.8) 88 (33.0) 94 (35.3) 103 (38.9)
€3: > 105 (female); > 110 (male) 88(33.1) 81(30.3) 68 (25.6) 66 (24.9)
ASCVD score (%) 25.9 (21.2) 20.8 (18.0) 16.9 (14.7) 15.8 (15.4) <0.001
Sedentary time (MET-mins/week) 1,562 (1,090.9) 1,731 (1,340.2) 1,640 (1,117.3) 1,562 (1,212.2) 0.389
Sedentary time quartiles (MET-mins/week) 0.187
Q1: <840 74 (27.7) 79 (29.6) 75 (28.2) 88(33.2)
Q2:<1,260 68 (25.5) 50(18.7) 55(20.7) 49 (18.5)
Q3:<2,160 64 (24.0) 63 (23.6) 62 (23.3) 75 (28.3)
Q4:> 2,160 61(22.8) 75 (28.1) 74 (27.8) 53(20.0)
CAC score categories (C1 - C4) 0.036
C1:CAC=0 70 (27.7) 69 (27.5) 100 (38.9) 100 (38.9)
€2: 0< CAC < 100 78 (30.8) 79 (31.5) 78 (30.4) 72 (28.0)
C3:100 < CAC <400 53(20.9) 58(23.1) 45 (17.5) 48 (18.7)
C4: CAC > 400 52 (20.6) 45 (17.9) 34(13.2) 37 (14.4)

* Chi-square test, ANOVA or Kruskal-Wallis test;
ASCVD, atherosclerotic CVD; CAC score, coronary artery calcium score; MET, metabolic equivalence of tasks.
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Table 3 Total number of cases (N) and crude cumulative incidences (%) of CVYD outcomes during follow-up by baseline physical

activity (PA) intensity

Overall PA Q1" PA Q2" PA Q3T PA Q41T
(N =1,065) (n=267) (n=267) (n = 266) (n = 265) p-value*
VD, allf 69 (6.5) 27(10.1)  12(4.5) 11(41)  27(10.2) 0.017
CVD, hard* 42 (3.9) 18 (6.7) 6(2.2) 6(2.3) 18 (6.8) 0.020
CHD, all$ 30(2.8) 9(3.4) 6(2.2) 3(1.1) 9(3.4) 0.092
CHD, hard'! 21(2.0) 7 (2.6) 3(1.1) 2(0.8) 7 (2.6) 0.091
CVD death' 12 (1.1) 5(1.9) 3(1.1) 2(0.8) 5(1.9) 0.573
Revascularization® 22(2.1) 8(3.0) 3(1.1) 4(1.5) 8(3.0) 0.382
PTCA 19 (1.8) 6(2.2) 3(1.1) 3(1.1) 7(2.6) 0.469
CABG 1(0.1) 0(0.0) 0(0.0) 1(0.4) 0(0.0) 0.499
MI 17 (1.6) 6(2.2) 2(0.7) 2(0.8) 6(2.3) 0.157
Angina 14 (1.3) 5(1.9) 3(1.1) 2(0.8) 5(1.9) 0.710
RCA 2(0.2) 0(0.0) 2(0.7) 0(0.0) 0(0.0) 0.249
PVD 4(0.4) 3(1.1) 0(0.0) 1(0.4) 3(1.1) 0.170
CHF 15(1.4) 6(2.2) 3(1.1) 1(0.4) 6(2.3) 0.218
Stroke 25(2.3) 14 (5.2) 3(1.1) 4(1.5) 4(1.5) 0.011
TIA 3(0.3) 0(0.0) 1(0.4) 1(0.4) 1(0.4) 0.811

* Chi-square test or Fisher exact test;
9 CVD death is death due to CHD, stroke or other CVD;
# Revascularization (REV) is CABG + PTCA + other revascularizations;

1 CVD (all) is PVD + CHF + TIA + Ml + RCA + REV + Stroke + Angina + CVD death;

T CVD (hard) is MI + RCA + Stroke + CVD death (due to CHD or Stoke);

§ CHD (all) is MI + RCA + Angina + CVD death (due to CHD);

| | CHD (hard) is MI + RCA + CVD death (due to CHD);

11 PA Q1 to Q4 denotes PA Quartile 1 to Quartile 4 based on the unit of MET-min/week: Quartile 1 (<
3,555), Quartile 2 (< 6,555), Quartile 3 (< 10,650), Quartile 4 (> 10,650).
Abbreviations: CHD, coronary heart disease; PTCA, percutaneous transluminal coronary angioplasty;

CABG, coronary artery bypass grafting; MI, myocardial infarction; RCA, resuscitated cardiac arrest; PVD,
peripheral vascular disease; CHF, congestive heart failure; TIA, transient ischemic attack.
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three DNA methylation loci were ¢gl7850088, incidence (i.e., a “stimulation” path), while a negative

cg04287259, and c¢gl7078656, which corresponded to
gene VPS45, PIK3CD, and VPS13D, respectively.

Figure 2 shows the path diagram of the final SEM with
estimated standardized regression coefficients (). A
positive load suggested a positive association with CVD

load suggested an inverse association (i.e., an “inhibition”
path). Focusing on the correlations among PA, DNA
methylation, and CVD, direct loads on CVD were found
from PA quartile 2 (PA Q2= CVD, 3 - 0.782), PA quar-
tile 3 (PA Q3=CVD, B -0.805), and the three genes
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(VPS45= CVD [p 0.140], PIK3CD = CVD [f 0.761], and
VPS13D = CVD [p -0.337]). PA quartile 2 (PA Q2) and
PA quartile 3 (PA Q3) showed negative loads on CVD
(i.e., inhibition on CVD incidence), with the greatest ab-
solute value in the association from PA quartile 3 (|B| =
0.805). Among the three genes, VPS45 and PIK3CD had
positive loads (“stimulation”) on CVD, indicating they
were positively associated with CVD incidence. In con-
trast, gene VPSI3D was inversely associated with CVD
incidence (“inhibition”) due to a significant negative
load. Located in the central part of the path diagram, the
three genes, along with ASCVD score, CAC score, and
WC, engaged as mediators bridging other variables to
CVD through indirect paths. Counted from the total
number of path arrows pointed to the mediators, gene
VPS45 (seven in total) was found to have the largest
number of indirect paths mediating to CVD, followed by
mediators such as gene PIK3CD, ASCVD score, and
gene VPSI3D.

The standardized total effect, direct path effect, and in-
direct path effects are summarized in Table 4. We calcu-
lated the total effects of PA on CVD from the sum of all
direct and indirect path effects. For example, the total ef-
fect of PA Q2—CVD (B=-0.959=[-0.782] +[-
0.047] + [- 0.130]) can be decomposed into direct effect
(PA Q2=CVD, p -0.782) and indirect paths through
VPS45 (PA Q2= VPS45— CVD, p - 0.047) and ASCVD
score (PA Q2= ASCVD—CVD, B - 0.130). Similarly, PA
Q3 and Q4 (vs PA Q1) each had multiple paths involv-
ing a significant indirect path through reducing the ef-
fect of ASCVD score (the variable with the largest total
effect [|B| =2.454] on CVD). However, different from
PA Q2, PA Q3 and Q4 started to have indirect “stimula-
tion” path to CVD incidence. The total effect of PA Q3
on CVD consisted of three “inhibition” paths, and one
“stimulation” path through VPS13D (B =0.084). The
total effect of PA Q4 on CVD was the summation of five
“inhibition” paths, and one “stimulation” indirect path
through VPS13D (p = 0.096). Despite the existence of the
“stimulation” paths, the total effects of all PA quartiles
were negative, indicating inverse associations (“inhib-
ition”) with CVD incidence. However, the overall associ-
ation of PA Q4 with CVD was much weaker (p=-
0.355) than PA Q2 (f=-0.959) and Q3 (B =-0.944). In
sensitivity analyses, the coefficients and significant paths
between CVD and other variables were robust in all
models described in the Methods section.

Discussion

The current study is the first to simultaneously examine
the relationships among PA, DNA methylation, and
CVD in a large multiethnic cohort with long-term ex-
posure. The major finding of the present work is the
identification of three DNA methylation loci
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Table 4 Overall coefficient loads on CVD in SEM model

Variables Coefficient B 95%Cl
VPS45 - CVD 0.140 (0.054, 0.226)
PIK3CD - CVD 0.761 (0.467, 1.055)
VPS13D - CVD -0.337 (-0.478, -0.196)
PAQ2 - CVD -0.959 (-1.554, -0.449)
PAQ2 = CVD -0.782 (-1.165, -0.339)
PA Q2 = VPS45 - CVD -0.047 (-0.106, -0.011)
PA Q2 = ASCVD score > CVD -0.130 (-0.283,-0.039)
PAQ3 - CVD -0.944 (-1.628, -0.413)
PAQ3 = CVD -0.805 (-1.205, -0.405)
PAQ3 = WCC3 - CVD -0.005 (-0.019, -0.001)
PA Q3 = VPS13D -> CVD 0.084 (0.029, 0.068)
PA Q3 = ASCVD score > CVD -0.218 (-0.433,-0.076)
PA Q4 - CVD -0.355 (-0.713,-0.124)
PA Q4 = WC C2 = CACscore C4 - CVD -0.005 (-0.017, -0.001)
PA Q4 = WCC3 - CVD -0.006 (-0.021, -0.001)
PA Q4 = VPS13D -> CVD 0.096 (0.036, 0.185)
PA Q4 = PIK3CD - CVD -0.145 (-0.269, -0.059)
PA Q4 = VPS45 - CVD -0.050 (-0.111, -0.012)
PA Q4 = ASCVD score - CVD -0.245 (-0.479,-0.087)
ASCVD score - CVD 2.454 (1.027, 4.165)
ASCVD score = CVD 1.098 (0.431, 1.765)
ASCVD score = CAC score C3 - CVD 0.310 (0.129, 0.566)
ASCVD score = CAC score C4 - CVD 0.600 (0.294, 0.984)
ASCVD score = PIK3CD - CVD 0.357 (0.155, 0.640)
ASCVD score = VPS45 - CVD 0.089 (0.019, 0.210)
CAC score C2 - CVD 0.033 (0.006, 0.080)
CAC score C2 = VPS45 - CVD 0.033 (0.006, 0.080)
CAC score C3 - CVD 0.952 (0.508, 1.418)
CAC score C3 = CVD 0.893 (0.493, 1.293)
CAC score C3 = VPS45 - CVD 0.059 (0.015, 0.125)
CAC score C4 - CVD 1.071 (0.594, 1.575)
CAC score C4 = CVD 0.989 (0.570, 1.408)
CAC score C4 = VPS45 - CVD 0.082 (0.024, 0.167)
WCC2 - CVD -0.064 (-0.137,-0.020)
WC C2 = CAC score C4 - CVD -0.064 (-0.137,-0.020)
WCC3 - CVD 0.059 (0.013, 0.158)
WC C3 = PIK3CD -> CVD 0.100 (0.035, 0.198)
WC C3 = VPS45 > CVD -0.042 (-0.041, -0.022)
Hispanic - CVD 0.533 (0.230, 0.897)
Hispanic = CVD 0.535 (0.262, 0.808)
Hispanic = PA Q2 - CVD 0.057 (0.014, 0.138)
Hispanic = CAC score C2 - CVD -0.003 (-0.004, -0.001)
Hispanic = CAC score C4 - CVD -0.054 (-0.117,-0.015)
Hispanic = WC C3 - CVD -0.004 (-0.005, -0.001)

— denotes the overall effect of the left-sided variable on CVD;
= denotes the direct effect of the left-sided variable on the right-sided variable;

PA Q1 to Q4 denote PA Quartile 1 to Quartile 4.
PA (MET-mins/week): Q1 < 3,555, Q2 < 6,555, Q3 < 10,650, Q4 > 10,650.

WC (cm): C1 < 90 (female) or < 100 (male), C2 < 105 (female) or < 110 (male), C3 > 105
(female) or 2 110 (male). CAC score: C1 CAC =0, C2 0 < CAC < 100, C3 100 < CAC <400, C4 >
400. PA, physical activity; ASCVD, atherosclerotic CVD; WC, waist circumference; CAC score,

coronary artery calcium score.
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(corresponding to genes PIK3CD, VPS45, and VPS13D)
playing as mediators linking the association between PA
and CVD. Although we used the screened significant
loci to fit the SEM model, the p-values distribution of
the screened loci in SEM complied uniform pattern. Re-
sults of the SEM depicted a network with both direct
and indirect pathways showing how PA was associated
with the reduced CVD incidence through different genes
and/or other risk factors.

Consistent with most previous studies [38], we
showed that the increase of habitual PA time was as-
sociated with decreased incidence of CVD, although
not totally linear (strongest with PA Q2 and Q3, but
relatively weaker with Q4). The magnitude of the as-
sociation between CVD and PA Q2 (f=-0.959) or
Q3 (B =-0.944) was equivalent to >30% of the asso-
ciation between CVD and ASCVD score (p =2.454).
Such strong quantified associations highlighted the
importance of being physically active in the reduction
of CVD incidence. However, the highest level of PA
quartile (PA Q4) was found to have the weakest pro-
tective effect on the cardiovascular system due to the
greatest contribution of the “stimulation” path com-
ponents (Fig. 2 and Table 4). The reduction of the in-
hibition effect of PA as the intensity approaches
vigorous activity has been previously observed [39,
40]. Additionally, growing evidence has shown that
vigorous activity can even acutely and transiently in-
crease the risk of CVD in susceptible persons with
congenital anomalies or existing cardiac diseases [41].
It is noted that in the present study we fitted models
using total PA, which may be different from the stud-
ies focusing on vigorous PA or excessive exercise [20,
37]. The difference may explain why we observed
harmful components (with overall protective effect) of
heigh level PA, but not overall harmful effect re-
ported in some previous studies [42]. Although the
mechanism by which vigorous PA has harmful com-
ponents or effect on the cardiovascular system is not
well understood [43], we provided one promising bio-
logical mechanism — the epigenetic modification of
gene VPS13D — based on the role as a mediator in
the SEM model.

The biological functions of the identified genes in
the SEM model were strongly related to the develop-
ment of atherosclerosis. As the dominant cause of
CVD, atherosclerosis is in fact a chronic inflammatory
condition involving immune cells (e.g., macrophages,
etc.) and pro-inflammatory cytokines [44]. The
monocyte-derived macrophage migrates to lesions in
the vessel and contributes to every phase of athero-
genesis [45]. The initial atherosclerotic plaque is char-
acterized by the accumulation of lipid-laden
macrophages. The activated macrophages then secrete
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cytokines (e.g., TNF-a and IL-1), enzymes, and
growth factors (e.g., PDGF), and contribute to the
further development of atherosclerotic plaque [46]. As
the key mediators in the SEM model, genes VPS13D
and PIK3CD are both related to monocyte-
macrophage differentiation [47]. The VPSI3D (vacu-
olar protein sorting 13 homolog D) gene encodes a
protein that plays an important role in autophagy
[48]. The induction of autophagy is found to be es-
sential for the survival and differentiation of
monocytes to macrophages [49]. PIK3CD (phos-
phatidylinositol-4,5-bisphosphate 3-kinase [PIK3] cata-
lytic subunit §) encodes a subunit of the enzyme
PIK3 which phosphorylates inositol and is involved in
the immune response through the PIK3/AKT pathway
[50]. The PIK3/AKT/mTOR pathway has been dem-
onstrated to regulate monocyte-derived macrophage
activation and polarization [47]. Furthermore, PIK3
was also found to limit the production of TNF-a in
activated monocytes [51] and to regulate the activa-
tion of platelet [52]. Notably, the polymorphism of
the genes VPSI3D and PIK3 were also identified to
be associated with CVD in other cohorts [52, 53].
Gene VPS45 (vacuolar protein sorting 45 homolog) is
currently not well studied. The knowledge of VPS45-
related disease in humans is limited to its association
with congenital neutropenia [54]. Considering the im-
portant effect of VPS45 identified in our SEM model,
future biological studies on VPS45 and its role in the
development of CVD are promising.

Several limitations in this study are noted. First, the
habitual PA time was collected through surveys at Exam
5 along with the collection of samples for epigenetics.
Although the interviewers were well trained, recall bias
may have been introduced because of self-reporting.
Also, although the formation of PA habitus occurred
prior to the collection of epigenetics information, the
time order of PA habitus and epigenetic pattern forma-
tion was still not clear. Second, the time-varying vari-
ables are difficult to control in an observational study
without a follow-up visit between baseline and endpoint.
Third, a survivorship bias was introduced when we used
MESA Exam 5 as a baseline and excluded the CVD
prevalent cases. By Exam 5, the MESA study has contin-
ued for nearly 10 years since Exam 1. People who did
not develop CVD during the last four visits were pos-
sibly those who were less likely to have CVD due to gen-
etic or environmental factors. However, since the DNA
methylation data were collected during Exam 5, the
introduction of a survivorship bias is inevitable. Fourth,
although the MESA study included Asian-American par-
ticipants, this group was not included in the current
study because they were not represented in the MESA
Epigenomics and Transcriptomics Study. Thus, the
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interpretation of the results may not be generalizable to
Asian-American populations. In addition, because of the
potential heterogeneity [55] and misclassification [56] in
the Hispanic population of the MESA cohort. The inter-
pretation of the direct effect of Hispanics on CVD had
limitation. Fifth, although two of the three identified
genes in this study were also identified by other GWAS
cohorts, the current study was the only study reported
the association between CVD and the methylation of the
genes PIK3CD, VPS45, and VPS13D. The possibility of
false positive results should be noted due to the lack of
replication. Finally, the effects of genes in this study were
only indicative due to the lack of causal inference re-
garding both statistics and biology. The term “mediator”
used in this study only defined the linking variable in
SEM, without demonstration of causal mediation effects.
Although it is reasonable to assume that DNA methyla-
tions mediate the effects of an exposure on a disease
since DNA methylation is malleable to environmental
changes [57, 58], causation assumptions in high-
dimensional omics data are usually not justified without
the application of approaches such as global test [59]
and Mendelian randomization [60]. It is noteworthy that
we interpreted the “stimulation” or “inhibition” effects of
genes based on the positive or negative signs of the coef-
ficients, and the assumption that DNA methylation com-
monly represses gene expression. However, growing
evidences showed that DNA methylation can also in-
crease gene expression in some instances [9]. Thus, the
actual biological roles of identified genes should be fur-
ther studied by mechanism research.

Interpreted with a few limitations in mind, the current
study is still among the first to simultaneously examine
the relationships among PA, DNA methylation, and
CVD in a large multiethnic cohort with long-term ex-
posure. The identified genes might have the potential to
be therapeutic targets for future CVD prevention or to
be involved in the modification of CVD risk score.

Conclusion

Our study was among the first to simultaneously exam-
ine the complexity of physical activity (PA) and DNA
methylation interaction in the development of (CVD) in
a large cohort. The major finding of the present work is
the identification of three DNA methylation loci (corre-
sponding to genes PIK3CD, VPS45, and VPS13D) bridg-
ing the association between PA and CVD. The function
of those three genes warrants further investigation in the
pathogenesis of CVD, with potentially therapeutic or
predictive implications for clinical care.
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