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In the past decades, exposure to environmental metal contaminants (eg, arsenic, 
lead, cadmium, and mercury) through groundwater, food, soil, and ambient air 
has become a global public health concern.1 In this regard, arsenic—one of the 

most abundant environmental metals worldwide—affects >200 million people in 
>70 countries solely by drinking water route.2 While a high level of chronic inor-
ganic arsenic (iAs) exposure has previously been linked with a range of neoplastic 
and non-neoplastic conditions,2 emerging evidence suggests that low-to-moderate 
levels of arsenic (eg, level of exposure common in many global regions) might be 
associated with cardiovascular disease (CVD),3 its key risk factors (eg, hypertension4 
and diabetes mellitus2), and subclinical end points (eg, QT-interval prolongation or 
subclinical atherosclerosis).5

Nevertheless, uncertainties regarding this intriguing link remain. For example, 
it is unclear (1) what are the relative contributions for various exposure pathways 
(eg, water, foods, and air), (2) which exact pathophysiological mechanisms lead to 
arsenic-related adverse CVD consequences, (3) whether arsenic is related directly 
to cardiac functioning or secondarily through a worse cardiometabolic profile, (4) 
what is the shape of association with the CVDs for the whole spectrum of arsenic 
exposure (eg, low versus moderate levels), and (5) if an observational association 
between low/moderate arsenic levels and CVD is causal.2 The suggested pathways 
for environmental arsenic exposure, it’s metabolism, key determinants, and poten-
tial clinical consequences have been summarized in the Figure.

Briefly, after absorption from the gastrointestinal tract in the blood stream, tri-
valent and pentavalent iAs (iAsIII and iAsV) are consecutively methylated by AS3MT 
(arsenic methyltransferase) in monomethylated (monomethylarsonic acid) and 
dimethylated (dimethylarsinic acid) compounds.6 These metabolites may differ in 
their toxicity dependent on chemical form. For example, higher %monomethyl-
arsonic acid and (however, conversely) lower %dimethylarsinic acid have shown 
to be associated with adverse CVD outcomes.7 Numerous potential cardiotoxic 
effects of arsenic have been suggested, including scarce evidence on altered car-
diac geometry.6,8–10 In animal studies, female mice exposed to drinking water con-
taining 100 ppb sodium arsenite for 22 weeks showed a 43% increment in left 
ventricular (LV) mass and a relative wall thickness ≥0.45, indicating concentric LV 
hypertrophy (LVH).8 Additionally, rats fed on arsenic revealed alterations in LV sys-
tolic and end diastolic blood pressure, impaired cardiac contractility, hypertension, 
and increase in myocyte fibrosis and apoptosis.6 In human epidemiological studies, 
Bangladeshi adult arsenicosis patients showed abnormal ECG features indicative 
of LVH,9 and Mexican children exposed to elevated arsenic had higher LV mass and 
lower systolic function in a small cross-sectional study.10
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LVH, LV systolic dysfunction, and LV diastolic dys-
function provide strong prognostic information on 
clinical CVD outcomes and are considered as effective 
surrogate markers for these events.5,11 Moreover, iden-
tification of abnormal transthoracic echocardiography 
measurements, such as LVH, in asymptomatic patients 
can favorably affect adverse trends through efficient 
primary and secondary preventative interventions.12 
Despite this, experimental and epidemiological evi-
dence of cardiac anatomic and functional alterations in 
populations with arsenic exposure is limited and nonex-
istent in adult human populations.6,8–10

In this issue of Circulation: Cardiovascular Imaging, 
Pichler et al5 present findings from the SHFS (Strong 
Hearth Family Study), usefully extending the relevant 
evidence base by analyzing the longitudinal, popula-
tion-based cohort study (SHS [Strong Heart Study]). The 
authors evaluate the association of arsenic exposure 
with LV function and cardiac geometry in American 
Indian adults (<50 years; n=1337) exposed to low-to-
moderate arsenic drinking water levels. The sum of 
inorganic and methylated urinary arsenic concentra-
tions (ΣAs) was used as the biomarker of internal expo-
sure at baseline. Transthoracic echocardiography was 
performed to assess various measures of cardiac geom-
etry and function at baseline and follow-up (mean, 
5.6 years). The authors reveal that ΣAs was associat-

ed with prevalent LVH in all participants with an odds 
ratio (95% CI) of 1.47 (1.05–2.08) per 2-fold increase 
in ΣAs. Higher odds were observed among pre-/hyper-
tensive individuals (1.58 [1.04–2.41]). No association 
was found with incident LVH. Continuous measures 
of LV geometry and LV functioning (stroke volume and 
isovolumic relaxation time) were significantly related 
to ΣAs both cross-sectionally and prospectively. Inter-
estingly, at follow-up, the associations of ΣAs with LV 
mass index and LV posterior wall thickness were attenu-
ated resulting in a negative annual change.5

We commend the authors for this effort and for pro-
viding pioneering insights on potential roles of arsenic 
on LVH, LV systolic dysfunction, and LV diastolic dys-
function in an adult, community-dwelling population. 
Nevertheless, several (albeit minor) limitations and 
some unresolved aspects merit careful consideration.

First, although commonly used as biomarker, urinary 
arsenic reflects recent exposure, generally from the pre-
vious day.13,14 Due to a single measurement of arsenic in 
this study at baseline, statistical analysis cannot account 
for changes of arsenic exposure over time nor can a 
temporal relation (short term and long term) between 
arsenic exposure and outcome be conclusively estab-
lished. Additionally, inadequate power of this analysis 
(eg, <50 incident LVH outcomes), owing to the insuffi-
ciently prolonged follow-up of a relatively young cohort 

Figure.  Summary of the suggested pathways for environmental arsenic exposure, its metabolism, key determinants, and potential clinical consequences.  
AS3MT indicates arsenic methyl transferase; AsB, arsenobetaine; AsC, arsenocholine; AsS, arsenosugars; BMI, body mass index; DMA, dimethylarsinic acid; iAs, 
inorganic arsenic; and MMA, monomethylarsonic acid.
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with low CVD burden, may have influenced both pro-
spective arsenic LVH and arsenic metabolite findings. 
Nonetheless, prior studies in the SHS study showed 
an intraclass coefficient of 0.64 for repeat measure-
ments of total urinary arsenic between study visits over 
10 years, providing some assurance about the urinary 
arsenic as a measure of usual arsenic exposure. As 
the authors also accurately pointed out, prevalence of 
hypertension and CKD, that is, established risk factors 
for LVH, was low in this population, highlighting the 
need for further assessments in other populations with 
higher burden. Further caveats for interpretation arise 
from reverse causation (in the cross-sectional element) 
and residual confounding (in the prospective part).5 
Therefore, to reinforce these findings, future research 
should consider using (1) objective, noninvasive bio-
markers of long-term exposure (such as toenail arsenic 
concentrations), (2) additional repeat measurements 
of arsenic to account for possible intraindividual and 
interseasonal variations, and (3) large, sufficiently pow-
ered studies with prospective design.

Second, individuals are exposed daily to a mixture 
of co-occurring environmental metals (eg, arsenic, cad-
mium, lead, and selenium) that often interrelate in vivo. 
As a result, cardiotoxic or beneficial effects between 
metal species may be altered by, for example, changes 
in bioaccessibility.15 Exposure to individual metals has 
been independently associated with CVD risk and LV 
function in earlier studies. Baseline blood lead concen-
trations were significantly positively associated with 
CVD mortality in the National Health and Nutrition 
Examination Survey while selenium status showed a 
significant inverse association with CVD risk in a meta-
analysis of prospective studies.16,17 Therefore, possible 
interactions (eg, synergism, additivity, or antagonism) 
across multiple co-occuring metal species may confer 
CVD risk importantly. In this regard, while Pichler et al 
did include tungsten and uranium in sensitivity analy-
ses, research involving concurrent exposure with other 
relevant heavy metals in relationship with CVD risk, in 
general, and cardiac geometry/LV functioning, in par-
ticular, is largely missing in the existing literature. This 
is despite major potential implications on cardiotoxic 
impact.15 Such studies (eg, CAPABLE18 in Bangladesh) 
are currently underway.

Third, the relative abundance of internal arsenic 
species reflected in biomarkers varies across individu-
als. Differences in metabolism and susceptibility to 
arsenic are reported to be influenced by factors as age, 
sex, nutrition, and genetic alterations combined with 
exposure history (Figure).2,19 Furthermore, in addition 
to iAs in water, individuals can be exposed arsenic spe-
cies from a variety of external sources (such as com-
mon food items). For instance, arsebobetaine, with a 
shorter half-life and little toxicity, often occurs in sea-
foods. Speciation of arsenic metabolites in biomarkers 

thus needs to be able to separate the contribution of 
iAs and other arsenic species from a variety of sources. 
To characterize biological pathways comprehensively 
and to identify subpopulations susceptible to toxicity, it 
is important to further elucidate the complex interac-
tions between genes and environmental factors driving 
arsenic-related CVD.2 However, as the study by Pichler 
et al5 lacked such level of detail, future studies are war-
ranted in these regards. Such detailed work involving 
evaluation of the external sources will inform target-
ed interventions and thereby context-specific public 
health action.

Finally, as the majority of available evidence (includ-
ing the study by Pichler et al5) are based on obser-
vational studies, causal evaluation of these intriguing 
associations will require next-generation, multidimen-
sional studies that can usefully combine genetic, envi-
ronmental, and clinical evidence collected from the 
same participants. For example, to evaluate whether 
any observational associations between arsenic spe-
cies and CVD are causal, genetic variants known to 
be associated with arsenic can be used as instrumen-
tal variables for Mendelian randomization analyses. 
By instrumenting arsenic using genetic variants spe-
cifically associated with arsenic species, the potential 
confounding and reverse causation in observational 
analyses can be avoided. In this regard, variants near 
the AS3MT and FTCD genes have previously been 
reported to be associated with arsenic species.2,19 Vari-
ous ongoing efforts (eg, BRAVE [Bangladesh Risk of 
Acute Vascular Events]20) should be able to shed fur-
ther light on the causal relationship between arsenic 
species and CVD.

In conclusion, while this elegant analysis by Pichler 
et al5 helps to clarify the observational associations of 
iAs with LV geometry and function, it stimulates further 
complimentary work. Such studies would be essential 
since CVD remains the single leading cause of adult 
premature death worldwide, and millions of individu-
als globally are exposed to arsenic and other metal 
contaminants.

ARTICLE INFORMATION

Correspondence
Rajiv Chowdhury, MBBS, PhD, Cardiovascular Epidemiology Unit, Department 
of Public Health and Primary Care, University of Cambridge, 2 Wort’s Causeway, 
Cambridge CB1 8RN, United Kingdom. Email rajiv.chowdhury@phpc.cam.ac.uk

Affiliation
From the Cardiovascular Epidemiology Unit, Department of Public Health and 
Primary Care, University of Cambridge, United Kingdom.

Disclosures
Dr Chowdhury is Co-Principal Investigator of a Research Council UK project 
CAPABLE, which aims to investigate arsenic in relation to cardiovascular disease 
health in Bangladesh. The other authors report no conflicts.

D
ow

nloaded from
 http://ahajournals.org by on February 14, 2020

mailto:rajiv.chowdhury@phpc.cam.ac.uk


Chowdhury and van Daalen; Arsenic

Circ Cardiovasc Imaging. 2019;12:e009185. DOI: 10.1161/CIRCIMAGING.119.009185� May 2019 4

REFERENCES
	 1.	 Chowdhury R, Lawrence R, van Daalen K, Hawkes S, Feldmann J; Re-

search Councils UK–CAPABLE Programme on Environmental Hazards 
and Non-Communicable Diseases. Reducing NCDs globally: the under-
recognised role of environmental risk factors. Lancet. 2018;392:212. doi: 
10.1016/S0140-6736(18)31473-9

	 2.	 Minatel BC, Sage AP, Anderson C, Hubaux R, Marshall EA, Lam WL, 
Martinez VD. Environmental arsenic exposure: from genetic susceptibility 
to pathogenesis. Environ Int. 2018;112:183–197. doi: 10.1016/j.envint. 
2017.12.017

	 3.	 Chowdhury R, Ramond A, O’Keeffe LM, Shahzad S, Kunutsor SK, 
Muka T, Gregson J, Willeit P, Warnakula S, Khan H, Chowdhury S, Gobin  
R, Franco OH, Di Angelantonio E. Environmental toxic metal contaminants 
and risk of cardiovascular disease: systematic review and meta-analysis. 
BMJ. 2018;362:k3310. doi: 10.1136/bmj.k3310

	 4.	 Abhyankar LN, Jones MR, Guallar E, Navas-Acien A. Arsenic exposure and 
hypertension: a systematic review. Environ Health Perspect. 2012;120: 
494–500. doi: 10.1289/ehp.1103988

	 5.	 Pichler G, Grau-Perez M, Tellez-Plaza M, Umans J, Best L, Cole S, Goessler W, 
Francesconi K, Newman J, Redon J, Devereux RN, Navas-Acien A. Associa-
tion of arsenic exposure with cardiac geometry and left ventricular func-
tion in young adults evidence from the SHFS. Circ Cardiovasc Imaging. 
2019;12:e009018. doi: 10.1161/CIRCIMAGING.119.009018

	 6.	 Phan NN, Wang CY, Lin YC. The novel regulations of MEF2A, CAMKK2, 
CALM3, and TNNI3 in ventricular hypertrophy induced by arsenic exposure 
in rats. Toxicology. 2014;324:123–135. doi: 10.1016/j.tox.2014.07.010

	 7.	 Kuo CC, Moon KA, Wang SL, Silbergeld E, Navas-Acien A. The association 
of arsenic metabolism with cancer, cardiovascular disease, and diabetes: 
a systematic review of the epidemiological evidence. Environ Health Per-
spect. 2017;125:087001. doi: 10.1289/EHP577

	 8.	 Sanchez-Soria P, Broka D, Monks SL, Camenisch TD. Chronic low-level 
arsenite exposure through drinking water increases blood pressure and 
promotes concentric left ventricular hypertrophy in female mice. Toxicol 
Pathol. 2012;40:504–512. doi: 10.1177/0192623311432297

	 9.	 Ahmad SA, Khatun F, Sayed MH, Khan MH, Aziz R, Hossain MZ, Faruquee  
MH. Electrocardiographic abnormalities among arsenic-exposed per-
sons through groundwater in Bangladesh. J Health Popul Nutr. 2006;24: 
221–227.

	10.	 Osorio-Yáñez C, Ayllon-Vergara JC, Arreola-Mendoza L, Aguilar-Madrid G, 
Hernández-Castellanos E, Sánchez-Peña LC, Del Razo LM. Blood pres-
sure, left ventricular geometry, and systolic function in children exposed 
to inorganic arsenic. Environ Health Perspect. 2015;123:629–635. doi: 
10.1289/ehp.1307327

	11.	 Stewart MH, Lavie CJ, Shah S, Englert J, Gilliland Y, Qamruddin S, 
Dinshaw H, Cash M, Ventura H, Milani R. Prognostic implications of left 
ventricular hypertrophy. Prog Cardiovasc Dis. 2018;61:446–455. doi: 
10.1016/j.pcad.2018.11.002

	12.	 Echouffo-Tcheugui JB, Erqou S, Butler J, Yancy CW, Fonarow GC. Assess-
ing the risk of progression from asymptomatic left ventricular dysfunc-
tion to overt heart failure: a systematic overview and meta-analysis. JACC 
Heart Fail. 2016;4:237–248. doi: 10.1016/j.jchf.2015.09.015

	13.	 He K. Trace elements in nails as biomarkers in clinical research. Eur J Clin 
Invest. 2011;41:98–102. doi: 10.1111/j.1365-2362.2010.02373.x

	14.	 Marchiset-Ferlay N, Savanovitch C, Sauvant-Rochat MP. What is the best 
biomarker to assess arsenic exposure via drinking water? Environ Int. 
2012;39:150–171. doi: 10.1016/j.envint.2011.07.015

	15.	 Wen Y, Huang S, Zhang Y, Zhang H, Zhou L, Li D, Xie C, Lv Z, Guo Y, Ke Y, 
Wu T, Cheng J. Associations of multiple plasma metals with the risk of 
ischemic stroke: a case-control study. Environ Int. 2019;125:125–134. doi: 
10.1016/j.envint.2018.12.037

	16.	 Yuan Y, Xiao Y, Feng W, Liu Y, Yu Y, Zhou L, Qiu G, Wang H, Liu B, Liu K, 
Yang H, Li X, Min X, Zhang C, Xu C, Zhang X, He M, Hu FB, Pan A, 
Wu T. Plasma metal concentrations and incident coronary heart disease 
in chinese adults: the dongfeng-tongji cohort. Environ Health Perspect. 
2017;125:107007. doi: 10.1289/EHP1521

	17.	 Yang W, Zhang Z, Thijs L, Cauwenberghs N, Wei F, Jacobs L, Luttun A, 
Verhamme P, Kuznetsova T, Nawrot TS, Staessen JA. Left ventricular struc-
ture and function in relation to environmental exposure to lead and cadmi-
um. J Am Heart Assoc. 2017;6:e004692. doi: 10.1161/JAHA.116.004692

	18.	 Capable Bangladesh. Cambridge Program to Assist Bangladesh in Lifestyle 
and Environmental Risk Reduction. http://www.capable-bangladesh.org/. 
Accessed April 9, 2019.

	19.	 Pierce BL, Tong L, Dean S, Argos M, Jasmine F, Rakibuz-Zaman M, Sarwar  
G, Islam MT, Shahriar H, Islam T, Rahman M, Yunus M, Lynch VJ, Oglesbee  
D, Graziano JH, Kibriya MG, Gamble MV, Ahsan H. A missense variant 
in FTCD is associated with arsenic metabolism and toxicity phenotypes 
in Bangladesh. PLoS Genet. 2019;15:e1007984. doi: 10.1371/journal. 
pgen.1007984

	20.	 Chowdhury R, Alam DS, Fakir II, Adnan SD, Naheed A, Tasmin I, Monower  
MM, Hossain F, Hossain FM, Rahman MM, Afrin S, Roy AK, Akter M, Sume SA,  
Biswas AK, Pennells L, Surendran P, Young RD, Spackman SA, Hasan K,  
Harshfield E, Sheikh N, Houghton R, Saleheen D, Howson JM, Butterworth  
AS, Raqib R, Majumder AA, Danesh J, Di Angelantonio E; Cardiology 
Research Group. The Bangladesh Risk of Acute Vascular Events (BRAVE) 
study: objectives and design. Eur J Epidemiol. 2015;30:577–587. doi: 
10.1007/s10654-015-0037-2

D
ow

nloaded from
 http://ahajournals.org by on February 14, 2020




