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Abstract

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality worldwide and 

mounting evidence indicates that toxicant exposures can profoundly impact on CVD risk. 

Epidemiologic studies have suggested that arsenic (As) exposure is positively related to increases 

in blood pressure (BP), a primary CVD risk factor. However, evidence of whether genetic 

susceptibility can modify the association between As and BP are lacking. In this study, we used 

mixed effects models adjusted for potential confounders to examine the interaction between As 

exposure from well water and potential genetic modifiers on longitudinal change in BP over 

approximately 7 years of follow-up in 1137 subjects selected from the Health Effects of Arsenic 

Longitudinal Study (HEALS) cohort in Bangladesh. Genotyping was conducted for 235 SNPs in 

18 genes related to As metabolism, oxidative stress and endothelial function. We observed 

interactions between 44 SNPs with well water As for one or more BP outcome measures (systolic, 

diastolic, or pulse pressure (PP)) over the course of follow-up. The interaction between CYBA 
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rs3794624 and well water As on annual PP remained statistically significant after correction for 

multiple comparisons (FDR-adjusted p for interaction = 0.05). Among individuals with the 

rs3794624 variant genotype, well water As was associated with a 2.23 mmHg (95% CI: 1.14-3.32) 

greater annual increase in PP, while among those with the wild type, well water As was associated 

with a 0.13 mmHg (95% CI: 0.02-0.23) greater annual increase in PP. Our results suggest that 

genetic variability may contribute to As-associated increases in BP over time.
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Introduction

Arsenic (As) is a widespread, naturally occurring toxicant to which millions are exposed 

worldwide, primarily via contaminated drinking water sources [1-3]. In Bangladesh alone, 

an estimated 50 million individuals have been chronically exposed to drinking water 

containing As levels exceeding the World Health Organization limit of 10μg/L [1-3]. A 

growing body of evidence, including prospective studies, has linked As exposure to 

increased cardiovascular disease (CVD) risk, even at a lower levels of exposure (<100 μg/L) 

[4-6]. High blood pressure (BP) is a major risk factor for coronary heart disease and 

cerebrovascular disease and according to recent reports from the WHO, is a contributing 

factor in an estimated 7.5 million deaths annually worldwide [7,8]. When left uncontrolled, 

hypertension can cause a range of health effects including heart failure, renal impairment, 

peripheral vascular disease and visual impairment through damage to retinal blood vessels 

[7,8]. Recent work has supported associations between As exposure and preclinical 

indicators of CVD, including carotid intima media thickness, hypertension, and plasma 

markers of oxidative stress and endothelial dysfunction [9-12]. A recent case-control study 

reported that exposure to moderate levels of water arsenic (>40μg/L) was associated with a 

4-fold increased risk of CVD [13]. Evidence from longitudinal analyses and several cross-

sectional studies suggested that As exposure at both high and low levels increase risk of high 

BP [9,14].

However, evidence of whether genetic susceptibility can modify the association between As 

and BP are lacking. Arsenic likely influences a number of cellular pathways and 

mechanisms that may lead to increased BP [6,12]. Work from a growing number of both 

experimental and human studies have indicated that As can induce oxidative stress, which in 

turn, may alter gene expression, inflammatory responses, and endothelial nitric oxide 

production [15,16]. Greater As exposure has also been linked to increases in markers of 

endothelial dysfunction [10,17] indicative of a loss of vasomotor tone in the blood vessels 

that may increase risks of atherosclerosis, hypertension and CVD. Further, an individual’s 

ability to efficiently metabolize As is likely key to mitigating As’s potential adverse health 

effects. Thus, genetic variation in these cardiovascular-related physiological responses or As 

detoxification mechanisms could influence As-related increases in BP.
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We sought to investigate the contribution of environmental As exposure to elevated BP, a 

primary risk factor for CVD. In 2000, we established the Health Effects of As Longitudinal 

Study (HEALS), a large prospective study in Araihazar, Bangladesh to assess the long-term 

health effects of As exposure. In this study, we analyzed BP exposure in relation to repeated 

BP measurements in a subset of 1137 HEALS participants and used a panel of 235 

cardiovascular, oxidative stress and As metabolism SNPs in 18 genes to examine genetic 

susceptibility loci that may contribute to As-related increases in BP.

Methods

Study population

The parent study, the Health Effects of As Longitudinal Study (HEALS) is an ongoing 

prospective cohort study in Araihazar, Bangladesh described in detail previously [18]. 

Between October 2000 and May 2002, 11,746 married men and women ages 18-75 years 

were recruited into the original cohort. Individuals were required to be a resident of the 

study area for at least 5 years and drinking water primarily from one of the local tube wells. 

Baseline interviews were conducted to gather information regarding history of water well 

use, demographics, and lifestyle characteristics. The cohort has been actively followed 

approximately every two years since baseline, with the first three follow-up assessments 

occurring September 2002-May 2004, September 2004-May 2006, and June 2007-March 

2009, respectively. Follow-up assessments include a physical examination, collection of a 

urine sample, and a structured interview, following the same procedures used in the baseline 

interview. Informed consent was obtained from study participants and all study procedures 

were approved by the ethics committee of the Bangladesh Medical Research Council and the 

Institutional Review Boards of Columbia University and the University of Chicago.

At the time of this analysis, participants in this study (n= 11,746) had been followed on 

average for 6.6 years (range 0.9-8.3 years). Individuals who died before the first follow-up 

(n=107) were excluded, leaving a total of 11,639 subjects. Among these, we focused only on 

those on whom we had obtained a blood sample and had genotyped as part of a previous 

case-cohort study (n=1804) [11,19]. We excluded 553 individuals who did not have a 

baseline well water As measurement, in addition to 3 individuals who did not have a BP 

measurement at baseline and 69 without at least one follow-up BP measurements. We also 

excluded 42 individuals undergoing treatment for hypertension at baseline, for a final study 

population of 1,137 subjects. Of the 1,137 individuals who did not have CVD at baseline, a 

total of 311 incident cases of any CVD (including 169 coronary heart disease cases and 128 

stroke cases) occurred over the course of follow-up.

Measurements of As exposure

At baseline, water samples from local tube wells were collected in 20mL polyethylene 

scintillation vials after rinsing several times with groundwater. Samples were acidified to 

1% with high purity Optima hydrochloric acid (Fisher Scientific) for at least 48 h before 

analysis. Total As concentration was analyzed by high-resolution inductively-coupled 

plasma mass spectrometry (HR ICPMS), with a detection limit of <0.2 μg/L. The long-term 

reproducibility determined from consistency standards included with each run is relatively 
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stable over time [20-22]. Baseline well water As data were available for 100% of 

participants. Spot urine samples were collected in 50mL acid washed tubes from 1129 

(99.3%) of the participants in this substudy at baseline. Total As concentration was 

measured by graphite furnace atomic absorption (GFAA), with a detection limit of 2 μg/L, 

as previously described [23]. Previous work from this study population has shown that fish 

intake, the primary source of arsenobetaine, is very low. In the HEALS, the correlations of 

total urinary arsenic concentration with urinary arsenobetaine and arsenocholine 

concentrations were 0.13 and 0.06, respectively, and the correlation between total urinary 

arsenic and water arsenic was 0.70. These data suggest that seafood intake contributes very 

little to total urinary arsenic concentration in this study population and that arsenobetaine 

concentration is not a major contributor to total arsenic concentrations [24]. Urinary 

creatinine was analyzed by a colorimetric Sigma Diagnostics Kit to adjust for urinary 

dilution.

Blood pressure measurements

BP was measured at baseline and at each follow-up by trained clinicians using an automatic 

sphygmomanometer (HEM 712-C; Omron Healthcare GmbH), which has been validated to 

have 85 percent of readings falling within 10 mmHg of the mercury standard [25]. 

Measurements were taken with participants in a seated position after 5 minutes of rest, with 

the cuff around the upper left arm, in accordance with recommended guidelines. Two 

consecutive measurements were taken and the average of the two were used in our analyses. 

The reliability of BP measurements was high, with intraclass correlation coefficients ranging 

from 0.92 to 0.94 [26].

BP was measured at the first, second and third follow-ups with overall participation rates for 

the full cohort of 96.9%, 93.6%, and 92.2%. Information on medication use was collected at 

baseline and during each of the follow-ups. Study participants were asked about all 

medicines they were taking regularly, and anti-hypertensive medications were extracted and 

coded by trained interviewers. Measurements from individuals who began anti-hypertensive 

medication during the follow-up period were treated as missing for the visit when the use of 

anti-hypertension treatment was reported and for all subsequent follow-up measurements. 

The prevalence of anti-hypertensive use was relatively low with 7.5% (n=85), 9.2% (n=105) 

and 13.2% (n=150) reporting anti-hypertensive at the first, second and third follow-ups in 

the study population, respectively.

Selection of genes and single nucleotide polymorphisms (SNPs)

Candidate genes were selected based on their: 1) involvement in As metabolism, or 2) if 

they have been shown to modify associations between CVD and As exposure in previous 

epidemiologic studies, or 3) if As exposure has been associated with gene products (i.e. 

plasma sICAM-1 and sVCAM-1) identified as CVD predictors or risk factors in 

epidemiologic studies, as previously described [11,19]. A total of 18 candidate genes were 

chosen, including As metabolism genes Glutathione S-transferase Mu 1 (GSTM1), 

glutathione S-transferase theta 1 (GSTT1), glutathione S-transferase omega 1 (GSTO1), 

glutathione S-transferase pi 1 (GSTP1), methylenetetrahydrofolate reductase (MTHFR), 

cystathionine beta-synthase (CBS), purine nucleoside phosphorylase (PNP), and arsenite 
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methyltransferase (AS3MT); oxidative stress genes heme oxygenase 1 (HMOX1), nitric 

oxide synthase 3 (NOS3), superoxide dismutase 2 (SOD2), and cytochrome b-245, alpha 

polypeptide (CYBA); and inflammation and endothelial dysfunction genes apolipoprotein E 

(APOE), tumor necrosis factor (TNF), interleukin 6 (IL6), intercellular adhesion molecule 1 

(ICAM1), sphingosine-1-phosphate receptor 1 (S1PR1), and vascular cell adhesion molecule 

1 (VCAM1). As previously detailed [11,19], we used a comprehensive approach to select 

SNPs in the candidate genes of interest, including tag SNPs from International Hapmap 

Project [27] and SeattleSNPs [28], functional SNPs from the F-SNP database [29,30] and 

SNPs related to CVD risk and/or phenotypic markers of interest in the literature. A total of 

384 SNPs were genotyped using an Illumina GoldenGate assay; 27 SNPs were excluded due 

to assay failure. For quality control, 26 duplicate samples from 6 subjects were randomly 

distributed in the genotyping plate. Concordance rates for all assays were >99%. Of the 357 

SNPs, we removed 122 SNPs with a MAF <0.02 in the study population (under the 

assumption that only SNPs with an MAF ≥0.02 will maintain stability of effect estimates 

and statistical validity for interaction tests), leaving 235 SNPs in 18 genes for analysis.

Statistical analysis

We first conducted descriptive analyses to compare the distribution of demographic and 

lifestyle characteristics, As exposure and BP measurements, using Chi-square tests and 

analysis of variance (ANOVA) for categorical and continuous variables, respectively. In 

these descriptive analyses, we categorized participants by baseline SBP (i.e. <120 mmHg, 

normal or ≥120mmHg, pre-hypertensive to hypertensive).

We used longitudinal mixed effect models with a random slope and intercept for each 

subject to assess the association between baseline As exposure from well water and annual 

change in BP over time. The mixed effect model is a flexible modeling method for repeated 

measures data that accounts for within-subject correlation between baseline and follow-up 

BPs and that can account for imbalances in the number of follow-up measurements. We 

modeled BP as a continuous variable for each of the three outcomes; systolic blood pressure 

(SBP), diastolic blood pressure (DBP) and pulse pressure (PP). The latter is the difference 

between systolic and diastolic measurements and previously has been associated with CVD 

risk [31].

In order to investigate whether individual’s baseline water As level was associated with 

differences in longitudinal BP change, the mixed effect model was specified as follows:

[Model 

1]

where As0j is baseline water As as a continuous variable, with 100 μg/L as the unit of 

increase for ease of interpretation of the effect estimate. The standard deviation is 112 μg/L 

for water As. TIME is years since baseline at the time of BP measurement; β2 is the change 

in mean baseline BP for every unit increase in baseline water As levels; β12 is the difference 

in annual BP change over time for every unit increase in baseline water As level (i.e. the 

estimated effect of baseline As water levels on annual BP change; αT is a row vector of 
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regression coefficient estimates for covariates at baseline (T denotes vector transpose); and 

Z0j is a vector of potential confounders. The terms in the first and second brackets are the 

fixed and random parts of the model, respectively.

We then investigated whether the effects of As exposure on annual increase in BP differ by 

individual SNPs, by adding a three-part interaction term to the model, which was specified 

as follows:

[Model 

2]

where the term β3 represents the change in mean baseline BP by SNP genotypes, 

corresponding to additive, dominant, or recessive genetic models, β13 represents the 

difference in annual BP change over time associated with SNP genotypes, and β123 denotes 

the extent by which the effect of arsenic exposure on annual BP change differs by 

genotypes. In the additive genetic model, genotypes of each SNP were coded with values 0, 

1, or 2, corresponding to genotypes AA (wild-type homozygote), Aa (heterozygote), and aa 

(variant homozygote), respectively. In the dominant genetic model, genotypes Aa and aa 

were combined and compared to genotype AA, while in the recessive model, genotypes AA 

and Aa were combined and compared to genotype aa. Thus, we estimated the beta 

coefficients and their 95% confidence intervals (CIs) for the difference in annual BP change 

over the course of follow-up in relation to 1) a 100 μg/L increase in baseline well-water As, 

in the absence of a genetic variant (β12), 2) the presence of a genetic variant in the absence 

of As exposure (β13), and 3) the interaction effect of a 100 μg/L increase in As exposure and 

a genetic variant (β123). The statistical significance of the interaction for the additive, 

dominant and recessive models was the p-value for coefficient associated with the cross-

product term of time with each SNP and As exposure (β123). When the estimate for a cross-

product term for time, SNP and As exposure (β123) was negative, we reversed the coding to 

give a positive estimate, allowing for easier interpretation of the results. We focused on 

baseline water arsenic as our primary exposure variable because well water arsenic is the 

main source of exposure in the population and has been shown to be highly correlated with 

total urinary arsenic (0.70) in HEALS participants [24]. Further, baseline well water arsenic 

is a reflection of exposure to the index wells that participants had used for 8 years on 

average prior to baseline measurements [32]. Most of the participants did not change wells 

during the follow-up, although exposure was reduced in some highly exposed participants 

[32,33]. We chose covariates to include in our models based on a priori hypotheses and 

informed by our previous publications on the main effects of arsenic on longitudinal BP 

[32]. We adjusted our models for potential confounders including sex, age (years), body 

mass index (kg/m2) at baseline, educational attainment (years), smoking status (never, 

former, current), and diabetes status (yes/no) at baseline. We used smoking status at baseline 

in our models, as prior analyses have observed that smoking behavior does not change much 

over time in this population. Most (83-88%) of the current smokers at baseline remained as 

current smokers during follow-up, and current smoking status was not related to arsenic 

exposure in the overall population and use of ever smoking versus current smoking did not 

alter estimates of blood pressure change over time [32]. We used the false-discovery rate 
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(FDR) correction [34] to account for multiple comparisons of all SNPs and under all three 

models (additive, dominant, and recessive), although only results from dominant and 

recessive models are shown, as the results for the additive model were similar to those 

observed under the dominant models, but less robust overall. We did not present analyses 

for which 10 or fewer individuals possessed the variant genotype of interest (i.e. recessive 

models for some rarer variants). For each of the SNPs with an interaction tested at p < 0.01, 

we further estimated the annual change in BP associated with a 100μg/L increase in baseline 

well water As by different SNP genotype strata (Figures 1-3), by graphically representing 

the estimates for effect of arsenic in those without at-risk genotypes [β12 As0j (TIME)ij] and 

effect of arsenic in those with at-risk genotypes [β12 As0j (TIME)ij + β123 As0j Gij 

(TIME)ij] (See Model 2 above) with their corresponding 95% confidence intervals for non-

susceptible (SNP=0) versus susceptible (SNP=1) genotypes. All analyses were performed 

with SAS 9.3 (SAS Institute).

As a sensitivity analysis, we excluded individuals with incident CVD during the follow-up 

period and used the same models as described above for SNPs that were found to have 

statistically significant results (p-values prior to FDR adjustment) in the overall population. 

The overall trends and directionality were very similar and many of the p-values for the 

estimates remained statistically significant (data not shown). We also repeated the analyses 

using urinary As levels at baseline (in place of baseline water As levels) as our exposure 

variable and compared the main effect estimates for longitudinal BP change.

Results

The final study population was 1,137 participants, with available water As levels and data 

on BP at baseline and at least one follow-up visit. The median follow-up time was 6.6 years, 

ranging from 1.0 to 8.3 years. Of the study population, 1,069 participants had all four BP 

measurements (baseline and 3 follow-ups), 60 had three measurements (baseline and 2 

follow-ups) and 8 individuals had two measurements (baseline and 1 follow-up) in total.

Individuals with baseline SBP equal to or above 120mmHg tended to be older, male, and 

have slightly more years of education (Table 1). These individuals were also more likely to 

have been former or current smokers, have a history of diabetes and a slightly higher BMI. 

No differences were observed between these groups for water As or creatinine-adjusted 

urinary As at baseline or over the course of follow-up (Table 1).

We first examined the main effects of water As at baseline on annual BP outcomes over 

time. Similar to previously reported results [14], we observed that well water As was related 

to longitudinal increases in each of the three BP outcomes; a 100 μL increase in baseline 

water As was related to a greater increase in annual SBP (β12: 0.22mmHg, 95% CI: 0.08, 

0.36, p=0.002), annual DBP (β12: 0.10mmHg, 95% CI: 0.01, 0.19, p=0.04), and annual PP 

(β12: 0.13, 95% CI: 0.03, 0.24, p=0.01). We likewise observed a greater increase in annual 

BP in analyses using total urinary As at baseline as the exposure measure in mixed models 

adjusted for confounders including urinary creatinine, although the estimate for PP was 

somewhat attenuated in comparison to estimates from water As. A 100 μL increase in 

baseline urinary As was related to a greater increase in annual SBP (β12: 0.13mmHg, 95% 
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CI: 0.02, 0.24, p=0.02), annual DBP (β12: 0.12mmHg, 95% CI: 0.05, 0.19, p=0.001) and 

annual PP (β12: 0.02, 95% CI: −0.06, 0.10, p=0.62).

We found interactions for As and time (β12), each SNP and time (β13) and the interaction 

effect of As, time and SNP (β123) on SBP (Table 2), DBP (Table 3) and PP (Table 4), 

respectively. Overall, we observed interactions between 44 SNPs with As under either 

dominant or recessive models for at least one of the three BP outcomes over the course of 

follow-up with p-values <0.05 prior to FDR correction (Tables 2, 3, 4).

In particular, we detected several SNPs interactions with As exposure on annual SBP over 

the course of follow-up (Table 2). Under the dominant model, interactions with a total of 8 

SNPs in CBS, GSTM1, GSTP1, IL6, and SOD2 were observed with As exposure and annual 

increase in SBP. Under the recessive model, an additional 5 SNPs in APOE, CYBA, GSTT1, 

NOS3, and S1PR1 were found to have interactions with As exposure and annual SBP over 

time (Table 2). However, none of these associations remained significant after FDR 

adjustment for multiple comparisons.

Fifteen SNPs in the AS3MT, GSTM1, GSTP1, HMOX1, IL6, NOS3, and TNF genes were 

found to have interactions with As exposure and annual DBP increase over the course of 

follow-up in the dominant model (Table 3). We observed interactions for three additional 

SNPs in APOE, IL6, and PNP with As exposure and annual DBP increase in the recessive 

model (Table 3). None of these associations remained significant after FDR adjustment for 

multiple comparisons.

Interactions with 18 different SNPs in 9 genes of interest including AS3MT, CBS, GSTM1, 

GSTP1, IL6, NOS3, SOD2, TNF, and VCAM1 and water As for annual PP over time were 

statistically significant prior to FDR correction under the dominant model (Table 4). 

Additionally, interactions with 12 SNPs in 10 genes and water As under the recessive model 

were related to annual PP over time, including APOE, AS3MT, CBS, CYBA, MTHFR, NOS3, 

PNP, SOD2, TNF and VCAM1 (Table 4). These interactions did not remain statistically 

significant after correction for multiple testing with one exception -- a CYBA gene SNP 

(rs3794624) (β123: 2.10 mmHg, 95% CI: 1.01, 3.20) in the recessive model (Table 4).

In general, the additive models were less informative than the dominant or recessive models. 

However, under the additive model, we observed interactions between some SNPs and water 

As with annual SBP (CBS rs2124459, GSTM1 rs4147567), annual DBP (GSTM1 rs4147567, 

HMOX1 rs8139532, NOS3 rs1799983) and annual PP (AS3MT rs4290163, CBS rs2124459 

and rs234709, IL6 rs1524107, SOD2 rs12526686) over time at the p<0.01 level (data not 

shown).

We also graphically represented the association of As with annual increase in BP outcomes 

by genotype for interactions that were nominally significant at the p=0.01 level. We 

identified 5 interactions between As and SNPs that met these criteria and were associated 

with increases in SBP over time that were signficant at the p=0.01 level prior to FDR 

correction, including APOE rs429358, CBS rs2124459, CYBA rs3794624, GSTM1 

rs4147567 and IL6 rs1524107. Four As-SNP interactions significantly increased DBP over 

time at the p=0.01 level prior to FDR correction including GSTM1 rs4147567, GSTP1 
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rs6591256, HMOX1 rs8139532 and NOS3 rs1799983. Additionally, we identified 11 As-

SNP interactions that significantly increased PP over time at the p=0.01 level prior to FDR 

correction, including AS3MT rs4290163, CBS rs6586281, rs3788050, rs234709, and 

rs2124459, CYBA rs3794624 and rs13306296, IL6 rs1524107, PNP rs17882836, SOD2 

rs12526686 and TNF rs1800630. The graphs present the As-related change in annual in SBP 

(Figure 1), DBP (Figure 2) and PP (Figure 3) for individuals with either the wild-type/

reference genotype or the variant genotype, for those SNPs identified as significantly 

interacting with As to increase BP over time. For all SNPs, the annual As-related increase in 

BP was greater among those with the variant genotype, although the effects were greater, 

and statistically significant, among individuals with the CYBA rs3794624 variant genotype 

(Figures 1 and 3). Among individuals with the CYBA rs3794624 variant genotype, well As 

was associated with a 2.23 mmHg (95% CI: 1.14-3.32) greater annual increase in PP, while 

among those with the wild type, well As was associated with a 0.13 mmHg (95% CI: 

0.02-0.23) greater annual increase in PP (Figure 3).

Discussion

To our knowledge, the present study is among the first large epidemiologic studies to 

examine the relationship between As exposure from drinking water, genetic susceptibility 

factors and change in BP over time. In this study, we tested whether the association between 

water As and increases in BP over time differed by 235 SNPs in 18 genes related to As 

metabolism, oxidative stress, inflammation and endothelial function in a subset of 1,137 

HEALS participants. Our findings suggest that the joint effects of As exposure and genetic 

variability may significantly increase the risk of developing elevated BP over time. A total 

of 44 SNPs were observed to have nominally significant interactions with well water As in 

relation to elevations in BP parameters over the course of follow-up. In particular, the 

interaction between well water As and CYBA (rs3794624) in relation to PP over time 

remained significant after adjustment for multiple testing.

There is growing evidence that As exposure is associated with increases in BP. Several 

cross-sectional studies reported associations between As exposure and BP, but until recently, 

prospective data were lacking. A recent longitudinal study published by HEALS researchers 

reported that among nearly 11,000 individuals followed over nearly 7 years of follow-up, 

water and urinary As levels were associated with increases in BP over time [14]. The study 

reported that each 100 μg/L increase in baseline water As was significantly associated with a 

greater annual increase of 0.11 (95% CI: 0.05, 0.16) mmHg/year in SBP and 0.05 (95% CI: 

0.02, 0.08) mmHg/year in DBP, with similar increases associated with urinary As. We 

observed similar trends in increasing BP over time in our smaller dataset, although with less 

statistical precision.

We found a significant interaction between CYBA variant rs3794624 and As exposure that 

was associated with increases PP over the course of follow-up that was unlikely due to 

chance as a result of multiple comparisons. Elevated PP is thought to indicate increased 

vascular stiffness and endothelial dysfunction [35] and is an independent predictor of CVD 

risk [31,36]. In a previous cross-sectional study, As exposure was positively related to PP 

[26]. In our data there also was a suggestion of positive interactions between As exposure 
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and CYBA SNPs rs3794624 for SBP and rs13306296 for PP over time. The CYBA gene 

encodes the key p22(phox) subunit of the NADPH oxidase enzyme that is involved in the 

generation of reactive oxygen species. The SNP rs3794624 is located in an intron and not 

yet well characterized. However, this variant allele has been associated with an increased 

risk of ankle-brachial index, a noninvasive measure of peripheral arterial disease [37]. A 

number of SNPs have been identified in the CYBA promoter and exonic sequences, some of 

which can impact gene expression and NADPH activation [38,39] and could potentially 

increase production of harmful oxidants, increasing oxidative stress and thus impacting 

endothelial function. Although published reports have been conflicting, some studies have 

suggested that other SNPs in CYBA are associated with increased risks of atherosclerosis, 

essential hypertension and increases in carotid intima media thickness [38,40]. Furthermore, 

in vitro studies have shown that As exposure can stimulate NADPH oxidase activity and 

alter its subcellular localization and phosphorylation [41-45], increasing vascular smooth 

muscle DNA damage and cell migration [41] and in turn could affect in endothelial function. 

Given the literature supporting a role for As in the promotion of oxidative imbalance 

demonstrated both in vitro and in vivo [6,45], as well as its ability to deregulate NADPH 

oxidase [45], our observed interaction may represent a biologically relevant mechanism 

underlying alterations in endothelial function and in turn, long-term changes in BP, but will 

need to be validated in other studies.

Many of the SNP interactions we observed with As-related BP changes are consistent with 

findings that As can alter mediators of inflammation [6,12,46]. Multiple SNPs in key 

inflammatory mediators, including IL6, appeared to modify the association between As 

exposure and all three BP outcomes. Further, we observed significant positive interactions 

between water As and genes independently related to CVD risk, including the APOE variant 

rs429358, and each of the three BP outcomes. The APOE rs429358 variant C-allele has been 

associated with an increased risk of type 2 diabetes and altered lipid profiles [47-49] and 

when co-inherited with rs7412, has been associated with an elevated risk of heart disease 

[50]. We observed potential interactions with four NOS3 variants with As exposure and BP 

increase over time. NOS3 generates nitric oxide (NO) to promote vascular smooth muscle 

relaxation and some variants have been associated with increased risk of hypertension and 

coronary artery disease, with heterogeneity across ethnic groups [51,52]. Thus, the 

possibility that SNPs that increase inflammation or result in suboptimal vascular function 

may confer greater susceptibility to As’s adverse cardiovascular effects should be 

considered further.

Arsenic’s ability to generate reactive oxygen species (ROS) and increase oxidative stress has 

been experimentally demonstrated both in vitro and in vivo [6,45] and increases in ROS 

production are thought to aid the progression of CVD and atherosclerosis. SNPs in proteins 

that help to regulate ROS production may disrupt the balance between oxidizing and 

reducing species, increasing the likelihood of endothelial injury, inflammation and altered 

vascular tone [53]. In addition to CYBA rs3794624, we identified gene-As interactions for 

BP with other oxidative stress related genes. Multiple SNPs in SOD2, an antioxidant defense 

enzyme that helps clear superoxide, impacted annual SBP and PP over time. Four HMOX1 

variants, which encodes the heme oxygenase (HO) protein that influences vascular tone, 
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nitric oxide synthase function, and protects against inflammation and oxidative tissue 

damage [54], interacted with As exposure to increase annual DBP. Epidemiological studies 

have reported associations between As exposure and biomarkers of increased oxidative 

stress [55,56] and one cross-sectional study found greater risk of hypertension among As 

exposed individuals with polymorphisms in oxidative stress genes manganese superoxide 

dismutase (MnSOD) and 8-oxoguanine DNA glycosylase (OGG1), which were not among 

genes studied here [57]. Together, these data suggest that the reported oxidative stress SNPs-

As interaction effects on BP are biologically plausible, although the SNPs reported here 

were only nominally significant and require further investigation.

SNPs in genes that play a role in As metabolism may change an individual’s susceptibility to 

As’ toxic effects, by altering the rate of methylation and excretion. Three AS3MT variants, 

which catalyzes the conversion of iAs to methylated metabolites, appeared to modify the 

association between As and DBP and PP changes over time, but we could not exclude the 

possibility of chance associations. AS3MT SNPs have previously been associated with 

decreased gene expression, impaired As metabolism, and cancer risk [58,59]. In a recent 

GWAS, multiple AS3MT SNPs were associated with impaired metabolism of MMA to 

DMA and rs9527 was associated with increased risk of skin lesions, a classic sign of As 

toxicity [60]. For all three measures of BP over the follow-up, we also identified As-SNP 

interactions for GSTP1 and GSTM1, members of the glutathione-S-transferase family of 

enzymes that is involved in xenobiotic metabolism and has also been implicated in As 

metabolism [61]. Several variants in other As metabolism genes PNP, an enzyme that 

reduces arsenate, and CBS, involved in one-carbon metabolism and As methylation, were 

associated with As-related BP outcomes. Previous work identified associations between CBS 

variants and altered As methylation profiles in urine [62]. While it is plausible that variation 

in As metabolism genes could alter or enhance As’s impact on BP, further replication 

studies are needed.

Although the absolute difference in the rate of blood pressure change that we report here 

may be modest, there is evidence that small increases in blood pressure are important 

[63,64]. Evidence suggests that CVD risk rises continuously as both SBP and DBP increase 

from 115 mmHg and 75 mmHg, respectively [63]. Even a reduction in usual SBP of 2 

mmHg would potentially lower stroke mortality by 10% and lower mortality from IHD or 

other vascular causes in middle age by nearly 7% [63]. Therefore, although the differences 

in the rate of BP change associated with arsenic exposure, over time these increases may 

have a cumulative effect on the risk of clinical events, particularly among genetically 

susceptible subpopulations. Further, evidence is beginning to suggest that results from 

Bangladesh may be translated to populations with lower levels of exposure, such as the US. 

Within the HEALS population, we have reported that the relationships between 

conventional CVD risk factors and longitudinal change in BP were consistent with those of 

the literature [32]. Although no longitudinal studies have been done to assess the impact of 

arsenic on blood pressure change in the US population, there is growing evidence to support 

a role for arsenic in this context and at lower doses than those found in Bangladesh. A recent 

cross-sectional analysis of 2009-2012 NHANES data found that arsenic was associated with 

an increased risk of high blood pressure [65]. Work from the Normative Aging Study found 
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that increases in toenail arsenic were associated with increases in SBP and pulse pressure 

[66]. Further, a cross-sectional study among 405 villagers exposed to drinking water with 

low level arsenic (<50 μg/L), found that water arsenic was related to abnormal mean arterial 

pressure and pulse pressure [67]. Lastly, recent evidence from a prospective pregnancy 

cohort in New Hampshire reported an association between low-level arsenic exposure and 

greater pregnancy-related increases in blood pressure over time [68].

Strengths of this study include the relatively long follow-up period of ~7 years on average, 

over which we have multiple BP measurements and individual environmental exposure 

assessments for drinking water As at baseline. The prevalence of anti-hypertensive 

medication use is low in this population, so we were able to investigate BP changes in the 

relative absence of intervention. Further, we were able to assess a large number of genetic 

variants, including tagSNPs and functional SNPs that a priori might be expected to modify 

associations between As and blood pressure. The ethnic homogeneity of the population is an 

advantage, as it reduces bias from population stratification. On the other hand, our study has 

limitations. First, we performed many interaction analyses in order to test each SNP under 

multiple genetic models. Thus, it was necessary to correct for multiple testing to avoid 

detecting interactions due to chance. Due to the number of tests we performed, the p-values 

adjusted for multiple comparisons were much higher than the original p-values, thus only 

one remained significant after FDR correction. Second, it is possible that other genes or 

SNPs may play a role in BP and that other variants may interact with As exposure. Although 

BP measurements were obtained in nearly all participants, only a small subset of individuals 

had genetic information available for this study. However, the subset was randomly selected, 

and the distributions of demographic, lifestyle, and As exposure variables in our study 

population and in the overall cohort were very similar (data not shown). Third, it is possible 

that other risk factors, such as smoking behavior and diet, may have additional impacts on 

blood pressure over time. To account for these effects, we included smoking status in our 

model as a possible confounder. We did not include dietary factors such as western diet or 

sodium intake in this study, as other work from our group has shown that although these 

factors are related to increases in blood pressure over time, arsenic does not interact with 

dietary factors to increase longitudinal blood pressure in this population [69]. Fourth, the 

HEALS population is different from the US population and may have different underlying 

risk factors that could impact blood pressure changes over time, such as differences in 

lifestyle, dietary habits and other environmental factors. Despite these differences, a 

growing number of studies have suggested that arsenic exposure is a contributor to incidence 

and mortality from CVD [5,70,71], as well as blood pressure changes [65,68,71] in US 

populations. Further, the majority of HEALS subjects have been exposed to levels of As 

<100 μg/L, which are relevant to prevalent exposure levels in the US.

Lastly, approximately 75% of the study population was exposed to relatively low to 

moderate levels of well As (<150μg/L) and it is possible that genetic susceptibility may vary 

across doses.
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Conclusions

In a large prospective study, we found evidence of potential gene-environment interactions 

between As metabolism, oxidative stress, inflammation and endothelial function gene 

polymorphisms and As exposure from contaminated well water on longitudinal changes in 

BP, with potential consequences for cardiovascular health. Rates of CVD are predicted to 

continue to rise and given the high incidence of CVD particularly in low to middle income 

countries, the contribution of even a small increased risk associated with environmental 

exposures in combination with genetic susceptibility factors may translate to a large number 

of excess cases.
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Highlights

• Arsenic (As) exposure has been associated with blood pressure increases over 

time

• Genetic polymorphisms may modify the association between As and blood 

pressure

• An interaction between CYBA rs3794624 and well As increased annual pulse 

pressure

• Genetic variants may contribute to As-related blood pressure increases over time
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Figure 1. 
Yearly change in systolic blood pressure in relation to arsenic exposure and variant SNP 

genotypes. For each SNP, the symbol to the left represents the estimate of yearly change in 

systolic blood pressure in relation to arsenic for reference genotype(s) and the symbol on the 

right represents the estimate of yearly change in systolic blood pressure in relation to arsenic 

for the variant genotype under either a dominant (CBS rs2124459, GSTM1 rs4147567, IL6 rs 

15241107) or recessive model (APOE rs429358, CYBA rs3794624). Vertical lines represent 

95% CI for each estimate. We chose SNPs that had a significant interaction with arsenic 

exposure p≤0.01 in relation to systolic blood pressure over time. SNP-arsenic interactions 

that were significant at p<0.01 prior to FDR correction are indicated with an asterisk (*).
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Figure 2. 
Yearly change in diastolic blood pressure in relation to arsenic exposure and variant SNP 

genotypes. For each SNP, the symbol to the left represents the estimate of yearly change in 

diastolic blood pressure in relation to arsenic for reference genotype(s) and the symbol on 

the right represents the estimate of yearly change in diastolic blood pressure in relation to 

arsenic for the variant genotype under a dominant model (GSTM1 rs4147567, GSTP1 

rs6591256, HMOX1 rs8139532, NOS3 rs1799983). Vertical lines represent 95% CI for each 

estimate. We chose SNPs that had a significant interaction with arsenic exposure p≤0.01 in 

relation to diastolic blood pressure over time. SNP-arsenic interactions that were significant 

at p<0.01 prior to FDR correction are indicated with an asterisk (*).
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Figure 3. 
Yearly change in pulse pressure in relation to arsenic exposure and variant SNP genotypes. 

For each SNP, the symbol to the left represents the estimate of yearly change in pulse 

pressure in relation to arsenic for reference genotype(s) and the symbol on the right 

represents the estimate of yearly change in pulse pressure in relation to arsenic for the 

variant genotype under either a dominant (CBS rs234709 and rs2124459, IL6 rs1524107, 

SOD2 rs12526686, TNF rs1800630) or recessive model (AS3MT rs4290163, CBS rs6586281 

and rs3788050, CYBA rs3794624 and rs13306296, PNP rs17882836). Vertical lines 

represent 95% CI for each estimate. We chose SNPs that had a significant interaction with 

arsenic exposure p≤0.01 in relation to pulse pressure over time. SNP-arsenic interactions 

that were significant at p<0.01 prior to FDR correction are indicated with an asterisk (*).
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