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We explored the association of metal levels with subclinical atherosclerosis and
epigenetic changes in relevant biological pathways. Whole blood DNA Infi-
nium Methylation 450 K data were obtained from 23 of 73 middle age men
without clinically evident cardiovascular disease (CVD) who participated in
the Aragon Workers Health Study in 2009 (baseline visit) and had available
baseline urinary metals and subclinical atherosclerosis measures obtained in
2010-2013 (follow-up visit). The median metal levels were 7.36 ngg *,
033 pgg !, 011 pgg ' and 0.07 ug g ', for arsenic (sum of inorganic and
methylated species), cadmium, antimony and tungsten, respectively. Urine cad-
mium and tungsten were associated with femoral and carotid intima-media
thickness, respectively (Pearson’s r = 0.27; p = 0.03 in both cases). Among
nearest genes to identified differentially methylated regions (DMRs), 46% of
metal-DMR genes overlapped with atherosclerosis-DMR genes (p < 0.001).
Pathway enrichment analysis of atherosclerosis-DMR genes showed a role in
inflammatory, metabolic and transport pathways. In in silico protein-to-protein
interaction networks among proteins encoded by 162 and 108 genes attributed
to atherosclerosis- and metal-DMRs, respectively, with proteins known to have
a role in atherosclerosis pathways, we observed hub proteins in the network
associated with both atherosclerosis and metal-DMRs (e.g. SMAD3 and
NOP56), and also hub proteins associated with metal-DMRs only but with rel-
evant connections with atherosclerosis effectors (e.g. SSTR5, HDAC4, AP2A2,
CXCL12 and SSTR4). Our integrative in silico analysis demonstrates the feasi-
bility of identifying epigenomic regions linked to environmental exposures
and potentially involved in relevant pathways for human diseases. While our
results support the hypothesis that metal exposures can influence health due
to epigenetic changes, larger studies are needed to confirm our pilot results.

This article is part of a discussion meeting issue ‘Frontiers in epigenetic
chemical biology’.
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1. Introduction

Cardiovascular disease (CVD) is a major cause of mortality
and morbidity worldwide. However, traditional cardiovascu-
lar risk factors do not completely explain the development of
atherosclerotic disease [1,2]. Given the elevated burden of
CVD, we need to identify novel factors and mechanisms for
CVD development. Non-essential environmental metals are
emerging as major contributing factors to cardiovascular
health in populations exposed to low or moderate concen-
trations through air, food or water [3-7]. There is mounting
evidence to support the idea that metals could be environ-
mental determinants of both epigenetic marks and CVD
[8-13], although epigenetic data from epidemiologic samples
are scarce. While there is evidence to support a causal associ-
ation of metals such as cadmium and inorganic arsenic with
clinical cardiovascular events [3,5], fewer studies have
evaluated the association of metals with subclinical CVD [4].

Our objective was to evaluate the association of metal
concentrations with subclinical atherosclerosis and with
epigenetic changes in relevant biological pathways for athero-
sclerosis. We first examined the association of urine metal
concentrations (sum of inorganic and methylated arsenic, cad-
mium, antimony and tungsten) and measures of subclinical
atherosclerosis (coronary calcium score, carotid and femoral
intima-media thickness (IMT) and atherosclerosis presence
overall and in carotid, femoral and coronary territories) in 73
men participating in the Aragon Workers Health Study
(AWHS)-metal pilot study.
the association of subclinical atherosclerosis and urine

Second, we evaluated

metal concentrations with DNA methylation markers in
approximately 450k single-nucleotide genomic positions
measured in blood samples from 23 study participants.
Third, we conducted an in silico analysis to explore biological
pathways for the potential role of metal-induced DNA methyl-
ation in atherosclerosis. The AWHS is a cohort study of factors
associated with metabolic abnormalities and subclinical
atherosclerosis in a middle age population from Spain [1,14].

2. Material and methods

(a) Study population

The AWHS is a longitudinal cohort study based on the annual
health examinations of 5400 workers of a car assembly plant in
Figueruelas (Zaragoza, Spain). The study design and popula-
tion characterization have been previously described [1,14].
The AWHS included a baseline examination (2009-2010) and a
follow-up visit with measures of subclinical atherosclerosis
(2011-2013). In 2010, we selected a pilot sample of 174 AWHS
baseline participants, mostly men, to evaluate metal exposure in
the AWHS and to generate preliminary data to support metal
determination in the bigger cohort (AWHS-metal pilot study).
After excluding women, 74 of these participants also participated
in the follow-up visit and had prospectively collected subclinical
atherosclerosis measures. We excluded one participant owing to
missing hypertension status. No other participant missed relevant
covariates, leaving 73 participants for the analysis. The AWHS
study was approved by the Ethics Committee for Clinical Research
at the Institutional Review Board of Aragon (CEICA). All study
participants provided written informed consent.

(b) Subclinical atherosclerosis
The AWHS design and baseline characteristics from the
2009-2010 visit have been reported elsewhere [1,14]. In

2011-2013, coronary calcium scoring was performed using
non-contrast ECG-gated prospective acquisition by a 16 multi-
detector computed tomography scanner (Mx 8000 IDT 16,
Philips Medical Systems, Best, the Netherlands). During a
single breath hold, images were acquired from the tracheal bifur-
cation to below the base of the heart. Scan parameters were 8 X
3 mm collimation, 220 mm field of view, 120 kVp, 55 mA and
3 mm section thickness. Coronary calcium was quantified with
calcium scoring software (Workspace CT Viewer, Philips Medical
Systems) that follows the Agatston method [15]. We defined a
dichotomous variable for the presence of coronary calcium,
which was positive if the Agatston score was greater or equal
than 1.

Intima-media thickness in the carotid and femoral arteries
was determined using the Philips IU22 ultrasound system (Phi-
lips Healthcare, Bothell, Washington). Ultrasound images were
acquired with linear high-frequency two-dimensional probes
(Philips Transducer L9-3, Philips Healthcare) following the Bio-
image Study protocol [16]. Examination of the carotid territory
included the terminal portion (10 mm) of the common carotid,
the bulb and the initial portion (10 mm) of the internal and exter-
nal carotid arteries. Examination of the femoral territory
included the distance between the intima and media layers by
ultrasound in a 2 cm segment proximal to the bifurcation. For
each participant, average intima-media thickness values were
obtained from three determinations at each site in both sides.
Carotid and femoral intima-media thickness values were then
defined as the maximum average value across all sites and
sides for the carotid and femoral territories, respectively.
Plaque, both in the carotid and femoral territories, was defined
as a focal structure protruding more than 0.5mm into the
lumen or reaching a thickness of more than 50% of the surround-
ing intima [16]. In all cases, plaques are recorded in both
longitudinal and transverse planes to take into consideration cir-
cumferential asymmetry. We also defined a combined outcome
for the presence of atherosclerosis for participants with coronary
calcium or with carotid or femoral plaque.

(c) Urine metals

Spot urine samples were collected in polypropylene tubes, frozen
within 1-2h of collection and stored at —70°C in the Occu-
pational Medicine Service Unit, Opel Factory, Figueruelas
(Spain). In 2010, up to 1.0 ml of urine from each participant was
transported on dry ice to the Trace Element Laboratory of the
Institute of Chemistry, University of Graz, Austria. Urine samples
were thawed, and arsenic, cadmium, antimony and tungsten were
measured using inductively coupled plasma-mass spectrometry
(ICPMS), as previously described by Scheer et al. [17]. Arsenic
species (inorganic arsenic (iAs; arsenite, arsenate), methylarsonate
(MMA) and dimethylarsinate (DMA)) were measured in the same
urine samples using anion exchange high-performance liquid
chromatography coupled with ICPMS. The limits of detection
were 0.1 pg 17! for arsenic species and 0.05 pg 17! for cadmium,
antimony and tungsten. None of the samples included in this
study was below the limit of detection. The interassay coefficients
of variation for arsenite, arsenate, MMA, DMA, cadmium, anti-
mony and tungsten were 14.7%, 6.9%, 6.4%, 6.0%, 8.7%, 30.0%
and 14.5%, respectively. For every batch of 79 samples, 10 of the
samples were analysed in duplicate. The mean intra-assay coeffi-
cients of variation for arsenite, arsenate, MMA, DMA, cadmium,
antimony and tungsten were 4.46%, 4.23%, 3.02%, 1.49%, 1.34%,
3.29%, and 0.57%, respectively. The estimated intra-assay intra-
class correlations (ICCs) in these samples for arsenite, arsenate,
MMA, DMA, cadmium, antimony and tungsten were 0.990,
0.996,0.992, 0.987, 0.994, 0.966 and 0.990, respectively. To account
for urine dilution, urine metal concentrations (micrograms per
litre) were divided by urine creatinine concentrations (grams per
litre) and reported in micrograms per gram creatinine.
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(d) Microarray epigenomic determinations

Each participant also provided a sample of blood after overnight
fasting (longer than 8 h) for laboratory analyses and for biobank-
ing. Genomic DNA was extracted from peripheral blood cells by
use of commercial reagents (FlexiGene DNA Kit, Qiagen, USA).
DNA purity and concentration were determined by absorbance
at 260 nm (Ayg0) and 280 nm (Asgp) using Nanovue (GE Healthcare,
Munich, Germany). DNA was stored in 0.3 ml vials at —80°C.
gDNA (500 ng) was bisulfite converted using the EZ DNA methyl-
ation kit (Zymo Research, Orange, CA, USA) according to the
manufacturer’s instructions. Bisulfite-converted DNA methylation
was measured using a microarray-based analysis with the Infi-
nium HumanMethylation450 BeadChip (450k array). DNA
quality checks, bisulfite modification, hybridization, data normal-
ization, statistical preprocessing and B-value calculation, which
represents the proportion of cytosines (Cs) in bisulfite-converted
DNA, at specific locations, were performed using the R package
minfi [18]. CG dinucleotide (CpG) sites with a detection p-value
higher than 0.01 were removed. Intra-array normalization was
done using quantile normalization. In exploratory analysis, we
detected and corrected a potential batch effect by slide using the
function ‘combat” from the ‘sva’ R package [19].

(e) Other variables

Participants were interviewed and physically examined by trained
and certified staff following a standard protocol [14]. Baseline
information on sociodemographic data (age, sex and education),
smoking status (never, former and current), completed education
level (less than high school and high school or beyond) and medi-
cation use was obtained by questionnaire during the interview.
The examination included anthropometry (height, weight and
waist circumference) and blood pressure measurements. Blood
pressure was measured three consecutive times using an automatic
oscillometric sphygmomanometer OMRON M10-IT (OMRON
Healthcare Co., Ltd, Japan) with the participant sitting after a
5-min rest. Hypertension was defined as a measured blood
pressure >140/90 mmHg, a self-reported diagnosis or current
use of antihypertensive medication.

Hypercholesterolaemia was defined as a total cholesterol
level of greater than or equal to 200 mg dl ™", a self-reported diag-
nosis or current use of lipid-lowering medication. Diabetes was
defined as a diagnosis of diabetes in the clinical record, current
use of antidiabetic medication, a fasting serum glucose greater
than or equal to 126 mg di™tora haemoglobin Alc (HbAlc) of
greater than or equal to 6.5%.

(f) Statistical methods
(i) Summary statistics for the association of metals and

subclinical atherosclerosis

We descriptively report median and interquartile range of urine
biomarkers, and the proportion of individuals with subclinical
atherosclerosis binary endpoints, overall and by subgroups.
To estimate multi-adjusted correlations of atherosclerosis with
urine metal measures, we first run separate regression models
of standardized atherosclerosis measures (z scores of coronary
artery calcium, and carotid and femoral intima-media thickness)
and metal-level measurements (arsenic, cadmium, antimony and
tungsten) (continuous dependent variables) to obtain residuals
adjusted by age, smoking status, body mass index, hypertension,
dyslipidaemia and diabetes (independent variables). Second,
we estimated Pearson correlation coefficients on the adjusted
residuals recalibrated to the corresponding overall mean.

(ii) Differentially methylated regions

Methylation proportions were represented as B-values ranging
from 0 to 1. B-values were converted into M-values (logit
transformation) before the statistical analysis. We identified

differentially methylated regions (DMRs) with respect to subclini-
cal atherosclerosis (i.e. ‘atherosclerosis-DMRs’) in coronary, carotid
and femoral territories (both continuous and binary endpoints) and
metal concentrations (i.e. ‘metal-DMRs’) by using the ‘bump-
hunter’ function in R package ‘minfi’ [18] with the following
adjustment variables: age, smoking status (never, former and cur-
rent smoking), body mass index and empirical cell estimates
(Bcell, CD4* and CD8" T cells, granulocytes, monocytes and natu-
ral killer cells) [20]. We then ranked DMRs by calculating an exact
p-value (i.e. ‘p-value area’ in the ‘bumphunter” output) for each
region by creating 1000 bootstrap samples. The p-value was defined
as the per cent of regions obtained from the bootstrap samples that
showed an area as extreme as in the observed region. We conducted
annotation of DMRs to the nearest gene according to the Homo
sapiens data from UCSC build hg19 as implemented by the default
behaviour of the ‘matchGenes’ function in ‘minfi’ R package [18].
Among DMRs with a p-value of <0.05, we created a list of
unique genes attributed the union of the identified atherosclero-
sis-DMRs, and a corresponding list of unique genes attributed to
the union of the identified metal-DMRs. Finally, we evaluated the
overlap of genes from atherosclerosis-DMRs and metal-DMRs by
using a hypergeometric test [21].

(iii) Molecular characterization of atherosclerosis and in silico
analysis of potential metal-related epigenetic changes

underlying mechanisms in atherosclerosis

The molecular characterization of atherosclerosis has been per-
formed through manual review of the literature to identify key
effector proteins in atherosclerosis (Biological Effectors Database
(BED), Anaxomics Biotech). Subsequently, we first evaluated the
relatedness of proteins encoded by the identified atherosclerosis-
DMR genes with respect to the atherosclerosis protein effectors
from the BED database (protein-to-protein interactions) by apply-
ing an artificial neuronal network (ANN) algorithm (Anaxomics
Biotech) [22,23]. The ANN algorithm provides a predictive score
(from 0 to 100%) that quantifies the amount and strength of
relationships between the evaluated proteins. Each score is associ-
ated with a p-value that describes the probability of the results
being a true positive result, wherein a score greater than 91% indi-
cates a very strong relationship with a p-value <0.01; a score
between 76-91% indicates a strong relationship with a p-value of
0.01-0.05; a score between 40-76% indicates a medium-—strong
relationship with a p-value of 0.05-0.25; and a score less than
40% indicates a weak relationship with a p-value >0.25. Second,
we conducted a hypergeometric enrichment analysis [21] to ident-
ify the enriched protein sets in the data using KEGG [24], Gene
Ontology [25], PHARMGKB [26], SMPDB and TRRUST [27]. The
enrichment analysis aims to provide a global view of differential
data, as it takes into account the accumulated biological knowledge
of how genes work together, allowing the identification of pre-
dominant or enriched pathways and clinical conditions. Finally,
we displayed protein interaction networks with Cytoscape
(v. 3.5.1). The protein interactions were obtained from public data-
sets including KEGG [24], Reactome [28], IntAct [29], BIOGRID
[30], HDPR [31] and MINT [32]. Only proteins encoded by identified
atherosclerosis- and metal-DMRs that interacted with well-
established atherosclerosis-effector protein from BED were included
in the protein-to-protein interaction networks (figure 1).

3. Results

(@) Metal biomarkers and subclinical atherosclerosis

measures
The median urinary metal levels were 7.36 pg g~ ',0.33 ng g *,
0.11 pg g ' and 0.07 ug g *, for the sum of inorganic arsenic,
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Figure 1. Summary of the in silico analysis and results obtained from DMRs identified in the AWHS-metal pilot study. (a) A subset of 73 AWHS participants had
available preliminary metal biomarker and subdlinical atherosclerosis data. Among these, 23 participants additionally had whole blood DNA Infinium Methylation
450 K data. We identified 407 and 303 DMRs with respect to subclinical atherosclerosis measures and metals, respectively ( p-value area less than 0.05 as estimated
by the bumphunter function in the R package ‘minfi' [18]). Among these regions, 139 were in common for both DMR lists. The exact number of differentially
methylated genes for each condition (subclinical atherosclerosis and metals) is shown in the Venn diagrams. (b) After excluding non-protein-coding genomic regions
(e.g. non-coding RNAs (ncRNAs)), pathway enrichment analysis showed enriched categories related to inflammation and cellular transport. We subsequently eval-
uated protein interaction networks among genes encoding proteins with at least one connection with known atherosclerosis-effector proteins, first by ANNs and
second by graphically displaying the global protein network. We observed hub proteins, which were directly or indirectly related to metals, pointing to the potential
role of epigenetic mechanisms in explaining metal-related cardiovascular risk.

cadmium, antimony and tungsten, respectively (electronic sup- and participants without dyslipidaemia showed higher arsenic
plementary material 1 (ESM1), supplementary table 1). Older, concentrations. Older, less educated and non-obese partici-
more educated, obese participants, participants with diabetes pants had higher cadmium concentrations. For antimony
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Table 1. Number of individuals (%) with subclinical atherosclerosis endpoints by participant characteristics.

combined
N atherosdlerosis

overall 73 54 (74.0)
bégé‘(years)“ e orMEY

<50 43 28 (65.1)

C>50 30 26 (86.7)

completed education

> high-school 32 21 (65.6)

< high-school 4 33 (80.4)
body mass index (kg m;z) -

<30 54 38 (70.4)

>30 19 16 (842)
smoking status

never 6 9 (563)

ever 57 45 (79.0)
bh‘ype‘rt’ensior‘\‘ PN

no 4 28 (68.3)

yes 2 26 (813)
diabetes

no 67 49 (73.1)

yes 6 5(83.3)
d‘ys‘Iipibdaem‘ia‘ » o

no 27 20 (74.0)

yes 46 34 (73.9)
inorganic arsenic (g g~ ')

<736 3% 28 (77.8)

>7.36 37 26 (70.3)
cadmium (g g ") o o

<033 37 25 (67.6)

>033 36 29 (80.6)
antimony (g g~ )

<0.11 36 24 (66.7)

>0.1 37 30 (81.1)
tungsten (g g~ ) -

<0.07 37 29 (78.4)

>0.07 36 25 (69.4)

and tungsten, the metal concentrations did not substantially
differ by participant characteristics, except for smoking. Ever
smokers displayed higher arsenic, cadmium, antimony and
tungsten concentrations compared with never smokers
(ESM1, supplementary table 1). The adjusted Pearson corre-
lation coefficients for metal levels ranged from —0.08 for the
correlation between arsenic and cadmium to 0.24 for the corre-
lation between tungsten with arsenic and cadmium (ESM1,
supplementary figure 1).

The prevalence of atherosclerosis endpoints was 74.0%,
38.4%, 39.7%, and 54.8%, respectively, for combined athero-
sclerosis, presence of coronary calcium and presence of
carotid and femoral plaque (table 1). Older, less educated,

presence of
coronary calcium

presence of
carotid plaque

presence of
femoral plaque

28 (384) 29 39.7) 40 (54.8)
11 (255) 14 (326) 20 (465
17 (56.7) 15 (50.0) 20 (66.7)
11 (344) 11 (344) 17 (53.1)
7@y o 18@&I) 23 (56.1)
21 (389) 20 (37.0) 27 (500)
7 36.8) 9 (47.4) 13 (68.4)
Cse13 4(25.0) 4(250)
2 (404) 25 (39) 36 (63.2)
14 (34.1) 10 (244) 21 (212)
14 (43.8) 19 (59.4) 19 (59.3)
26 (38.8) 2 (38.9) 36 (53.7)
2 (333) 3 (50.0) 4 (66.7)
9 (333) 11 (407) 15 (5.5
19 (413) 18 (39.1) 25 (543)
S s@wyn 17 (47.2) 18 (50.0)
13 35.) 12 324) 2 (59.)
15 (40.5 12 324) 16 (432
13 (36.1) 17 (47.2) 24 (66.7)
13 36.1) 14 (389) 17 (47.2)
15 (40.5 15 (40.5 3 (622)
14 (37.8) 16 (43.2) 3 (621
14 (38.9) 13 36.1) 17 (47.2)

obese participants, participants with hypertension and par-
ticipants with diabetes showed a higher prevalence of
subclinical atherosclerosis, generally for all atherosclerosis
endpoints. Participants with dyslipidaemia did not show
differences in the proportion of atherosclerosis endpoints,
except for a higher proportion with the presence of coronary
calcium, compared with participants without dyslipidaemia.
In analyses adjusted for age, obesity and ever smoking status,
there was a positive correlation of cadmium with femoral
intima-media thickness (IMT) and tungsten with carotid
IMT (data not shown), which remained after additional
adjustment for hypertension, diabetes and dyslipidaemia
(ESM1, supplementary figure 1).
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Figure 2. Protein interaction network between protein attributed to metal and subclinical atherosclerosis-DMRs in the AWHS-pilot study and atherosclerosis-effector

protein from public databases included in the BED.

(b) Genes annotated to atherosclerosis-differentially
methylated regions and the interaction of their
encoded proteins with atherosclerosis-effector

proteins

We identified a total of 308 and 229 genes nearest to the ident-
ified DMRs with respect to continuous (coronary calcium
score, and carotid and femoral intima-media thickness) and
dichotomous (combined atherosclerosis, positive coronary
calcium and carotid and femoral plaque) subclinical athero-
sclerosis measures, respectively (figure 1). Among these, 130
genes were common for both continuous and dichotomous
atherosclerosis measures (figure 1a, right). Overall, there
were 407 unique genes associated with atherosclerosis-DMRs
(electronic supplementary material 2 (ESM2)).

Among the 407 genes, we identified 364 genes encoding
proteins that were included in the protein interaction networks
and ANN analysis. Two hundred and seventy protein-coding
genes (of 364) were linked with well-known atherosclerosis
effectors (figure 1b; electronic supplementary material 3
(ESM3)). In ANN analysis, a total of 58 protein-coding genes

were predicted to be linked to atherosclerosis or its related fac-
tors with a medium-strong relationship (ANN score greater
than 40%). Among these, the proteins encoded by IRFI,
MSR1 and PF4 genes had been previously identified as protein
effectors for atherosclerosis. The genes showing the top 5 ANN
scores were HLA-DPA1, MSR1, PF4, IRF1 and SNTB1 (ESM3).
In protein interaction networks, which display biological con-
nections between proteins with a known role in
atherosclerosis and identified proteins from our results, we
identified relevant hub proteins, such as proteins encoded by
APP, SMAD3, MAPK10, GNAI1 and HLA-DPA1 (the numbers
of connections in the network were 72, 24, 18, 14 and 13,
respectively) (figure 2).

(c) Enrichment analysis: relationship between
methylation data with biological pathways and
clinical conditions

The pathways and biological processes enriched within the
genes related to atherosclerosis-DMRs were assessed through
a hypergeometric enrichment analysis approach [19] (ESM1,
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supplementary table 2). Twenty-one protein sets were found
enriched among the 364 coding genes attributed to atherosclero-
sis-sDMRs (figure 1 and ESM1, supplementary table 2). The
reported enriched protein sets were mainly related to immune
response and inflammation (including HLA-DPA1, NFYA,
HLA-DPB1, HLA-C and HLA-DQA? genes with strong ANN
scores from previous ANN analysis); extracellular matrix
(including LTBP3 and COL4A2 genes with medium-strong
ANN scores); altered metabolism (including PDHB and
PCSK9 genes associated with sterol regulatory element-binding
transcription factor-1 (SREBF1) with strong ANN scores) and
endomembrane system and vesicle transport (including the
PTPRN2 gene with a medium-strong ANN score) (ESM1).
Notch signalling categories were also enriched, although the
genes included in these categories showed weak evidence of a
link with atherosclerosis based on the ANN scores.

(d) Metal-related differentially methylated regions and
overlap with atherosclerosis-differentially
methylated regions

In this study, we identified a total of 303 unique genes anno-
tated to metal-DMRs. Among these genes, approximately
50% were associated with more than one metal exposure
(figure 1a, right). However, there were also 58, 80, 42 and 61
genes that were uniquely associated with arsenic, cadmium,
antimony and tungsten, respectively. To explore the potential
role of metals in explaining atherosclerosis-related DNA
methylation changes, we identified metal-DMRs and evalu-
ated their overlap with atherosclerosis-DMRs. We observed
that approximately 46% of the differentially methylated
genes in metals (139 genes) were also differentially methylated
in subclinical atherosclerosis (figure 1b; ESM1, supplementary
table 3). (The estimated probability of finding these results by
chance using a hypergeometric test was less than 0.001.)

We also explored whether proteins encoded by metal-
DMR genes directly interacted with known atherosclerosis
effectors or proteins encoded by atherosclerosis-DMR genes.
In protein interaction analysis, 108 proteins attributed to
metal-DMR genes showed any degree of relatedness to BED
effectors (top 5: PF4, ANN 83%; IRF1, ANN 75%; PCSK9,
ANN 72%; LTBP3, ANN 71% and HLA-DPB1, ANN 70%)
(figure 2; ESM3). Moreover, 54 proteins attributed exclusively
to metal-DMR genes directly interacted with at least one of
the proteins attributed to atherosclerosis-DMR genes or the
BED effectors (figure 1b; electronic supplementary material
4 (ESM4)). Figure 2 summarizes the protein-to-protein inter-
actions of protein encoded by identified atherosclerosis and
metal-DMR genes with known atherosclerosis effectors. We
observed hub proteins in the network, such as the ones
encoded by SMAD3 and NOP56 (12 and 6 connections,
respectively), which were associated with both atherosclero-
sis- and metal-DMR genes. Other hub proteins, such as the
ones encoded by SSTR5, HDAC4, AP2A2, CXCL12 and
SSTR4 (7, 7, 6, 5 and 5, respectively), were only associated
with metal-DMR genes, but did have connections with
atherosclerosis effectors (figure 2; ESM4).

4. Discussion

We identified a total of 364 unique genes annotated to
atherosclerosis-DMRs, which encoded proteins with existing

interactions with known atherosclerosis-effector proteins in
protein-to-protein interaction networks. Moreover, we ident-
ified 108 genes attributed to metal-DMRs directly related to
known atherosclerosis effectors, which largely overlapped with
atherosclerosis-DMR genes. While our pilot study cannot be
used to establish firm conclusions, our analysis indicates the
feasibility of identifying associations between metal levels, epi-
genetic markers and measures of subclinical atherosclerosis
that may correspond to epigenetic mechanisms induced by
metal exposures in relevant biological pathways.

Altered DNA methylation is a novel factor potentially
involved in the development and progression of CVDs. In
our data, some genes were differentially methylated for more
than one atherosclerosis location and endpoint. Many of
these genes have been consistently reported as DMRs in
relation to atherosclerosis in genome-wide studies [11,13,33—
35]. For instance, KCTD5 (coronary and femoral), GDAP2
(combined atherosclerosis and femoral) and CHST8 (combined
atherosclerosis and femoral) were differentially methylated in
previous studies comparing human carotid plaques of patients
with cerebrovascular events (n=19) versus asymptomatic
counterparts (n = 19) [35]. MYO10 (combined atherosclerosis
and femoral) and THSD4 (coronary and femoral) were
differentially ~methylated comparing 15 post-mortem
donor-matched atherosclerotic versus normal aortic sample
pairs obtained from a Spanish population [11]. THSD4 was
also differentially methylated in coronary arteries (1 = 6) com-
pared with internal mammary arteries (1 =6) and great
saphenous vein (n = 6) in Russian men who underwent sur-
gery for severe coronary artery stenosis [34]. This study also
reported DMRs in CIQTNF7 (combined atherosclerosis and
coronary), MS4A4A (combined atherosclerosis and coronary)
and ANXA13 (combined atherosclerosis and femoral). Conver-
sely, DMRs in two protein-encoding genes, the adhesion G
protein-coupled receptor Al (ADGRAI, also known as
GPR123) and the fibrosin-like 1 (FBRSL1), were differentially
methylated with respect to all atherosclerosis measures (data
not shown), but these genes have not been related to athero-
sclerosis before. Thus, future studies to confirm the findings
are needed. Other genes that in our study were associated
with DMRs with respect to only one vascular territory (see
ESM2, supplementary table 2) have also been reported before,
including PXDN [13], ABR [11,33], PLEKHA4 [34], C6orf10 [35],
PRDM16, INPP5A [11], MSR1 [34], ABHDS [35], FAM134B [11],
IRS2, COL4A2, MSRA and IGF2BP1 [11] (ESM3). Overall pre-
vious studies evaluated clinical cardiovascular outcomes.
However, our data suggest that methylation changes may occur
early before the cardiovascular event is produced.

Importantly, the results of enrichment pathway analyses
reasonably reflected the well-known involvement of inflam-
mation in atherosclerosis [36,37], because most of the
significant differentially methylated genes were related to
chronic inflammation and associated pathways such as the
REX transcription factor complex (RFXAP, RFXANK and
RFX5), which activates MCH-II transcription [38], or Notch
receptors and their ligands, which play a major role in the
modulation of numerous cellular functions in macrophages,
endothelial and vascular smooth muscle cells, particularly
under inflammatory conditions [39-41]. Genes related to
inflammation also were the most important hubs in networks
of proteins related to atherosclerosis in our study. For instance,
the amyloid beta A4 protein (encoded by APP), widely known
foritsrolein Alzheimer’s disease, has also been associated with
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inflammatory vascular dysfunction [42,43]. The interferon
regulatory factor-1 (a transcription factor encoded by IRF1) is
involved in inflammatory processes, by regulating the tran-
scription of a set of target genes that play essential roles in
various physiological and pathological processes [44]. Other
hub proteins in our data have also been related to inflamma-
tory responses in the literature, including SMAD3 [45,46], the
NF-«xB protein REL [47], the serotonin receptor HTR5A [48],
the leukotriene B4 receptor 2 (LTB4R2) [49], the nuclear recep-
tor corepressor 2 (NCOR2) [50], the nuclear factor of activated
T-cells 1 (NFATC1) [51], the DExH-box helicase 9 (DHX9) [52]
and the TGF-B activated kinase 1 binding protein 1 (TAB1) [53].

The Gene Ontology term ‘extracellular matrix’ was
additionally enriched in our list of atherosclerosis-DMR
genes. Extracellular matrix not only provides the structural
integrity of the plaques, but participates in several key events
such as cell migration and proliferation, lipoprotein retention
and thrombosis [54]. In protein-to-protein interaction networks,
we identified hub proteins also involved in plaque stability. For
instance, MAPK10 has been linked to foam cell formation by
inducing scavenger receptor expression [55]; NFATC1 [56]
and HSPG2 [57] have been shown to promote excessive angio-
genesis, a key feature of vulnerable atherosclerotic plaques; and
the platelet factor 4 (PF4) has been involved in atherosclerosis
cell recruitment and homeostasis [58]. Other pathways related
to cardiometabolic factors appear to be also enriched, including
a protein set related to the SREBF1. SREBFs are a family of tran-
scription factors that mediate cholesterol metabolism by
increasing the transcription of their downstream target LDL
receptor. The increase in LDL receptors could lead to increased
LDL transport into the lesions, contributing to foam cell for-
mation [59]. Overall, protein-encoding genes from differential
methylation data analysis show a strong association with
atherosclerosis’ pathophysiology.

Pathways associated with the endomembrane system, a
complex network of membrane-bound compartments (such
as the nuclear envelope, the endoplasmic reticulum, the Golgi
apparatus, the plasma membrane and dynamic vesicles) also
showed enrichment among atherosclerosis-DMR genes. The
endomembrane system plays a key role in metal-ion homeo-
stasis within the cell. Specific sets of transporters function in
each cellular compartment to maintain cell homeostasis, as
essential metal ions are vital for several life processes. However,
non-essential metals have no known physiological role and can
compete for transporter and binding sites for essential metals as
a mechanism for toxicity [60]. In experimental studies, exposure
to non-essential metals has been related to pro-oxidant pro-
perties [61], altered signalling pathways [62,63], endocrine
disruption functions [64] and direct DNA and protein
damage [65]. In recent years, there has been an increasing
body of evidence pointing to the possibility that metals can
alter epigenetic factors and cardiovascular risk [4]. Among the
metal-DMR genes, we identified three genes encoding athero-
sclerosis-effector proteins (IRF1, PF4 and TLR4), which are
either involved in unbalanced lipid metabolism or chronic
inflammation of the arterial wall [66—-68]. Others genes, includ-
ing SMAD3, HLA-C, GNAS or SDK1, have been previously
reported as differentially methylated in CVDs [11,13,34,35], and
some of these had a strong and medium-—strong score of relation-
ship with atherosclerosis in our ANN analysis. In addition to the
large overlap of atherosclerosis- and metal-DMRs in our data,
there were 54 genes exclusively differentially methylated with
respect to metal exposure that encoded protein interacting

directly with at least one known effector protein or the differen- [ 8 |

tially methylated genes in atherosclerosis and could, thus, also
influence atherosclerosis pathways.

Our study is not free from limitations. First, we cannot
ignore the possibility of having obtained spurious results by
chance and we could not protect our results from a potentially
high false-negative rate. Second, we only explored a subset of
the genome, which may yield a partial view of the biologically
relevant methylation sites in the genome. Third, smoking is a
source of metals and an established cardiovascular risk
factor. Thus, even if we adjusted statistical models for active
smoking, we cannot discard residual confounding by smoking.
Accordingly, we conducted post hoc exploratory analysis to
evaluate the overlap of genes attributed to metal-DMRs with
genes attributed to active smoking DMRs. Among 107 genes
related to smoking DMRs, only 39 were also differentially
methylated with both metals and atherosclerosis (data not
shown), thus suggesting that specific metals may potentially
have specific epigenetic signatures when compared with smok-
ing, which is a mixture of compounds, including not only
metals but also other compounds.

Fourth, the functional implication of our findings is unclear.
We assumed that the identified DMRs control the protein
coding of the nearest gene. Some DMRs, however, may be regu-
latory of other genomic regions in trans. In our data, the
identified DMRs were mostly located inside intron and exon
regions (data not shown). Thus, it is also possible that methyl-
ation may have a role in the regulation of splicing inducing a
change in the isoform expression [69]. Moreover, genes such
as SDKI1, NINJj2, DIP2C, SLC25A21, PRDM16, GNAII,
RHPN1 and HS3ST1 that are associated with DMRs in our
data were reported as differentially expressed in human ather-
osclerotic plaque [70]. Functional studies will be needed to
support the causality of the reported pathways and the mech-
anisms underlying epigenetic changes for the cardiovascular
toxicity of metals. Fifth, we measured DNA methylation from
bisulfite-converted DNA, which does not distinguish methyl
cytosine from hydroxymethyl cytosine. A previous study
reported a statistically significant correlation between global
DNA methylation and hydroxymethylation at the population
level [71]. Future studies evaluating the role of site-specific
DNA hydroxymethylation in atherosclerosis development are
needed. Sixth, IMT in the distal common carotid is not a well-
established measure of atherosclerosis [72], although it has
been used in several epidemiological studies [73,74]. In our stat-
istical framework, we attempted to summarize the individual
likelihood of having atherosclerosis in the whole carotid terri-
tory by using the maximum average IMT value at both
carotid territories including multiple sites, not only the terminal
portion of the common carotid. Finally, while we had prospec-
tively collected subclinical atherosclerosis measures, we did not
have available information on baseline atherosclerosis.
Repeated subclinical atherosclerosis measures would be
needed to give a view of the potential role of epigenetics of
metals in the change in atherosclerosis over time.

5. Conclusion

Our results showed a large overlap for metal- and atherosclero-
sis-DMRs, consistent with the hypothesis that metals can affect
methylation profiles, which in turn may be involved in the
CVD development. In addition, in protein interaction
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networks, proteins attributed to DMRs exclusively in associ-
ation with metal exposure could influence the effect of
proteins related to atherosclerosis. Our integrative in silico
analysis demonstrates the feasibility of identifying epigenomic
regions linked to environmental exposures and potentially
involved in relevant pathways for human diseases. While our
results support the possibility that metal exposures can influ-
ence health due to epigenetic changes, larger studies are
needed to confirm our pilot results.
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