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Abstract: Millions of people worldwide are chronically
exposed to environmental arsenic through drinking water,
increasing their risk of various adverse cardiometabolic
outcomes. To understand the inter-individual variation in
arsenic susceptibility, this systematic review explores all
epidemiological evidence on interactions between single
nucleotide polymorphisms (SNPs) and arsenic exposure in
relation to cardiometabolic health. Five electronic databases
were searched until April 2023. From 42,202 retrieved pub-
lications, 18 candidate gene-environment (cGXE) studies
were included, and no genome-wide association studies
were found. Of 676 SNPs in 148 genes tested, 40 SNPs in 24
genes, 4 haplotypes and combined SNPs in MCP-1/APOE,
were reported to statistically significantly interact with
arsenic exposure. These genes were involved in arsenic

*Corresponding author: Kim R. van Daalen, British Heart Foundation
Cardiovascular Epidemiology Unit, Department of Public Health and
Primary Care, University of Cambridge Heart and Lung Research Institute,
Biomedical Campus, Papworth Road, Cambridge, CB2 0BB, UK; and Victor
Phillip Dahdaleh Heart and Lung Research Institute, University of
Cambridge, Cambridge, UK, E-mail: krv22@cam.ac.uk

Jeenan Kaiser, Faculty of Medicine & Dentistry, University of Alberta,
Edmonton, AB, Canada

Nusrat Khan, Institute for Global Health, University College London,
London, UK

Masa Josipovi¢, Department of Diabetes Research, Harvard Medical
School, Boston, MA, USA

Clare T. Oliver-Williams, Public Health Specialty Training Programme,
Cambridge, UK

Adam S. Butterworth, British Heart Foundation Cardiovascular
Epidemiology Unit, Department of Public Health and Primary Care,
University of Cambridge, Cambridge, UK; Victor Phillip Dahdaleh Heart and
Lung Research Institute, University of Cambridge, Cambridge, UK; British
Heart Foundation Centre of Research Excellence, School of Clinical
Medicine, University of Cambridge, Cambridge, UK; Health Data Research
UK Cambridge, Wellcome Genome Campus and University of Cambridge,
Cambridge, UK; and NIHR Blood and Transplant Research Unit in Donor
Health and Behaviour, Department of Public Health and Primary Care,
University of Cambridge, Cambridge, UK

metabolism, oxidative stress or defence, DNA damage
repair, endothelial (dys) function, inflammation or immune
function, tumour suppressor activity, or were previously
implicated in cardiometabolic disease pathways. Most
studies did not explore the same SNPs (or strong proxies),
and none of the identified SNP-arsenic interactions were
replicated for the same arsenic species and cardiometabolic
outcome. Whilst some SNPs are suggestive of influencing
susceptibility to arsenic for various cardiometabolic out-
comes, further research is needed to understand the inter-
play between arsenic and genetic variants, identify at-risk
populations, and improve risk assessment.

Keywords: arsenic; cardiometabolic disease; genetic sus-
ceptibility; gene-environment; SNPs

Introduction

Environmental exposure to arsenic, one of the most abun-
dant elements in the earth’s crust, is increasingly recognised
to elevate risk of adverse cardiovascular disease, hyperten-
sion and diabetes, with evidence being most conclusive at
moderate to high levels of arsenic exposure [1-3]. Inter-
individual variation in susceptibility to adverse arsenic-
related health effects is influenced by the arsenic species
(i.e., inorganic or organic, valency), concentration, and
metabolism efficiency. The latter is shaped by biological
factors (e.g., age, sex), lifestyle factors (e.g., nutritional status,
physical activity) and potentially various genetic
polymorphisms [4].

Several genetic studies — including genome-wide asso-
ciation [GWA] [5], linkage [6], and candidate gene studies [7] -
have reported significant effects of variants near the arsenic
methyltransferase (AS3MT) gene on arsenic metabolism and
subsequent non-cardiometabolic disease outcomes, such as
skin lesions and cancers [8]. Further candidate gene, linkage
and exome-wide association studies suggest that additional
genetic variants affecting arsenic metabolism and arsenic-
related health outcomes likely exist, including genes critical
for carbon-folate metabolism (e.g., forminotransferase

8 Open Access. © 2025 the author(s), published by De Gruyter. [[(c<) 2| This work is licensed under the Creative Commons Attribution 4.0 International License.


https://doi.org/10.1515/reveh-2025-0041
mailto:krv22@cam.ac.uk

DE GRUYTER

cyclodeaminase [FTCD]) [9], genes involved in the classic
arsenic methylation pathway (e.g., glutathione S-transferase
omega [GSTO] [10], purine nucleoside phosphorylase [PNP]
[11]), and genes involved in DNA damage repair (e.g., MPO
[myeloperoxidase] [12], and NBS? [nibrin]) [13].

However, whilst one previous narrative review explored
arsenic exposure, arsenic metabolism, and their interaction
with genetic (and epigenetic) factors in relation to cancer
outcomes [4], thus far, no study has systematically summar-
ised the totality of evidence for the influence of genetic vari-
ations on arsenicrelated cardiometabolic outcome
susceptibility. Therefore, this systematic review aims to i)
summarise all available epidemiological evidence exploring
whether associations between environmental arsenic expo-
sure and risk of adverse cardiometabolic outcomes change in
the presence of common genetic variations, and ii) support
the current understanding of the biomolecular mechanisms
that may underpin arsenic-related cardiometabolic outcomes,
based on the genetic variants proposed to be involved.

Methods

The study protocol was prospectively registered with
PROSPERO (CRD42019146144). Findings are reported
following the Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA) (Supplementary Table 1)
and Joanna Briggs Institute (JBI) guidelines [14, 15].

Search strategy and definitions

Five electronic databases were systematically searched us-
ing English search terms: PubMed, Web of Science, Scopus,
EMBASE, and TOXLINE via TOXnet. Databases were
searched from inception until 24 July 2019, with an updated
search on 10 April 2023. Note, TOXLINE was excluded in the
updated search as the database was retired in December
2019. Keywords used included indexed MeSH terms as well
as free text terms related to ‘genetic polymorphism’, ‘genetic’,
‘arsenic’ and ‘arsenicals’ and were informed by previous
publications [1, 16], and a medical information specialist (full
search strategy in Supplementary Table 2). No restriction on
the language or date was applied. Bibliographies of relevant
publications (e.g., reviews, grey literature) and all included
studies in the full-text screening were cross-referenced
(forward and backward) to identify any additional eligible
studies. The GWAS Catalog (https://www.ebi.ac.uk/gwas/)
and Google Scholar were searched for additional studies
fulfilling the inclusion criteria.
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The exposure of interest was single nucleotide poly-
morphisms (SNPs): a single nucleotide change in the DNA
sequence, comprising one of the most abundant types of
genetic variation. No specific molecular processes, genes or
SNPs were selected as a focus a priori, enabling the synthesis
of all available evidence on common genetic variation(s) that
may interact with arsenic exposure to impact arsenic-
related cardiometabolic outcomes. Other variations in the
DNA sequence, including other genetic variants (e.g., indels,
microsatellites, repetitive elements), structural variation,
and epigenetic variation were excluded. Haplotypes of
linked SNPs within a chromosomal region were included.

This study included arsenic-related cardiometabolic
diseases such as cardiovascular diseases (CVD, including
coronary heart diseases [CHD], cerebrovascular diseases
[CeD], peripheral arterial diseases [PAD], deep vein throm-
bosis [DVT]), diabetes mellitus (including type 1 [T1IDM], type
2 [T2DM] and gestational [GDM]), hypertension, obesity, and
metabolic syndrome. Subclinical cardiometabolic diseases
(carotid atherosclerosis, arterial stiffness, ECG abnormality),
and diagnostic markers (blood pressure [systolic, diastolic,
pulse], blood glucose levels, carotid intima-media thickness
[CIMT], HbAl1c% levels) as continuous outcomes were
included. Predictive biomarkers (e.g., asymmetric dimethy-
larginine (ADMA), fatty acid-binding protein 4 (FABP4) for
CVDs) were excluded. Standard definitions following
commonly used guidelines for the different cardiometabolic
outcomes were applied (e.g., ACC/AHA [17] and ESC/ESH [18]
guidelines for hypertension, or WHO [19], ADA [20], and
NICE [21] guidelines for T2DM). Other diseases, such as skin
lesions or cancer, were excluded, as were studies that only
assessed the impact of SNPs on arsenic metabolism.

Study selection

Studies that met the inclusion criteria were: i) peer-reviewed
quantitative epidemiological studies, ii) studies exploring
whether one or more SNPs affects susceptibility to adverse
cardiometabolic outcomes related to arsenic (i.e., whether a
genetic variant is associated with higher or lower car-
diometabolic risk when a person is exposed to arsenic), and iii)
studies including arsenic species to which the general popu-
lation is commonly environmentally exposed (i.e., inorganic
arsenic [iAs] exposure or its metabolites [MMA, DMA], see
Supplementary Table 3). Studies were excluded if they were
studies that i) did not include a quantitative measure of
arsenic exposure, ii) focused on forms of arsenic exposure
uncommon in the general population such as medical therapy
(e.g., melarsoprol treatment for parasitic infections, arsenic
trioxide for leukemia), or intentional poisoning (homicide,
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suicide), ii) were non-human (i.e., in vitro, animal studies), iii)
had a secondary study design (e.g., reviews, meta-analyses), or
that reported on data previously reported elsewhere, iv) were
conference proceedings, case reports or case series, v) lacked
an available full-text (after request of full-text from the au-
thors), or vi) had overlapping study populations with another
included study within this review (with exception of those
studying a different cardiometabolic outcome and partially
overlapping study populations). Studies on arsenic-exposed
populations that did not include SNP-related arsenic suscep-
tibility or SNP-arsenic interaction analyses were also
excluded.

After the duplicates were removed in Endnote, abstracts
and titles were blindly double-screened using Rayyan
(https://rayyan.ai/). In this stage, all studies on SNPs in rela-
tion to arsenic-related disease or arsenic metabolism were
included. Ambiguity in the inclusion and exclusion criteria
was checked by conflict piloting after the first 500 records
were screened, resulting in an inter-rater reliability kappa
score 0f 98.6 %. In the second stage, full-texts were retrieved
and double-screened, focusing only on arsenic-related
adverse cardiometabolic outcomes as previously defined.
Any disagreements between two reviewers were discussed
until consensus was reached. To minimise bias, non-English
records were included and translated/reviewed by a speaker
of the language (i.e., Bengali, Dutch, French, Spanish,
German, Serbian). However, few non-English studies were
retrieved for full-text screening.

Data extraction

A data extraction tool was developed and pilot-tested on five
randomly selected studies, and refined accordingly. Data
were extracted by KvD, and verified by MJ. Data extracted
included: first author, year of publication, study design,
participant characteristics (country, age, sex, ethnicity and/
or genetic ancestry), number of participants, years of follow-
up (cohort studies), gene(s) and SNP(s) assessed (including
their allele/genotype/haplotype frequencies), genotyping
method, type of arsenic exposure (e.g., water, urinary or
blood arsenic), method of arsenic exposure assessment,
adverse cardiometabolic outcome (e.g., CVD, metabolic syn-
drome), outcome ascertainment method, measures of the
combined effects (or interaction) of the SNPs and arsenic
exposure on negative cardiometabolic outcomes (e.g., odds
ratio [OR] estimates for interaction terms, joint ORs of the
combined SNP-arsenic effect, relative excess risk due to the
interaction [RERI], attributable proportion due to the inter-
action [AP], synergy index [SI], p-values for interaction
[Pinc]), variables adjusted for in the main statistical analyses,
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and an open field to record additional information. When
both p-values and Q-values (p-values adjusted for multiple
comparisons) were reported, both were extracted, and re-
sults were discussed based on Q-values. When both unad-
justed and adjusted measures of effect were reported, both
were extracted, but the models that adjusted for the greatest
number of confounders were discussed in the information
synthesis. This approach was taken even when models
adjusted for different variables across studies considering
the adjusted effect estimates are more likely to be repre-
sentative of the “true” effect than crude models.

To create an overview of all genes and SNPs assessed
within the studies included review, an overview table was
generated listing the corresponding gene, rsID, alleles, and
consequence of the variation for each individual SNP
(i.e., missense variant, synonymous variant, intron variant,
noncoding transcript variant, 5 UTR variant, 3' UTR variant,
2KB upstream variant, 500B downstream variant) based on
information in the included studies, the dbSNP database
(https://www.ncbinlm.nih.gov/snp/) and the integrative
database GeneCards (https://www.genecards.org)).

Individual study quality assessment

To allow for the incorporation of genetic and environmental
components in individual study quality assessment, meth-
odological quality was assessed using study design adapted
versions of the quality assessment tool developed by Moon
et al. 2017 for studies on environmental arsenic [1, 22] — and
the Q-genie tool for the quality assessment of genetic asso-
ciation studies [23]. The tool was pilot-tested on five
randomly selected studies, and refined accordingly. No
overall score (e.g., good, fair, poor) was given as this can
oversimplify important differences in bias, confounding,
and overall quality of the different studies. Almost none of
the studies explored the same SNP and cardiometabolic
outcomes (Table 2, 3), therefore no overall assessment of the
certainty of the body of evidence using Grading of Recom-
mendations, Assessments, Development and Evaluation
(GRADE) was performed.

Information synthesis

Due to the heterogeneity of included studies [i.e., genes/SNPs
assessed, outcome assessed (e.g., CVD, DM, hypertension),
and arsenic species assessed], data were descriptively syn-
thesised, and no meta-analyses were performed. Studies
were grouped and synthesised by the outcome of interest,
and, where possible, further discussed by biochemical
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processes relevant genes are involved in. Due to the limited
number of (heterogenous) studies included, publication bias
could not be assessed.

Results

42,202 publications were retrieved from the databases
(Figure 1). After removing duplicates, 18,922 studies were
screened by abstract and title, and 261 in full text. A total of 18
studies met the inclusion criteria, with summary charac-
teristics reported in Table 1, individual study results in Ta-
ble 2, and summary results in Table 3. Studies excluded in
full-text screening and reason for exclusion are listed in
Supplementary Table 4. Most studies were conducted in
Taiwan (n=7) [24-30] and Bangladesh (n=4) [31-34], with
others conducted in China (n=3) [35-37], Spain (n=2) [38, 39],
Mexico [40], and the United States [41]. Included studies had
a cross-sectional (n=7) [24, 33, 36—40], case-control (n=5) [26—
28, 30, 35], cohort (n=4) [25, 29, 31, 41], or case-cohort (n=1)
[34], design and included data from, among others, the
HEALS [31, 33, 34], SHFS [41], Hortega [38, 39] and VALCAR
[39] studies.

Study samples were relatively small ranging from 121
participants [29] up to 2,225 participants [34]. Most had
gender parity in participants (i.e., 45-55 % women) [26, 27,
30, 31, 34, 38, 39], or included predominantly women
(i.e., >55 % participants were women) [24, 25, 28, 29, 33, 35, 37,
40, 41], whilst two included predominantly men [32, 36]. All
studies were conducted in adults, and were conducted as
early as 1989 [28] up to 2018 [35].

Cardiometabolic outcomes

Studies reported on different cardiometabolic outcomes,
including: hypertension or blood pressure (SBP, DBP, PP) [24,
28, 31, 36], metabolic syndrome [25], obesity [39], T2DM or
insulin resistance [32, 35, 38, 40, 41], GDM [37], carotid
atherosclerosis or CIMT [26, 27, 30, 33], CVD [34], CHD [34],
stroke [34] or ECG abnormalities consistent with MI or
ischemia, conduction defect, arrhythmia, arterial enlarge-
ment or ventricular hypertrophy or prolonged ventricular
repolarization (Table 1) [29].

Hypertension and blood pressure (i.e., systolic, diastolic,
pulse pressure) were assessed using a mercury or automated
sphygmomanometer [24, 28, 31]. Hypertension was defined
as SBP2130 mmHg and/or DBP>80 mmHg [24], or as
SBP 2140 mmHG and/or DBP 290 mmHg [28]. The studies on
T2DM defined DM as fasting blood glucose (FBG) 2126 mg/dL
[38, 41], HbAlc 26.5% [32, 35, 38], self-reported physician
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diagnosis or T2DM treatment [38], and 2-h post
glucose 2200 mg/dl [40], with homeostasis model assessment
of insulin resistance (HOMA2-IR) computed using fasting
glucose and insulin values [41]. GDM was defined at 24—
28 weeks of pregnancy as FBG =5.1 mmol/L, or 1h plasma
glucose (PG) 210 mmol/L and 2hPG >8.5 mmol/L after 75g
oral glucose tolerance test (OGTT) [37]. Carotid atheroscle-
rosis was defined based on the intima-media thickness
(>1 mm), plaque score (>1), and maximum level of stenosis of
the ECCA (=50 %) [26, 27, 30]. CVD, CHD and stroke diagnoses
were based on a validated verbal autopsy procedure [34],
and obesity was defined as those with body mass index (BMI)
values of >30 kg/m? Finally, metabolic syndrome cases were
those with three or more of the following identified
FPG 2110 mg/dL, triglycerides >150 mg/dL, HDL <40 mg/dL
for men or <50mg/dL for women, SBP 2130 mmHg,
DBP 285 mmHg, and waist girth >90 cm for men 280 cm for
women [34]. Studies focused predominantly on non-fatal
outcomes, with only one of the studies focusing on fatal
events (Table 1) [34].

Environmental arsenic exposure

Environmental arsenic exposure was measured in water
[26-34, 40], spot morning [24, 41] or spot [25, 33-38] urine
(adjusted [24, 25, 33, 34, 38, 41] or not adjusted for creatinine
[35-37]), blood [31, 36], and blood plasma [39]. Most studies
performed elemental analyses, with some performing
speciation analyses (Table 1) [25, 33-35, 37, 38, 41]. In the SNP-
arsenic-cardiometabolic disease analyses, most studies
focused on total arsenic (tAs) or inorganic arsenic (iAs) [24,
26-36, 38-41] with only two studies including analyses
exploring the interactions between SNP and arsenic meta-
bolism markers: Primary methylation index [PMI] (defined
by MMA/iAs) [25], Secondary Methylation Index (SMI)
(defined by DMA/MMA) [25], iAs% [37], MMA% [25, 37], or
DMA% [25, 37]. Studies reported predominantly on point
arsenic exposure [24-27, 30-41] or cumulative arsenic
exposure (CAE) [26, 28, 29], and for two studies it was
assumed that multiple arsenic measurements were per-
formed [28, 29].

Chemical analyses were performed using inductively
couple plasma mass spectrometry (ICP-MS) [32, 36, 38, 39],
high-performance liquid chromatography coupled to ICP-MS
(HPLC-ICP-MS) [25, 33, 34, 37, 41], high-resolution ICP-MS (HR-
ICP-MS) [31], anion exchange liquid chromatography
coupled to ICP-MS (AEC-ICP-MS) [38], hydride generation
atomic absorption spectroscopy AAS (HG-AAS) [26, 27, 30, 32,
40], graphite furnace AAS (GF-AAS) [24, 31, 33, 34], liquid
chromatography-atomic fluorescence spectrometry (LC-
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Records identified from:

PubMed (n=1,519)
Scopus (n=2,059)
EMBASE via Ovid (n=13,676)
Web of Science (n=3,266)

Total = 10,520

(Searches run 24 July 2019 -10 April 2023, no
limits applied.)

Records removed before screening:

Duplicate records removed (n = 23,280)

Records excluded:
No original data (e.g., reviews, letters)
Case studies or case-series
No human studies (in vitro, animal)
No environmental arsenic exposure
No arsenic related toxicity / arsenic metabolism
(n=18,673)

Records identified through back- & forward referencing
(n=12)

)
Records identified from:
PubMed (n=5,671)
Scopus (n=19,801)
EMBASE via Ovid (n=7,430)
Web of Science (n=16,223)
TOXLINE via TOXNET (n=2,557)
E
= Total = 31,682
=3
Eé (Searches run 24 July 2019, no limits applied.)
g
= |
—
) Records screened by title and abstract:
(n=18,922)
A 4
ED Full-text records assessed for eligibility:
=
v =
g (n=249)
7]
A 4
— Full-text records assessed for eligibility that
() focused on arsenic related cardiometabolic
diseases / outcomes.
n=261
& ( )
2
S
=
A 4
—
Studies included in the review:
o
Diabetes mellitus type 2 (n=5)
Gestational diabetes mellitus (n=1)
Metabolic syndrome (n=1)
Obesity (n=1)
Hypertension (n=2)
Cardiovascular disease (n=1)
2 Coronary heart disease (n=1)
E Stroke (n=1)
9
= Carotid atherosclerosis (n=3)
Blood pressure (SBP, DBP, PP) (n=2)
Insulin resistance (n=1)
Carotid intima media thickness (n=1)
ECG abnormality (n=1)
Total included = 18
Note, some studies reported on multiple outcomes
- J

Reports excluded:

No environmental arsenic-related disease

or no arsenic metabolism (n=43)
No genetic susceptibility or no SNPs (n=12)
Conference abstract (n=20)
Wrong study design (e.g., non-human, reviews)

or overlapping study population (n=11)
Duplicate study (n=10)
Unable to access full text (n=7)

Total excluded = 103

Reports on arsenic metabolism or wrong arsenic-related disease or
adverse health outcome

Arsenic metabolism (n=74) Renal functioning (n=2)
Skin lesions or skin cancer (n=40) Respiratory disease  (n=2)
Bladder cancer (n=20) Colorectal cancer (n=1)
Kidney cancer (n=6) Cancer (n=1)
Upper tract urothelial carcinoma (n=3) Myelomeningocele  (n=1)
Breast cancer (n=3) Peripheral neuropathy (n=1)
Lung cancer (n=3) Cognitive functioning (n=1)
Developmental delay (n=3)  Neurological abnor. (n=1)
Eye problems / ocular disease  (n=3)

Chronic kidney disease (n=2)

Total included = 140

Note, some studies reported on multiple outcomes

Figure 1:

Study selection process using the PRISMA diagram.
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Table 3: Single nucleotide polymorphisms (SNPs) associated with arsenic-related cardiometabolic disease.

Significant Arsenic and disease Risk® Non-significant results reported® Gene (product) function®
SNP-arsenic
AS3MT
rs17881215 W + DM [40] ) - Arsenic metabolism; transfer of methyl group
rs11191439 W + DM [40] T W + CA[0.05 (0.075)] [27] from SAM to arsenical
W + CVD/CHD/Stroke [0.044 (0.440)] [34] @
CW + ECG ab [29]
W/U + CIMT [33]
U + MetS [25]
rs12768205 U[iAs% vs. MMA%] + IR[41] T U[iAs% vs. MMA%] + DM [41]
U[DMA% vs. iAs%] + IR [41] U[DMA% vs. iAs%] + DM [41]
rs10883790 W/U + CIMT [33] T W + CVD/CHD/Stroke [34]
rs11191442 W/U + CIMT [33] T W + CVD/CHD/Stroke [34]
rs3740392 W/U + CIMT [33] T W + CVD/CHD/Stroke [34]
rs4919694 W/U + CIMT [33] T W + CVD/CHD/Stroke [34]
APOE
rs7256173 W/U + CIMT [33] T W + CVD/CHD/Stroke [34] Inflammation/endothelial function; catabo-
lism of triglyceride-rich lipoprotein
constituent
ccMm3
rs9818496 W + SBP [36] ) W + DBP [36] Cell apoptosis; vascular development /
rs3804610 W + SBP [36] T W + DBP [36] angiogenesis; implicated in influencing
rs6784267 W + SBP [36] T W + DBP [36] cardiovascular-related physiological
response
cDC123
rs1051055 W + DM [32] T W + % HbA1c [32] Cell division cycle; implicated in T2DM
COX5A
rs1133322 U + DM [38] T - Oxidative phosphorylation; component of
cytochrome C oxidase; implicated in T2DM
CYBA
rs3794624 W + PP [31] ) W + SBP [P 0.004 (0.34)]® [31] Oxidative stress/defence; encodes the light,
W + CVD/CHD/Stroke [34] alpha subunit of Cytochrome B
W/U + CIMT [33]
rs4673 CW + HTN [28] T -
EDNRB
rs3759475 B + Ob [39] 1 U + T2DM [38] Inflammation/endothelial function; located
rs5351 B + Ob [39] l U + T2DM [38] primarily in vascular endothelial cells with a
role in vasoconstriction, vasodilation, and cell
proliferation
GCLC
rs11415624 U + DM [38] T - Oxidative stress/defence; glutathione syn-
thesis; first rate limiting enzyme of gluta-
thione synthesis
GSTO1
rs4925 U (PMIL, SMI, MMA%, T CW + ECG ab [29] Arsenic metabolism; glutathione-dependent
DMA%) + MetS [25] W + CVD/CHD/Stroke [34] thiol transferase and dehydroascorbate
W + CA[27] W/U + CIMT [33] reductase activities; reduces MMA and DMA
GSTP1
rs1695 W + CA[30] T W + DBP [P 0.02 (0.74)]® [31] Arsenic metabolism; conjugation of reduced

W + CVD/CHD/Stroke [34]

glutathione to a wide number of hydrophobic
electrophiles;
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Table 3: (continued)
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Significant Arsenic and disease Risk® Non-significant results reported® Gene (product) function®
SNP-arsenic
ICAM1
rs281432 W + CVD/Stroke [34] T W + CHD [P 0.007 (0.257)]® [34] Inflammation/endothelial function; encodes
U + CVD/Stroke/CHD [34] cell adhesion molecules
IL8RA
rs1008563 U + DM [38] T - Implicated in T2DM; receptor to interleukin-8;
rs1008562 U + DM [38] T - activation of neutrophils
NOS3
rs1799983 CW + HTN [28] ) W + DBP [P 0.01 (0.74)]® [31] Oxidative stress/defence; production of nitric
oxide (NO) which is implicated in vascular
smooth muscle relaxation, angiogenesis,
blood clotting
NOTCH2
rs699780 W + DM [32] T W + % HbA1c [32] Cell fate decision; development; immune
function
NR3C2
rs13117325 U + DM [38] T - Cellular sodium ion homeostasis; implicated
rs2137335 U + DM [38] ) - in T2DM; encodes the mineralocorticoid
receptor
N6AMT1
rs1997605 U (iAs%, MMA%, DMA%- T - Arsenic metabolism; methyltransferase;
+ GDM [37] involved in converting MMA to DMA
rs1003671 U (iAs%, MMA%, DMA%- T -
+ GDM [37]
0GG1
rs1052133 U + HTN [24] T U + T2DM [38] DNA repair; glycosylase removing premuta-
genic 8-0xo0-G - a base by-product of ROS
exposure
PNP
rs17886095 W/U + CIMT [33] T W + CVD/CHD/Stroke [34] Arsenic metabolism; catalyses the phospho-
rs17882804 W/U + CIMT [33] T W + CVD/CHD/Stroke [34] rolysis of purine nucleosides; arsenic
rs3790064 W/U + CIMT [33] T W + CVD/CHD/Stroke [34] reductase
TP53
rs1042522 W + CA[30] T - Tumour suppressor; protects vascular
smooth muscle from apoptosis; implicated in
atherosclerosis
soD2
rs4880 U + HTN [24] ) U + T2DM [38] Oxidative stress/defence; ROS scavenger in
CW + HTN [28] ) mitochondria; binds to superoxide by-
products of oxidative phosphorylation
TCF2
rs2688 W + DM [32] T W + % HbA1c [32] Nephron development, embryonic pancreas
development; implicated in T2DM
TNF
rs3093661 W + CIMT [33] ) W + CVD/CHD/Stroke [34] Inflammation/endothelial function; encodes
rs3790064 W + CIMT [33] T U + CIMT [33] multifunctional proinflammatory cytokine

U + CIMT [33]
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Table 3: (continued)
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Significant Arsenic and disease Risk® Non-significant results reported© Gene (product) function®

SNP-arsenic

TXN

rs4135168 U + DM [38] T - Oxidative stress/defence; cellular redox
homeostasis;

VCAM1

rs3176867 W + CVD [34] T W + CHD [P 0.027 (0.275)]® / Inflammation/endothelial function; mediates

Stroke [P 0.007 (0.377)1) [34] leukocyte-endothelial cell adhesion and
U + CIMT [33] signal transduction; may have a role in CA

Haplotypes

PON R-C-S

haplotype

[PONT (rs662), CW + ECG ab [29] T - Serum esterase/lactonase with antioxidant

PONT (rs705379), action on HDL; protective atherosclerosis

PON2 (rs7493)]

PNP A-T haplotype

(rs1049564, W + CA[27] T - Arsenic metabolism; catalyses the phospho-

rs1130650) rolysis of purine nucleosides; arsenic
reductase

GST A-G-G

haplotype

[GSTO7 (rs925), W + CA[27] ) - Arsenic metabolism; glutathione-dependent

GSTO2 (rs2297235, thiol transferase and dehydroascorbate

rs156697)] reductase activities; reduces MMA and DMA

EDRNB A-T

haplotype

(rs5351, rs3759475) B + Ob [39] | - Inflammation/endothelial function; located
primarily in vascular endothelial cells with a
role in vasoconstriction, vasodilation, and cell
proliferation

MCP-1 (rs1024611), Inflammation/endothelial function; catabo-

APOE lism of triglyceride-rich lipoprotein constitu-

(rs429358, rs7412) W + CA[26] T - ent (APOE); chemotactic response and

mobilization of intracellular calcium (MCP-1)

B, blood; CA, carotid atherosclerosis; CHD, coronary heart disease; CVD, cardiovascular disease; CW, cumulative water arsenic; DBP, diastolic blood
pressure; DM, diabetes mellitus; DMA, dimethylated arsenic; ECG, electrocardiogram; HDL, high-density lipoprotein; HTN, hypertension; IR, insulin
resistance; MetS, metabolic syndrome; Ob, obesity; PMI, primary methylation index; ROS, reactive oxygen species; SAM, S-Adenosyl methionine; SBP,
systolic blood pressure; SMI, secondary methylation index; U, urine, W, water. @ Here the P (Q) values are presented with Q referring to the p-value adjusted
for multiple testing. ®Refers to whether there is a positive or negative association between the arsenic-SNV interaction and disease of interest. © Here,
studies are listed that investigated a same SNV for which a significant interaction effect was reported in one study - but that reported non-significant
interaction effects (before and/or after adjustment for multiple testing). “Information described in this column is based on information provided in the
referenced included articles as well as the dbSNP database (https://www.ncbi.nlm.nih.gov/snp/) and the integrative database GeneCards (https://www.
genecards.org/). | Arsenic exposed individuals had lower disease risk in those carrying the variant compared to those carrying the wildtype. T Arsenic
exposed individuals had higher disease risk in those carrying the variant compared to the wildtype. - Indicates that there was no other study that explored
this unique SNP. Details on each individual SNP can be found in supplementary Table 5.


https://www.ncbi.nlm.nih.gov/snp/
https://www.genecards.org/
https://www.genecards.org/
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AFS) [35] or results from previous reports (without detail on
the chemical analyses performed) [28, 29].

From the 18 included studies, some were conducted in
areas with high arsenic exposure (i.e., at least one category or
the mean was reported or estimated to be >100 pg/L arsenic in
water, or the study area was reported to be an arsenic-rich or
arsenic hyperendemic area) [28-34, 36, 38, 39] and others in
areas with low-moderate arsenic exposure (i.e., at least one
category was reported or estimated to be <100 ug/L arsenic in
water, or the study area was reported to have low or mod-
erate environmental arsenic exposure) [24-27, 30-41]. Several
studies required participants to have a minimum length of
residence or unchanged life circumstances to be included in
the study (i.e., living in the study area for >1 year [24,
361, =2 years [40], =5 years [31, 33, 34] or 26 years [37], or
residing in the study area for >5 days in the week [29]), whilst
other studies followed participants over time or assumed
exposure was constant (Table 1).

Genes and single nucleotide polymorphisms

Across studies, 676 unique SNPs in 148 genes were explored.
supplementary Table 5 provides an overview of all studied
SNPs including alleles and the consequence of the genetic
variation. All studies used a hypothesis-driven candidate
gene approach selecting candidate genes based on i) their
involvement in arsenic metabolism [25, 27, 29-31, 33, 34, 37,
40, 41], ii) their role in oxidative stress or endogenous
defence against reactive oxygen species (ROS) [24, 28], iii)
their role related to T2DM metabolic pathways [32, 35, 38],
iv), their role in the development of atherosclerosis [26, 29,
30], or v) their role in the endothelin system relevant to
obesity [39], vi) if genes have been reported to modify as-
sociations between arsenic and CVD in previous epidemio-
logical studies [31, 34], vii) genes where arsenic exposure has
been associated with gene products known as risk factors or
predictors for CVD [31, 34] or impaired vascular develop-
ment [36], and ix) if genes have been related to arsenic
exposure in animal, in vitro, or epidemiologic studies, and
are known to play a key role in CVD risk [33].

Genotyping was performed using polymerase chain
reaction-restriction fragment length polymorphism (PCR-
RFLP) [24-28, 30], the TagMan SNP Genotyping Assay [25, 29,
40], the IMlumina GoldenGate asay [31, 33, 34], the oligo-liga-
tion-assay SNPlex [38, 39], the Illumina Cardio-Metabo DNA
Analysis BeadChip (MetaboChip) [41], the Sequenome Mas-
SARRAY iPLEX [32], a multiplex PCR [35], a high throughput-
SNP approach (3-rounds of multiplex PCR with NGS) [37], or
using the Improved Multiple Ligase Detection Reaction
(iMLDR) method (Table 1) [36].
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Quality assessment of the individual studies

Most of the included studies [24-30, 32, 36, 37, 40] have
sample sizes of less than 1000 participants or had a relatively
low frequency of the variant allele, which greatly limits the
power to detect modest genetic effect sizes. All studies are
candidate gene-environment studies, which increases the
likelihood of false positive results. Overall, studies varied
between the potential for bias, confounding and represen-
tativeness of the study population (supplementary Tables 6—
8). Within the studies based on cohorts, there was a lack of
clarity on the adequacy of the follow-up of participants as
well as on the independence of loss to follow-up by
exposure group.

In the interaction analyses, most studies adjusted for at
least age [24-41], gender or sex [24, 26-36, 38—41], smoking
status [27, 29, 31-36, 38, 41], BMI [27, 31-37, 41], and educa-
tional attainment [31, 33, 34, 36-38, 41], whilst some further
adjusted for hypertension or blood pressure [27, 33-35, 401,
diabetes status or blood glucose [27, 31, 33, 34, 36, 41], alcohol
use [27, 35, 36, 38], total cholesterol [27, 36], low-density li-
poprotein cholesterol (LDL) [28, 36], high-density lipoprotein
cholesterol (HDL) [36], triglycerides [28, 36], waist circum-
ference [41], glomerular filtration rate (GFR) [41], C-reactive
protein (CRP) [36], ethnicity [37], place of residence [38], betel
nut chewing [25], fish consumption [38], obesity [40], renal
disease history [24], skin lesions [32], serum folate [37], uri-
nary cotinine levels [38], homocysteine [37], vitamin B2 [41],
B6 [41] or By, [37], change in creatinine between visits [34],
urinary lead levels [24], arsenobetaine [37, 38], (change in)
urinary total arsenic [33, 37], AS3MT polymorphism [37, 41],
and SOD2 polymorphism [24].

Hypertension and blood pressure

The four studies exploring SNPs in arsenic-related hyper-
tension or blood pressure, explored the following candidate
genes: APOE, [31] AS3MT, [31] CAT, [28] CBS, [31] CCM3, [36]
CYBA, [28, 31] GSTM1, [31] GSTO1, [31] GSTP1, [311GSTT1, [31]
HMOX1, [31] ICAM1, [31] IL6, [31] MTHEFR, [31] NOS3, [28, 31]
OGG1, [24] PNP, [31] S1PR1, [31] SOD2, [24, 28, 31] TNF, [31] and
VCAM1 [31]. See supplementary Table 5 for abbreviations,
alleles and consequences, and Table 2 for individual study
results). Compared to participants with low urinary arsenic
exposure (<8 ug/g creatinine) who were SOD2 or OGGI
reference allele homozygotes, those that were SOD2 (rs4880-
C) or OGGI (rs1052133-G) allele homozygotes or heterozy-
gotes did not have a significantly higher odds of hyperten-
sion at low urinary arsenic levels. However, people with
higher urinary arsenic levels (=8 ug/g creatinine) and the
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reference SOD2 [OR 3.1, 95%CI: 1.2-7.9] or OGG1 homozygous
alleles [OR 3.2, 95%CI: 1.4-7.4] had a significantly higher
hypertension odds relative to the low urinary arsenic
reference, which was even higher in participants who car-
ried the SOD2 (rs4880-C) [OR 4.2, 95%CI: 1.7-10.3, p<0.01] or
OGG1 (rs1052133-G) [OR 3.4, 95% CI:1.1-10.7, p<0.05] alleles
[24]. Findings from Hsueh et al. 2007 on CAE further sup-
ported these results for the SOD2 rs4880-C allele: hyperten-
sion odds for participants with high water CAE (=10.5 mg/
l-year) carrying the SNP was significantly higher (OR 9.0,
95 % CI: 2.3-35.0, p<0.05) compared to SOD2 reference allele
homozygotes and low CAE (<10.5 mg/l-yr), whilst the higher
hypertension odds for participants with the reference alleles
and high CAE was lower at OR 5.7 (95%CI: 1.6-20.9, p<0.05).
Furthermore, both NOS3 and CYBA variants were suggested
to play a role in susceptibility to arsenic-related hyperten-
sion, but not CAT (Table 2 for details) [28]. Evidence from the
HEALS study on 235 SNPs in 18 genes [31] found that 44 SNPs
interacted with water arsenic for one or more blood pres-
sure outcomes, including SNPs in the aforementioned genes
SOD2 (analyses did not include rs4880 or another strong
proxy for rs4880 [24, 28]), NOS3 (of which one of the same
SNPs as Hsueh et al. [rs1799983 [28]]) and CYBA (analyses did
not include rs4673 or another strong proxy [28]) [31]. How-
ever, after FDR adjustment, the only variant that had a sta-
tistically significant interaction (Q<0.05) with water arsenic
and annual pulse pressure was CYBA (rs3794624-A) in
recessive genetic models (B123 2.10 mmHg, 95 % CI: 1.01-3.20)
(Table 2) [31]. Finally, one study on variants in CCM3 iden-
tified interactions between rs9818496, rs3804610 and
rs6784267 and arsenic exposure with higher systolic blood
pressure (Table 2) [36].

Diabetes mellitus type 2 and gestational
diabetes mellitus

Studies on SNPs in arsenic-related T2DM included 128
unique candidate genes (supplementary Table 5) [32, 35, 38,
40, 41]. Two studies that solely focused on different SNPs in
the key enzyme catalysing the transfer of methyl groups to
arsenic, AS3MT, indicated that carriers of two SNPs
(rs10748835, rs11191439) were more likely to develop
arsenic-related DM (greater than additive with water
arsenic >52ppb and rs11191439-T alleles, approximately
multiplicative with water arsenic =52 ppb and rs17881215-C
alleles) compared to those carrying reference homozygous
alleles [40], and that the association between iAs% and
DMA% with HOMAZ2-IR varied depending on the AS3MT
(rs12768205) genetic variant (Table 2) [41]. A follow-up of a
cancer case-control study found statistically significant
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interactions (after correction for multiple comparisons)
between CDC123 (rs1051055), NOTCH2 (rs699780), and TCF2
(rs2688) — and a nominally significant interaction in
THADA (rs1549723) with arsenic-related T2DM when using
piecewise linear regression in the interaction model [32].
However, when assessing the subset of participants
exposed to water arsenic <148 ug/L, only NOTCHZ2
(rs699780) remained significant [32]. Interestingly, a non-
monotonic dose-response association was found in par-
ticipants with the NOTCHZ rs699780-C heterozygous or
homozygous alleles — whilst the dose-response association
in the reference allele homozygotes was approximately
linear [32]. Furthermore, a study on 354 SNPs found no
significant interactions with total urinary arsenic and the
included SNPs after correction for multiple testing. How-
ever, some nominally significant interactions were
observed: ILS8RA (rs1008563 [p-value 0.004], rs1008562 [p-
value 0.01]), TXN (rs4135168 [p-value 0.004]), NR3C2
(rs13117325 [p-value 0.007], (rs2137335) [p-value 0.01]),
COX5A (rs1133322 [p-value 0.01]) and GCLC (rs11415624 [p-
value 0.01]) (Table 2) [38].

One cross-sectional study on the combined effects of
N6AMTI and AS3MT SNPs and arsenic exposure on GDM
odds found no statistically significant combined effects be-
tween AS3MT SNPs and arsenic metabolism markers [37].
Odds of GDM were greater among those carrying the
N6AMTI rs1997605-G/ rs100367-G homozygous alleles and
lower urinary iAs%, lower MMA% and greater DMA%
compared to those carrying the reference homozygous and
heterozygous alleles. However, additive statistically signifi-
cant interactions were only found between N6AMTI
rs1997605/rs1003671 risk genotypes and lower iAs% or
higher DMA% (Table 2) [37].

Carotid atherosclerosis and carotid intima-
media thickness

Four studies explored genetic susceptibility to arsenic in
relation to carotid atherosclerosis [26, 27, 30] or CIMT [33] in
genes encoding well-known proteins involved in arsenic
metabolism (AS3MT, [27, 33] PNP [27, 33] and members of the
glutathione S-transferase (GST) superfamily of enzymes
[GSTM1, [30, 33] GSTO1, [27, 33] GSTO2, [27] GSTPI, [30, 33]
GSTT1, [30, 33]]), oxidative stress (HMOX1, [33] NOS3, [33]
SOD2, [33] CYBA [33]), or inflammation and endothelial
function (APOE, [33] TNF, [33] IL6, [33] ICAM1, [33] S1PR1, [33]
VCAM1 [33]), as well as a tumour-suppressive gene TP53 [30]
(which may play a role in vascular apoptosis), and the
combined effect of variants in APOE and MCP-1 [26].
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While none were statistically significant after adjusting
for multiple testing, there were 9 SNPs in APOE, AS3MT, PNP
and TNF that had a nominally statistically significant inter-
action with water arsenic in CIMT (Table 2), with joint
presence of the risk genotype and arsenic exposure having a
much greater difference in CIMT in comparison to the risk
genotype or high arsenic exposure alone [33]. In genotype
and haplotype analyses, participants with water arsenic
exposure >50 pg/L had a significant or nominally significant
interaction for carotid atherosclerosis risk with the PNP A-T
haplotype (listed rs1049564, rs1130650) [OR 2.08; 95%CI, 1.32—
3.30, P;,; 0.006], the AS3MT rs11191439 genotypic variant (OR
2.63, 95%CI: 1.00-6.92, P;,, 0.075), and the GST A-G-G haplo-
type (listed rs662, rs705379, rs7493) [OR 1.62; 95 % CI, 1.05-
2.50, P;,, 0.045] compared to a reference of arsenic exposure
<50 pg/L and the reference haplotype/genotype [27]. Those
who had both risk genotypes of APOE and MCP-1 and had
either high water arsenic exposure (>10 ug/L) or high cu-
mulative arsenic exposure (>0.22 mg/L-year), likewise, had
higher odds compared to participants who carried reference
genotypes and had low arsenic exposure, with ORs of 10.3
(1.0-102.5) and 15.7 (1.7-141.2) respectively [26]. Further an-
alyses indicate that participants with the GSTPI rs1695 or
TP53 1rs1042522 exposed to water arsenic >50 pg/L had
significantly higher odds of carotid atherosclerosis, with ORs
of 6.0 (95%CI: 3.3-10.7) and 3.1 (95%CI: 1.7-5.7) [highly sig-
nificant synergistic effect] respectively, compared to partic-
ipants with the reference alleles and water arsenic <50 pg/
L — whilst participants below <50 ug/L arsenic exposure had
no significant difference in risk and those at >50 pg/L arsenic
exposure with reference alleles had lower ORs of 2.7 (95%CI:
1.5-4.5) for GSTP1 and 1.4 (95%CI: 0.7-3.0) for TP53 respec-
tively (Table 2) [30].

Metabolic syndrome

One study focused on metabolic syndrome and the GSTO1
rs4925 SNP [25], which was the only study to explore SNP-
arsenic-disease interactions utilising arsenic metabolism
markers PMI, SMI, MMA% and DMA% (other studies only
explored tAs or iAs). The study findings suggest that partici-
pants with lower PMI and the GSTO1 rs4925-D homozygous
plus heterozygous alleles had significantly higher odds of
MetS (OR 4.00, 95%CI: 1.65-9.71, p=0.002) compared to those
with higher PMI and reference homozygous alleles — with
those exposed to lower PMI and carrying reference alleles
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having lower MetS odds (OR 2.03, 95%CI: 1.03-4.01, p=0.04)
[25]. Lower MMA%, and higher SMI or DMA% were also
associated with MetS — with some suggestive evidence that the
association may be modified by GSTO1 genotype (Table 2) [25].

Obesity

One study focused on arsenic-related obesity and genetic
variation in genes of the Endothelin (EDN) system (EDNI,
EDN2, EDN3, EDNRA, EDNRB), selected as i) endothelin is able
to regulate adiponectin levels (thus may impact obesity), and
ii) EDN receptors have been reported as potential factors
mediating arsenic-related adipocyte dysfunction [39]. Two
SNPs in the EDNRB gene (rs3759475, rs5351) had lower odds of
obesity in participants carrying the EDNRB variant alleles
compared to the reference homozygous alleles at high blood
arsenic levels (=50 nmol/L), with ORs of 0.51 (95 % CI: 0.32—
0.82) and 0.53 (95%CI: 0.33-0.85) for those carrying rs5351-A
and rs3759475-C homozygous plus heterozygous alleles
respectively [39]. However, the associations were not statis-
tically significant at medium (20-50 nmol/L) or low (<20 nmol/
L) arsenic levels (Table 2) [39].

Cardiovascular disease and ECG
abnormalities

The two studies with a focus on arsenic with CVD (including
CHD, stroke) or ECG abnormalities (in line with MI or
ischemia, conduction defect, arrhythmia, atrial enlargement
or ventricular hypertrophy, prolonged ventricular repolar-
ization) included the following candidate genes: APOE, [34]
AS3MT, [29, 34] CBS, [34] CYBA, [34] GSTM1, [34] GSTO1, [29,
34] GSTOZ [29] GSTP1, [34] GSTT1, [34] HMOX1, [34] ICAM1,
[34] IL6, [34] MTHFR, [34] NOS3, [34] PNP, [34] PONI, [29]
PONZ [29], S1PR1, [34] SOD2, [34] TNF, [34] and VCAMLI. [34] A
constructed PON R-C-S haplotype [PONI1 (rs662), PONI
(rs705379), PON2 (rs7493)] had synergistic interaction effects
with cumulative arsenic exposure and ECG abnormalities.
Mlustratively, those with the R-C-S haplotype and cumulative
arsenic exposure >14.7 ppm-yr had a statistically significant
(p=0.014) higher odds (OR 19.19, 95%CI: 1.86-197.76) when
compared to those without the R-C-S haplotype exposed
to <14.7 ppm-yr cumulative arsenic, whilst those with the
R-C-S haplotype and <14.7 ppm-yr cumulative arsenic expo-
sure and those without the haplotype and >14.7 ppm-yr
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Figure 2: Genes and molecular pathways reported to interact with arsenic exposure to affect risk of arsenic-related adverse cardiometabolic outcomes.
After ingestion, iAs (predominantly iAs>* in drinking water) is absorbed in the gastro-intestinal tract and undergoes a series of reduction-oxidation and
methylation steps to generate monomethylated arsenic (MMA) and, subsequently, dimethylated arsenic (DMA) species, whereby DMA®* is the human
biomethylation end-product. Biological mechanisms underlying adverse cardiometabolic outcomes have largely been hypothesised to be related to an
increase in reactive oxygen species (ROS) activity. Different molecular pathways (arsenic metabolism, DNA damage, endothelial (dys)function, oxidative
stress / defence, inflammation / immune function) are in dark blue and genes for which SNPs were identified to interact with arsenic exposure on risk
adverse arsenic-related cardiometabolic outcomes are in light blue/grey (Table 3).

cumulative arsenic exposure did not have any statistically
significant higher odds of ECG abnormality (OR 1.57, 95%CL:
0.19-13.00; and 4.27, 95%CI: 0.83-22.08 respectively) [29].
Furthermore, a case-cohort study nested in HEALS found
only two (out of 170) SNPs had statistically significant mul-
tiplicative interactions for water arsenic related CVD. Par-
ticipants with the ICAM (rs281432) and VCAM1 (rs3176867)
variant alleles and > 45 pg/L water arsenic exposure had
adjusted hazard ratios (aHRs) of 2.98 (95%CI: 1.87-4.77) and
213 (95%CI: 1.37-3.31) respectively compared with those
carrying the reference ICAM and VCAM1 alleles and <45 pg/L
water arsenic exposure. These aHRs were higher than par-
ticipants with >45 pg/L not carrying the variants, who had
aHRs of 1.67 (95%CI: 1.14-2.43) and 1.30 (95%CI: 0.83-2.05) for
ICAM and VCAMI1 respectively (Table 2) [34].

Overall results

Table 3 summarises all the SNPs which were found to have
statistically significant interactions with arsenic exposure in

relation to cardiometabolic outcomes. Other studies
exploring the same SNP but reporting a non-significant
result (for the same or a different cardiometabolic outcome),
were also listed to provide appropriate context. For each
gene (product) information is provided on the biological
roles and processes the gene (product) is thought to be
involved in (Figure 2, Table 3).

Discussion

To our knowledge, this is the first systematic review syn-
thesising the evidence on genetic susceptibility to adverse
arsenic-related cardiometabolic outcomes (i.e., genetic in-
teractions with arsenic exposure). Across 676 SNPs in 148
genes assessed in 18 candidate gene studies, 40 SNPs in 24
genes, 4 haplotypes and combined SNPs in MCP-1/APOE,
were indicative of SNP-arsenic interactions associated with
adverse cardiometabolic outcomes. Polymorphisms that
were reported to significantly interact with arsenic in rela-
tion to cardiometabolic outcomes or to result in higher/lower
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susceptibility to arsenic, were predominantly affecting
genes involved in arsenic metabolism (ASSMT, GSTOI,
GSTP1, N6AMT1, PNP), oxidative stress or defence (COX5A,
CYBA, GCLC, NOS3, SOD2, TXN), DNA damage repair (OGG1),
endothelial (dys)function, inflammation or immune func-
tion (APOE, EDNRB, NOTCH2, IL8RA, ICAM, MCP-1, TNF,
VCAM1I), tumour suppressor activity (TP53), or have been
previously implicated in influencing the cardiovascular
related physiological response (CCM3), diabetes mellitus
(CDC123, COX5A, ILRA8 NR3C2, TCF2), or atherosclerosis
(PON, TP53). Importantly, most SNPs were only investi-
gated in a single study and only one SNP (SODZ2 rs4880) had
been tested for replication with the same cardiometabolic
outcome (hypertension), albeit different arsenic exposure
metrics (urinary arsenic [24], water CAE [28]). Overall,
there is a lack of high-quality studies exploring the in-
teractions between genetic variations and environmental
arsenic exposure in relation to cardiometabolic diseases, as
well as a shortage of replicated findings across existing
studies.

In 2012 the first genome-wide association study (GWAS)
on arsenic-related toxicity phenotypes was performed in the
HEALS study [43], identifying two genetic variants in ASSMT
(rs9527, rs11191527) that had independent associations with
arsenic metabolism (appearing to impact DMA production
[44]), of which one (rs9527) was also shown to interact with
arsenic to influence incident skin lesion risk [43]. A more
recent HEALS GWAS reported suggestive evidence for an
additive interaction with arsenic for a protein-altering
variant of forminotransferase cyclodeaminase [FTCD]
(rs61735836) — a SNP located in a gene important for histidine
catabolism which generates one-carbon units [9]. These
studies provide evidence for the relevance of arsenic meta-
bolism in arsenic toxicity phenotypes, as well as the
involvement of the one-carbon/folate cycle in arsenic
metabolism and toxicity [9, 43, 45]. However, the candidate
genes studies identified in this review reported only nomi-
nally significant SNP-arsenic interactions for AS3MT (rs9527)
and for SNPs in other genes involved in arsenic metabolism
inrelation to CVD and DBP (which did not remain significant
after multiple comparisons adjustment) [31, 34], no signifi-
cant arsenic-SNP interaction for AS3MT (rs11191527) with
CVD [34], and did not include FTCD (rs61735836) in any study.
Nevertheless, the current finding that multiple SNPs in
A3SMT interact with arsenic exposure in relation to car-
diometabolic outcomes [33, 40, 41], coupled with existing
epidemiological and experimental evidence on the role of
arsenic metabolism in disease progression [46, 47], suggests
that genetic variants in the arsenic metabolism pathway
likely modulate arsenic’s effect on cardiometabolic disease.
Involvement of the exact genetic variants influencing
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arsenic metabolism need to be further confirmed in studies
with substantially greater power to detect interaction effects
relevant to cardiometabolic health.

Within this study, several genes related to oxidative
stress have been proposed to be involved in the differential
susceptibility to arsenic-related cardiometabolic disease. For
example, in two studies CYBA, which encodes a subunit of
the NADPH oxidase involved in ROS generation, was found
to have a significant interaction with arsenic exposure in
relation to hypertension and blood pressure [28, 31]. Inter-
estingly, in vitro studies have indicated that NADPH oxidase
activity and subcellular localisation can also be influenced
by arsenic [48, 49]. Furthermore, two other studies identified
potential interaction effects between SOD2, a superoxide
dismutase, and arsenic in relation to hypertension [24,
28] — suggesting SOD2 may limit mitochondrial defence ca-
pacity against ROS. Considering that arsenic is able to induce
the generation of ROS, and ROS has been implicated in
atherosclerosis and CVD development [50], it seems biolog-
ically plausible that genetic variants affecting oxidative
stress may influence the effect of arsenic on cardiometabolic
outcomes [34].

Importantly, all gene-arsenic studies identified, focused
on candidate gene SNPs that were selected a priori, which
should be evaluated with caution [51-53]. By selecting genes
a priori, the roles of other (unknown) SNPs potentially
relevant for arsenic susceptibility cannot be included.
Notably, in well-powered GWAS analyses of complex phe-
notypes, robust, replicable, signals were often different from
genes hypothesised to be related to an outcome in candidate
gene studies [54-56]. Thus, candidate genes previously
hypothesised to be implicated in a disease have often shown
limited evidence for association in well-powered large
GWAS. In absence of additional supporting evidence, this
may suggest that candidate genes hypothesised to influence
arsenic susceptibility in relation to cardiometabolic disease
may not be “truly” associated with arsenic-related car-
diometabolic disease [51, 52]. Furthermore, the gene-arsenic
candidate gene studies described in this review are likely
substantially underpowered to observe “true” associations
of the small effect sizes in complex traits or diseases
(candidate gene-environment studies [cGXE] studies often
assume larger effect sizes than appropriate when basing the
effect size on the environmental exposure of the effect) [52].
Whilst this may seem to be in contrast with the statistically
significant findings reported in this review, candidate gene
studies are simultaneously inherently prone to false posi-
tives as they focus on a small number of variants out of
millions of possibilities. Given this low prior probability,
strong statistical evidence is required - including the use of
appropriate multiple testing thresholds and replication of
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findings across different studies [51, 52, 57]. Yet, across the
included studies there was a complete lack of replication of
observed SNP-arsenic interactions for the same car-
diometabolic outcome, and multiple testing adjustments
were often only made for all SNPs included in the study
instead of all plausible genetic variants. Studies that did
explore the same SNP but on different outcomes or arsenic
species did not consistently report results in the same di-
rection. Thirdly, cGxE studies are often marred by statistical
inaccuracies that most cGxE studies do not account for: i)
transformations of the arsenic exposure scale can alter ev-
idence of multiplicative interaction terms [51], ii) covariate-
gene and covariate-arsenic terms are often not included in
models, preventing the proper adjustment of the impact of
covariates on interaction terms [51], and iii) multiple com-
parisons may make erroneous inferences more likely which
needs to properly adjusted for [51, 52].

Limitations in the ascertainment of arsenic exposure
can also influence uncertainty levels when assessing the
arsenic-SNP interactions. For example; i) the use of envi-
ronmental media may not accurately reflect “true” arsenic
exposure due to the exclusion of other exposure routes, ii)
studies using elemental analysis instead of speciation anal-
ysis may not accurately account for arsenic species consid-
ered non-toxic (e.g., arsenobetaine), iii) studies that
measured arsenic at one time-point without taking into
consideration changes in exposure may have an inaccurate
perception of “true” chronic exposure, or iv) studies that
measured arsenic at a community, county or state level or
estimated arsenic based on a geographical location may not
accurately reflect individual exposure. Such potential
exposure misclassifications could result in the underesti-
mation of the assessed associations if the misclassification
was non-differential by the outcome of interest.

This systematic review has various limitations. First, the
available evidence was limited in quality and replication,
complicating robust information synthesis and preventing the
performance of meta-synthesis. The lack of GWAS of SNP-
arsenic interactions on cardiometabolic outcomes has pre-
vented robust discovery. Secondly, most studies were con-
ducted in Taiwan and Bangladesh. This may influence the
generalisability of results across different study populations
as different populations may have different genetic ancestry,
and demographic histories including arsenic exposure. Like-
wise, the lack of ethnically diverse populations may risk
missing genetic variations that increase arsenic tolerance. For
example, some Andean populations that have been exposed to
arsenic over the past 7000 years are reported to carry genetic
variations that increase arsenic metabolism efficiency and
reduce susceptibility [58, 59]. Thirdly, whilst this systematic
review was not able to formally assess the influence of
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publication bias, the presence of publication bias (i.e., lack
of publication of negative or null results, including un-
published results in publications that were published) is
likely increasing the number of false-positive gene-arsenic
findings [51, 52]. Despite this, this systematic review has
several strengths, including a broad definition of car-
diometabolic outcomes, a detailed comprehensive search
strategy to gather available evidence, and no restriction in
terms of language or publication date.

Conclusions

There is a lack of high-quality studies examining the inter-
play between genetic variations and environmental arsenic
exposure in relation to cardiometabolic diseases, along with
a lack of replicated results across current research. Variants
proposed to contribute to differential arsenic susceptibility
were found in genes related to arsenic metabolism, oxidative
stress and defense, endothelial function, DNA repair, tumor
suppression, inflammation or immune response, or were
previously linked to cardiometabolic diseases. Whilst the
involvement of many of these pathways appear biologically
plausible, further research in large prospective cohort
studies that use genome wide GXE analyses and are con-
ducted in ethnographically diverse cohorts, combined with
in vivo and in vitro studies that identify or confirm the
functional impacts of identified SNPs, are needed to further
understand the interplay between arsenic and genotypic
variants in relation to cardiometabolic disease. Further-
more, considering the polygenic nature of cardiometabolic
outcomes and the low statistical power in single marker
GWAS, further research should consider the use of genome-
wide composite measures (polygenic scores [PGSs]) in GXE
analyses [60].
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