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Drinking water
increased prevalence of cancer and cardiovascular disease (CVD), but the long-
term impact of arsenic exposure remains unclear. Human paraoxonase (PON1) is a high-density lipoprotein-
associated antioxidant enzyme which hydrolyzes oxidized lipids and is thought to be protective against
atherosclerosis, but evidence remains limited to case-control studies. Only recently have genes encoding
enzymes responsible for arsenic metabolism, such as AS3MT and GSTO, been cloned and characterized. This
study was designed to evaluate the synergistic interaction of genetic factors and arsenic exposure on elec-
trocardiogram abnormality. A total of 216 residents from three tap water implemented villages of previous
arseniasis-hyperendemic regions in Taiwan were prospectively followed for an average of 8 years. For each
resident, a 12-lead conventional electrocardiogram (ECG) was recorded and coded by Minnesota Code
standard criteria. Eight functional polymorphisms of PON1, PON2, AS3MT, GSTO1, and GSTO2 were examined
for genetic susceptibility to ECG abnormality. Among 42 incident cases with ECG deterioration identified
among 121 baseline-normal subjects, arsenic exposure was significantly correlated with incidence of ECG
abnormality. In addition, polymorphisms in two paraoxonase genes were also found associated with the
incidence of ECG abnormality. A haplotype R-C-S constituted by polymorphisms of PON1 Q192R, -108C/T and
PON2 C311S was linked to the increased risk. Subjects exposed to high levels of As (cumulative As exposure
N14.7 ppm-year or drinking artesian well water N21 years) and carrying the R-C-S haplotype had
significantly increased risks for ECG abnormality over those with only one risk factor. Results of this study
showed a long-term arsenic effect on ECG abnormality and significant gene–gene and gene–environment
interactions linked to the incidence of CVD. This finding might have important implications for a novel and
potentially useful biomarker of arsenic risk.

© 2008 Elsevier Inc. All rights reserved.
Introduction
The dose–response relationship between arsenic and prevalence of
cardiovascular diseases (CVD) has been documented including athe-
rosclerosis, peripheral vascular disease (PVD), ischemic heart disease
(IHD), hypertension, and cerebrovascular disease (Wang et al., 2007).
For the general population of the southwestern coast of Taiwan, the
major arsenic exposure source is contaminated groundwater. Residents
used high-arsenic contaminatedwell water for drinking and cooking for
many decades starting in the 1910s. A tap water supply system imple-
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mented in the early 1960s ensured that artesianwell water has not been
used for drinking or cooking since the mid-1970s (Tseng, 1989).

A major cause of mortality worldwide, the estimated age-adjusted
mortality for CVD in the U.S. is 152.1 per 100,000 (2002) and 48.3 per
100,000 in Taiwan (2005) (Department et al., 2005). Although both
population-based and occupational studies have shown that long-
term exposure to inorganic arsenic has significant toxic effect on the
cardiovascular system, such that the maximum arsenic contamination
level in drinking water was lowered from 0.05 to 0.01 ppm by the U.S.
Environmental Protection Agency in 2006, epidemiological evidence
is still needed to develop regulatory guidelines (Smith et al., 2002;
Navas-Acien et al., 2005).

The long-standing observation of individual variability in suscept-
ibility to arsenic toxicity (NRC, 1999) may be partly due to differences
in age, sex, and arsenic metabolism (Vahter, 2000; Watanabe et al.,
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2001). Inter-individual differences in the speciation and amounts of
arsenic metabolites have been reported among subjects chronically
exposed to arsenic (Loffredo et al., 2003) and significant genetic
determinants of arsenic metabolism is supported by epidemiologic
evidence (Chung et al., 2002).

Only recently have genes encoding enzymes responsible for
arsenic metabolism been cloned and characterized. These genes in-
clude AS3MT and GSTO. The AS3MT gene directly encodes a cytosolic
enzyme, arsenic methyltransferase, which catalyzes the multi-step
process to convert inorganic arsenic to monomethyl arsenical
(MMA) and dimethyl arsenical (DMA) (Lin et al., 2002). Glutathione
S-transferases (GSTs) are Phase II detoxification enzymes that
catalyze the conjugation of reduced glutathione (GSH) to a wide
variety of endogenous and exogenous electrophilic compounds
(Townsend and Tew, 2003). A subfamily of GSTs, GST omega class,
was shown to be identical with human monomethylarsonic acid
(MMAV) reductase, the rate-limiting enzyme for biotransformation
of inorganic arsenic. Polymorphisms of the GSTO genes have been
shown to be associated with intracellular thiol status and the arsenic
biotransformation efficiency of the cell (Tanaka-Kagawa et al., 2003).

High-density lipoprotein (HDL) is postulated to prevent the dev-
elopment of atherosclerosis by inhibiting the oxidation of low-density
lipoprotein (LDL). Human paraoxonase (PON1) is a serum esterase/
lactonase transported on HDL particles and the major determinant of
the antioxidant action of HDL (Aviram et al., 1998). Both in vitro and
animal studies using PON1-knockout mice have shown that PON1 can
prevent both HDL and LDL oxidation and is therefore a protective
enzyme against development of atherosclerosis (Mackness et al.,
1991; Watson et al., 1995; Shih et al., 1998).

Although the relationship between arsenic exposure and CVD has
been reported, evidence of long-term influence of arsenic on the
cardiovascular system is still limited. The main objective of this study
was to investigate the possible contribution of genetic factors,
including the PON1, AS3MT, and GSTO gene families, and long-term
arsenic exposure to CVD after controlling for conventional risk factors.

Methods

Study area and population. The study area, described previously
(Chen et al., 1985; Chen et al., 1995; Tseng et al., 2003), includes three
arseniasis-hyperendemic villages, Homei, Fuhsin, and Hsinming in
Putai Township on the southwestern coast of Taiwan. Residents in the
study areas consumed high-arsenic contaminated well water for
decades since the 1910s (Wu et al., 1961) because of the high salinity
in shallow village wells. The arsenic concentration of artesian well
water measured in the early 1960s was from 0.35 to 1.14 ppm, with a
median of 0.78 ppm. (Chen et al., 1962; Kuo, 1964). An estimated total
daily amount of arsenic ingested by local residents was as high as
1 mg, mainly from drinking water (Blackwell, 1961). A tap water
supply systemwas implemented in the area in the early 1960s and the
entire arseniasis-endemic area has been supplied with municipal
water since the early 1970s. The arsenic concentration of tap water
supplied in the study area was less than 0.01 ppm (Chen and Chen,
1975). In 1993, 732 residents from the villages had a 12-lead baseline
Electrocardiogram (ECG) recorded. In 2002, after an average follow-
up period of 8 years, 216 of these participants provided a second ECG
recording; 141 of them provided blood and urine specimens without
an ECG recording; 229 were dead and their mortality determined
through linkage with the national database; and the remaining 146
were lost to follow-up. Among the 121 residents with normal baseline
ECGs, 42 developed an ECG abnormality at follow-up.

Data collection. At both baseline and follow-up, well trained public
health nurses carried out standardized personal interviews based on a
structured questionnaire to acquire demographic and socioeconomic
characteristics, artesian well water usage, residential history, lifestyle
variables, and personal and family history of hypertension, diabetes,
and CVD. Cumulative arsenic exposure (in ppm-years) was calculated
from the arsenic concentration in artesianwell water (ppm)multiplied
by duration of consuming artesian well water (years). The Human
Ethical Committee of the National Health Research Institutes in Taiwan
approved the study protocol which was based on the ethical standards
formulated from the Helsinki Declarations of 1964 and revised in 2000
(World Medical Association, 2000). Informed consent was obtained
from each participant before starting the study.

Physiological evaluation. Twelve-lead conventional ECG recording
was conducted at the Beimen Branch, Shinyin Hospital. Minnesota
standardized code classification (Prineas et al.,1982) was performed for
bothbaseline and follow-upECG readings at Epidemiological Cardiology
ResearchCenter (EPICARE),Departmentof PublicHealth Sciences,Wake
Forest University School of Medicine, Winston-Salem, North Carolina,
USA (blinded to all other study data). ECG readings were classified into
normal and abnormal (including minor and major abnormality)
according to the definition of cardiac function by myocardial infarction
or ischemia (Q wave and STT change) (MC_1, MC_4, MC_5, MC_92),
conduction defect (MC_7), arrhythmias (MC_6, MC_81–MC_88), atrial
enlargement or ventricular hypertrophy (LVH_MC3/LVH_CV), and
prolonged ventricular repolarization. Fasting plasma was analyzed for
blood glucose, cholesterol, triglycerides, high- and low-density
lipoproteins, and urine acid by Beckmen SYNCHRON LX20 System
(Beckman Coulter, Fullerton, CA).

SNP selection and genotyping. We genotyped eight functional
polymorphisms: C-108T (promoter), L55M (exon 3) and Q192R (exon
6) of PON1; A148G (exon 5) and C311S (exon 9) of PON2; M287T (exon
9) of AS3MT; A140D (exon 4) of GSTO1; and N142D (exon 5) of GSTO2.
SNPs were selected from NCBI's SNP database based on prior
implication in disease and minor allele frequency. Genomic DNA was
extracted from whole blood using standard techniques. The AS3MT
M287T polymorphismwas determined using a commercially designed
TaqMan SNP Genotyping Assay (Applied Biosystems, Foster City, CA).
All other genotypes were conducted by PCR amplification followed by
polymorphism-specific restriction enzyme digestion and gel analysis.

Statistical analysis. Differences in cardiovascular risk factors bet-
ween ECG normal and abnormal subjects were assessed. Continuous
variables were expressed as mean±standard deviation (SD) and
evaluated by Student's t or Wilcoxon rank-sum test. Categorical
variables were expressed as proportions and compared using chi-
square test or Fisher's exact test. Allele frequencies, genotype
frequencies, and Hardy–Weinberg equilibrium were assessed
separately in ECG abnormal and normal groups using SAS-genetics
package. Relative distribution of polymorphisms in the ECG abnormal
and ECG normal groups was assessed by chi-square analyses. Linkage
disequilibrium (LD) as measured by D' was assessed using Haploview
4.0 (http://www.broad.mit.edu/mpg/haploview/). Haplotypes and
tag-SNPs were inferred using SAS. Logistic regression analysis was
used to assess the effect of cardiovascular risk factors and genetic
polymorphisms in relation to ECG abnormality. A p-valueb0.05 was
considered statistically significant. Permutation test, a significance test
used to obtain the unknown reference distribution by calculating all
possible values of the test statistic under random rearrangements of
the disease status on the observed study subjects, was used to control
for type 1 error for multiple testing due to the limited sample size, and
the empirical p-values were reported (Potter, 2005). Statistical
analyses were conducted using SAS version 9.1 (SAS, Inc., Cary, NC).

Results

Baseline characteristics of arsenic exposure and cardiovascular
risk factors among study subjects are summarized in Table 1. A total
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Table 1
Baseline characteristics of arsenic and CVD risk factors among baseline-normal study
participants classified by ECG status at follow-up

Variable ECG normal
(n=79)

ECG abnormal
(n=42)

P-value

Age (years) 62.0±7.3 64.9±8.7 0.058
Male (%) 29 (36.7) 18 (42.9) 0.509
Cigarette Smoking (%) 14 (17.7) 13 (31.0) 0.082
Alcohol consumption (%) 10 (12.7) 6 (14.3) 0.801
Residency (years) 41.5±12.4 43.3±14.3 0.495

Drinking artesian water (years) 19.2±9.3 25.1±9.7 0.004
Cumulative as exposure (ppm-years) 13.6±8.4 18.0±8.4 0.030
BMI (kg/m2) 24.9±3.13 24.5±3.4 0.583
Triglycerides (mg/dl) 113.1±64.7 132.3±106.9 0.296
Total cholesterol (mg/dl) 220.2±45.0 211.7±42.5 0.323
HDL (mg/dl) 60.3±18.1 59.2±14.3 0.734
LDL (mg/dl) 121.9±48.1 124.6±76.3 0.833
Cholesterol/HDL ratio 4.0±1.6 3.8±1.2 0.398
Uric acid (mg/dl) 6.1±1.9 5.7±1.8 0.220
SBP (mm Hg) 124.8±19.3 128.2±17.3 0.345
DBP (mm Hg) 82.2±11.1 84.2±8.6 0.366
AC glucose (mg/dl) 98.6±23.1 104.4±37.3 0.307
PC glucose (mg/dl) 127.3±52.2 129.1±78.1 0.896

Data are reported as mean±SD or counts (%).
HDL: high-density lipoprotein; LDL: low-density lipoprotein; SBP: systolic blood
pressure; DBP: diastolic blood pressure, AC: ante cibum, PC: post cibum.
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of 42 incident cases among the 121 baseline-normal study subjects
showed ECG deterioration at follow-up. Compared to ECG normal
subjects, those with an ECG abnormality had significantly higher
arsenic exposure as shown by both years of drinking artesian
water (p-value=0.004) and cumulative arsenic exposure index
(p-value=0.030). Age and proportion of cigarette smoking in the
Table 2
Association of SNPs and Hardy–Weinberg equilibrium test

Gene SNP ECG status OR (95% CI) P-value

Normal Abnormal Association HWE

PON1 Q192R 0.175 0.916
RR 18 14 1.00 (reference)
QR 27 9 0.43 (0.15–1.20)
QQ 11 3 0.35 (0.08–1.50)

L55M 0.495 0.818
LL 48 21 1.00 (reference)
LM 14 4 0.65 (0.19–2.22)
MM 0 0 –

C-108T 0.643 0.528
CC 17 7 1.00 (reference)
CT 30 15 1.21 (0.41–3.56)
TT 15 6 0.97 (0.27–3.54)

PON2 C311S 0.318 0.853
SS 31 18 1.00 (reference)
CS 24 7 0.50 (0.18–1.40)
CC 2 2 1.72 (0.22–13.30)

A148G 0.709 0.551
AA 30 15 1.00 (reference)
AG 28 10 0.71 (0.28–1.85)
GG 3 2 1.33 (0.20–8.86)

AS3MT M287T 0.929 0.003
MM 67 30 1.00 (reference)
MT 2 1 1.12 (0.10–12.80)
TT 0 0 –

GSTO1 A140D 0.877 0.374
AA 41 21 1.00 (reference)
AD 22 9 0.80 (0.31–2.04)
DD 5 2 0.78 (0.14–4.37)

GSTO2 N142D 0.995 0.413
NN 35 16 1.00 (reference)
ND 30 14 1.02 (0.43–2.43)
DD 4 2 1.09 (0.18–6.60)

Hardy–Weinberg Equilibrium (HWE) test was conducted among population including
both ECG normal and abnormal subjects.
ECG abnormal group tended to be higher but did not reach statistical
significance (p-value=0.058 and 0.082, respectively). No differences
were observed in other cardiovascular risk factors including gender,
alcohol consumption, BMI, serum lipids, blood pressure, and plasma
glucose.

Univariate SNP association analysis

Eight functional polymorphisms: C-108T, L55M and Q192R of
PON1, A148G and C311S of PON2, M287T of AS3MT, A140D of
GSTO1, and N142D of GSTO2 were screened for association with
ECG abnormality and Hardy–Weinberg equilibrium (HWE). None
reached statistical significance, suggesting no univariate SNP asso-
ciation in the analysis. Genotypic frequencies of M287T showed a
significant departure from HWE (p-value=0.003) but because of
the limited number of participants carrying the T alleles in this
study population, they were excluded from subsequent analysis
(Table 2).

Fig. 1 shows the related position and linkage disequilibrium (LD)
between SNPs in the PON and GSTO gene clusters. Two SNPs within
PON2 (C311S and A148G) and GSTO1-A140D andGSTO2-N142were in
high LD but SNPs within PON1 or adjacent SNPs between PON1 and
PON2 (C-108T and C311S) had low LD measurements, implying they
were not in the same LD block. Q192R, C-108T, C311S and A140D were
identified as tag-SNPs.
Fig. 1. Linkage disequilibrium (LD) plot of PON1 and GSTO gene clusters in 121 study
subjects. The measure of LD (D') among all possible pairs of SNPs is shown graphically.
Dark red represents high D' while white represents low D'.



Table 3
Estimated haplotype frequencies and haplotypes association analysis with ECG abnormality

Haplotypes ECG normal ECG abnormal OR P-valuea P-valueb

Q192R L55M C-108T 0.239
R L T 46 (37.1%) 24 (42.9%) 1.00 (reference)
Q L C 38 (30.7%) 10 (17.9%) 0.50 (0.22–1.18) 0.087
R L C 18 (14.5%) 15 (26.8%) 1.60 (0.69–372) 0.312
Q M C 8 (6.5%) 4 (7.1%) 0.96 (0.26–3.51) 0.933
Q L T 8 (6.5%) 3 (5.4%) 0.72 (0.17–2.96) 0.663

Q192R C-108T 0.206
R T 52 (41.9%) 24 (42.9%) 1.00 (reference)
Q C 46 (37.1%) 14 (25.0%) 0.66 (0.31–1.42) 0.266
R C 18 (14.5%) 15 (26.8%) 1.81 (0.78–4.18) 0.187
Q T 8 (6.5%) 3 (5.4%) 0.81 (0.20–3.33) 0.772

C311S A148G 0.340
S A 89 (71.8%) 40 (70.4%) 1.00 (reference)
C G 32 (25.8%) 10 (17.9%) 0.70 (0.31–1.56) 0.340

A140D N142D 0.427
A N 96 (69.5%) 43 (67.2%) 1.00 (reference)
D D 28 (20.3%) 10 (15.6%) 0.80 (0.36–1.77) 0.572
A D 10 (7.3%) 8 (12.5%) 1.79 (0.66–4.84) 0.250

Q192R C-108T C311S 0.370
R T S 47 (37.9%) 21 (37.5%) 1.00 (reference)
Q C S 27 (21.7%) 9 (16.1%) 0.75 (0.30–1.86) 0.500
R C S 14 (11.3%) 12 (21.4) 1.92 (0.76–4.85) 0.157
Q C C 19 (15.3%) 5 (8.9%) 0.59 (0.19–1.79) 0.348
Q T S 8 (6.5%) 3 (5.4%) 0.84 (0.20–3.48) 0.803

Haplotypes with a frequency less than 5% were removed.
Empirical P-values: aHaplotype-specific test, bHaplotype-global test.
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Haplotype analysis and association with ECG abnormality

Haplotypes of PON1, PON2, GSTO1, GSTO2 and tag-SNPs of the PON
gene cluster were constructed, and thosewhose frequencies were b5%
were excluded from association analysis (Table 3). Overall, the effects
of these haplotypes on ECG abnormality were not statistically signi-
ficant after 10,000 permutations; however, the haplotype R-C-S cons-
tructed by Q192R, C-108T and C311S had the highest odds, 1.92
(95% CI: 0.76–4.85, p-value=0.157) times increased risk toward ECG
abnormality.

The relative odds of lipid profiles for PON-haplotype R-C-S carrier
compared with non-carriers are shown in Fig. 2. The R-C-S haplotype
was positively correlated with higher serum HDL-cholesterol, LDL-
cholesterol, and triglyceride levels without statistical significance, but
was significantly associated with increased total cholesterol levels
(OR=2.91, 95% CI: 1.13–7.70, p-value =0.028).

Synergistic association of PON haplotype and arsenic on ECG
abnormality

The synergistic associations between PON haplotype and arsenic
exposure are summarized in Tables 4a, 4b. The PON R-C-S haplotype
Fig. 2. Odds ratios of ECG abnormality and lipid profiles for Q192R, C-108T and C311S
R-C-S haplotype carrier among study subjects (N=121).
carrier with higher cumulative arsenic exposure (greater than the
median value of 14.7 ppm-years) showed a N14.66 (95% CI: 1.83–
117.64, p-value=0.022) increased risk for ECG abnormality compared
to non-RCS haplotype carriers with low cumulative arsenic exposure
(b14.7 ppm-years) (Table 4a). The PON R-C-S haplotype carrier with
more years of drinking artesian water (greater than the median of
21 years) had a 10.83-fold (95% CI: 1.83–64.03, p-value=0.030) inc-
reased risk (Table 4b). These associations were even stronger after
adjusting for age, gender, and cigarette smoking, when the odds
increased to 19.19 (95% CI: 1.86–197.76, p-value=0.014) and 21.09
(95% CI: 2.77–160.35, p-value=0.010) for cumulative exposure index
and drinking years, respectively.

Discussion

We showed that previous arsenic exposure was linked to incidence
of cardiovascular disease (reflected in the development of ECG
abnormalities) even decades after cessation of arsenic-contaminated
water consumption, suggesting latent arsenic damage even after
exposure was removed. However, no significant association with ECG
abnormality was found for conventional cardiovascular risk factors
such as gender, alcohol consumption, BMI, lipid profiles, blood
pressure, and plasma glucose.

Although the association between ECG abnormality and any single
SNP or haplotype did not reach statistical significance, the R192 and
-108C alleles were correlated with increased risk. Participants who
carried both R192 and -108C alleles had a 1.81-fold increased risk, and
carrying R192, -108C, and S311 alleles gave a 1.92-fold increased risk.
When arsenic exposure history was taken into consideration, a
significant gene–environment synergistic effect between the PON
haplotype and arsenic was noted. Residents who carried the high risk
RCS haplotype and had high chronic arsenic exposure were at a much
greater risk than those with one risk factor only (Tables 4a, 4b).

Many studies have investigated the relationship of PON1 to
coronary heart disease (CHD) or myocardial infarction (MI) and an
overall conclusion from a large meta-analysis of 43 studies showed a



Table 4a
Synergistic effects of Q192R, C-108T, and C311S R-C-S haplotype carrier and high cumulative arsenic exposure (CAE) (Nmedian of 14.7 ppm-years) on ECG abnormality

R-C-S CAE ECG
normal

ECG
abnormal

OR (95% CI) P-value OR (95% CI)a Empirical
P-valuea

– – 22 3 1.00 (reference) – 1.00 (reference) –

+ – 8 2 1.83 (0.26–13.06) 0.369 1.57 (0.19–13.00) 0.319
– + 17 11 4.74 (1.14–19.72) 0.452 4.27 (0.83–22.08) 0.632
+ + 2 4 14.66 (1.83–117.64) 0.022 19.19 (1.86–197.76) 0.014

CAE: cumulative arsenic exposure (ppm-years).
R-C-S: Q192R, C-108T and C311S R-C-S haplotype.

a Permutation analysis adjusted by age, gender, and cigarette smoking.
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1.12-fold increased risk of the R192 allele for CHD (Wheeler et al.,
2004). No significant overall association was found for the -108C and
the S311 allele. Functionally, the R192 allele is known to be associated
with fast catalytic rate toward hydrolyzing paraoxon, a non-physio-
logical surrogate substrate used to measure PON1 enzymatic activity
(Furlong et al., 2002). On the other hand, the fact that the R192 allele
had less ability of hydrolyzing oxidized lipids (Aviram et al., 2000) and
lactones (Billecke et al., 2000) than the Q192 allele may explain why
the R192 allele is the risk allele for CHD. The promoter region
polymorphism -108C/T has effects on PON1 expression, with the C
allele associated with increased level of serum PON1 (Furlong et al.,
2002). No functional effects have been reported for the PON2 C311S
polymorphism. Our results of the RCS haplotype linked to increased
risk agree with the previous findings of the R192 allele but is some-
what contradictory to the functional implication of the -108C/T poly-
morphism, as the C allele is more likely a protective rather than a risk
factor. Whether the existence of the C allele in the risk haplotype is of
any biological significance or only a genetic linkage to the other two
alleles remains to be studied.

It has been argued whether serum PON1 activity is a better pre-
dictor for cardiovascular disease than is PON1 genotype (Jarvik et al.,
2000; Mackness et al., 2003; Bhattacharyya et al., 2008). In this study,
subjects who carry the risk haplotype RCS, had significantly higher
serum PON1 activity compared to non-carriers (1071.3±308.1 vs.
746.5±401.0, pb0.001). However, we found no significant differences
in serum PON1 activity between ECG normal and abnormal subjects
(788.3±394.3 vs. 924.5±473.5, p=0.112). We must point out that
serum PON1 activity was measured at the end of follow-up, i.e., the
second time of ECG measurement, and no baseline data of PON1
activity was available. Therefore, given the small sample size and no
baseline data, it is difficult to draw any conclusion whether PON1
activity also plays a role in arsenic-related ECG abnormality.

Low follow-up rates and limited number of cases were the major
limitations in our study. We overcame the difficulty of small sample
size by using permutation test. Permutation test is a non-parametric
approach and has been used to obtain the empirical p-value through
simulation by resampling study subjects. If the disease status is
exchangeable under the null hypothesis, then the resulting tests will
yield exact significance levels when the original distribution is
unknown or size is relatively small. Because arsenic exposure is
known to be atherogenic and carcinogenic (Chen and Lin, 1994),
possible selective survival in this cohort may bias our findings. The
cumulative arsenic exposure among subjects with ECGmeasurements
Table 4b
Synergistic effects of Q192R, C-108T, and C311S R-C-S haplotype carrier and more years of d

R-C-S DAW ECG normal ECG abnormal OR (95% C

– – 26 3 1.00 (refe
+ – 8 2 2.17 (0.31
– + 19 15 6.84 (1.73
+ + 4 5 10.83 (1.83

DAW: drinking artesian water (years).
RCS: Q192R, C-108T and C311S R-C-S haplotype.

a Permutation analysis adjusted by age, gender, and cigarette smoking.
was significantly lower compared to those who were lost to ECG
measurements (19.0±11.7 vs. 25.0±14.9, pb0.001) and therefore, an
underestimate of arsenic risk for CVD is possible. Nevertheless, we still
found a significant relationship between arsenic and ECG abnormality
given the low follow-up rate and effect size, indicating that the long-
term effect of arsenic on CVD is a true rather than a false-positive
finding. On the other hand, we found no differences in genetic
frequencies of PON1 and PON2 polymorphisms between the ECG
measurement group and the loss-to-follow-up group (as shown in
Supplement Table 1), suggesting no selective bias between the two
groups in terms of PON genotype distribution. Thus, our finding of the
RCS haplotype as the risk group should hold up.

ECGabnormalitywith theMinnesota standardized codeclassification
has long beenused as standard clinical diagnosis forMI or ischemic heart
disease. However, it could only be used as an index of preclinical CVD in
this study because the subtype regarding abnormal reading was not
specified. Clinical heterogeneitymay dismiss this findingwhen different
pathological stages of CVD were considered. Moreover, we conducted
only two ECG screenings (one at baseline and the other at the end of
follow-up) rather than repeated measures during the study period,
making it difficult to infer the incident time of disease occurrence. There
were no supplementary screening tools for CVD or disease history other
than ECG; however, we obtained similar results for ischemic heart
disease diagnosis using the ECG coding (data not shown). Of 42 ECG
abnormal cases, 31 were categorized into myocardial infarction and
ischemic heart disease, indicating a homogeneous etiology among cases.

Another limitation of the present study was the method of arsenic
exposure assessment. We used median arsenic concentration in arte-
sianwells shared by residents to represent arsenic exposure level. Bu-
tai is a relatively small town in Taiwan whose residents shared
common artesian well water close to their living or working areas.
Most undergroundwells were sealed and arsenic-contaminated water
no longer used for drinking or cooking after tap water system
implementation in the mid-1970s. We believe our measurements
provide a reasonable estimate of arsenic exposure history.

In conclusion, our study demonstrated significant synergistic effects
of common genetic variations in the PON gene cluster and arsenic
exposure on incidence of ECG abnormality among Taiwanese with
previous exposure to high-level arsenic, when other conventional risk
factorswere considered. Thisfindingmight have important implications
for a novel and potentially useful biomarker of arsenic risk. Biological
mechanisms of gene–gene and gene–environment interactions should
be considered likely subjects for future investigations.
rinking artesian water (DAW) (Nmean of 21 years) on ECG abnormality

I) P-value OR (95% CI)a Empirical P-valuea

rence) – 1.00 (reference) –

–15.33) 0.404 1.90 (0.24–14.94) 0.190
–27.02) 0.101 10.66 (2.12–53.55) 0.055
–64.03) 0.030 21.09 (2.77–160.35) 0.010
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