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Abstract

Background: Cumulative arsenic exposure (CAE) from drinking water has been shown to be associated with hypertension in a dose–response
pattern. This study further explored the association between arsenic methylation capability and hypertension risk among residents of arseniasis-
hyperendemic areas in Taiwan considering the effect of CAE and other potential confounders.
Method: There were 871 subjects (488 women and 383 men) and among them 372 were diagnosed as having hypertension based on a positive
history or measured systolic blood pressure ≥140 mm Hg and/or diastolic blood pressure ≥90 mm Hg. Urinary arsenic species were determined
by high-performance liquid chromatography-hydride generator and atomic absorption spectrometry. Primary arsenic methylation index [PMI,
defined as monomethylarsonic acid (MMAV) divided by (AsIII +AsV)] and secondary arsenic methylation index (SMI, defined as dimethylarsinic
acid divided by MMAV) were used as indicators for arsenic methylation capability.
Results: The level of urinary arsenic was still significantly correlated with cumulative arsenic exposure (CAE) calculated from a questionnaire
interview (p=0.02) even after the residents stopped drinking the artesian well water for 2–3 decades. Hypertensive subjects had higher
percentages of MMAV and lower SMI than subjects without hypertension. However, subjects having CAE >0 mg/L-year had higher hypertension
risk than those who had CAE=0 mg/L-year disregard a high or low methylation index.
Conclusion: Inefficient arsenic methylation ability may be related with hypertension risk.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

The main source of exposure to inorganic arsenic in humans
is drinking water. There are more than 38 million people
exposed to ground water with high concentrations of arsenic in
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Asian countries (Nordstrom, 2002). The range of total arsenic
level in artesian well water in blackfoot disease (BFD) endemic
areas in Taiwan is 470–897 μg/L with about 95% in inorganic
forms, predominantly AsIII (Chen et al., 1994). Subjects with
prolonged exposure to inorganic arsenic from drinking the
artesian well water carried a significantly higher risk of
hypertension in a dose–response pattern in both Taiwan
(Chen et al., 1995) and Bangladesh (Rahman et al., 1999).
Exposure to high arsenic levels in artesian well water were
associated with BFD (Ch'i and Blackwell, 1968) as well as
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cardiovascular diseases such as peripheral vascular disease
(Tseng et al., 1996, 1997), ischemic heart disease (Chen et al.,
1996; Hsueh et al., 1998b; Tseng et al., 2003), cerebrovascular
disease (Chiou et al., 1997) and carotid atherosclerosis (Wang et
al., 2002).

The metabolism of inorganic arsenic involves reduction and
oxidative methylation (Thomas et al., 2001; Kitchin, 2001;
Vahter, 2002; Styblo et al., 2002; Thomas et al., 2004). After
exposure to inorganic arsenic, AsV is readily reduced to AsIII in
red blood cells (Vahter, 1981) and subsequently methylated to
monomethylarsonic acid (MMAV) and dimethylarsinic acid
(DMAV) (Buchet et al., 1981a,1981b). Arsenic methylation
process is catalyzed by a 42-kDa protein encoded by the cyt19
genes of mouse and human genomes and the methyl donor has
been identified as S-adenosylmethionine (Thomas et al., 2004).
Methylation was previously considered as a detoxification
mechanism (Cullen and Reimer, 1989; Styblo et al., 1999).
However, the key metabolic intermediates, MMAIII and DMAIII

have been recently identified in human urine (Mandal et al.,
2001) and these trivalent methylated arsenicals are demon-
strated to be more toxic than inorganic compounds (Styblo et
al., 2000; Petrick et al., 2001). Nesnow et al. (2002) showed that
DNA damage is induced by MMAIII and DMAIII, mediated by
reactive oxygen species formed.

Evaluation of arsenic methylation efficiency is mainly based
on the relative amounts of the different metabolites in urine.
Approximately 60–90% of an exposure dosage of inorganic
arsenic is excreted in the urine in mammals, in the forms of
inorganic arsenic (10–30%), MMAV (10–20%), and DMAV

(60–80%). The arsenic metabolic capability varies in different
animal species (Vahter, 1999) and MMAV was found to be a
major metabolite only in humans.

Previous epidemiological studies suggested that arsenic
exposure could be associated with a higher risk of hypertension
(Chen et al., 1995; Rahman et al., 1999). However, whether the
metabolism of arsenic could have an effect on the risk of
hypertension is an interesting issue that has not been
investigated. The purpose of this study was to evaluate the
relationship between the capability of arsenic methylation and
the risk of hypertension considering the potential effects of
arsenic exposure dosage and other confounders.

Methods

Study areas and subjects. Study areas and subjects were described in details
in our previous studies (Chen et al., 1995; Tseng et al., 2005). In brief, the study
area included Homei, Fuhsing, and Hsinming Villages in Putai Township of
Chiayi County located along the southwestern coast of Taiwan. The population
with an age of 30 years or older in the studied villages as registered in the
household registration office was 2258. Among them, 1571 (70%) living in the
study villages 5 or more days a week was considered as eligible subjects. From
September to December 1988, a total of 1081 (69%) of the eligible subjects were
interviewed with a structured questionnaire. All of the 1081 subjects were
invited to participate in the first health examination during January and February
1989 and 941 (87%) actually participated. Biannual health examinations were then
carried out. The urinary samples used for the assay of arsenic metabolites in the
present study were collected during the first health examination. A total of 871
(81%) subjects recruited in 1989 received blood pressure measurement and serum
and urine samples were taken from these subjects (Chen et al., 1995). The
prevalence of hypertension defined as a positive history and/or a systolic blood
pressure (SBP) ≥160mmHg and/or a diastolic blood pressure (DBP)≥90mmHg
among the 871 subjects in the age groups of 30–39, 40–49, 50–59, and≥60 years
old are 5.9%, 15.5%, 25.6%, and 25.6% in men, and 0.7%, 12.9%, 25.0%, and
29.9% in women is similar to Chen et al. (1995) study. An institutional review
committee approved this study, and the procedures followed the institutional
guidelines.

Since early 1900s residents in the BFD area had been using artesian well
water as drinking water because of the high salinity of shallow well water. A tap

water supply system was not available until early 1960s in the study villages, but
its coverage remained low until early 1970s. Artesian well water was no longer
used for drinking and cooking after the mid-1970s. The first health examination
was carried out in villages where BFD was hyperendemic and the tap water
supply system has been implemented for more than 20–30 years.

Questionnaire interview and arsenic exposure index. Two public health nur-
ses well trained in interview techniques carried out the standardized personal
interview based on a structured questionnaire. Information obtained from the
interview included the consumption history of high arsenic-containing artesian
well water, residential history, socioeconomic and demographic characteristics,
and life style of alcohol consumption, cigarette smoking, and consumption
frequency of various dietary items, as well as personal and family histories of
hypertension, diabetes, and cardiovascular diseases.

The detailed residential history and duration of consuming the artesian well
water were used to derive the cumulative arsenic exposure (CAE) for each study

subject. Arsenic levels of artesian well water in the study area were found to be
reasonably constant in two surveys carried out by the Taiwan Provincial Institute
of Environmental Sanitation (Wu et al., 1961). The CAE index in mg/L-year for
a given subject was defined by the following formula: ∑(Ci×Di), where Ci is
the median arsenic concentration of artesian well water in mg/L in the village
where the subject lived, and Di is the duration of consuming the artesian well
water in years. For example, if a subject lived in 3 different villages throughout
his or her lifetime for 10, 20, and 30 years, respectively, and the arsenic
concentrations in artesian well water of the respective villages were 0.3, 0.5, and
0.7 mg/L, then the CAE was calculated as (0.3×10)+(0.5×20)+(0.7×30)=
34 mg/L-year. The CAE for a given subject was considered to be unknown if the
median arsenic concentration of the artesian well water in any one or more
villages where the subject had lived was unknown. CAE was not calculable in
215 out of the 871 subjects (24.7%) in this study.

Blood pressure measurement and diagnosis of hypertension. The standard
protocol for measuring blood pressure recommended by the World Health
Organization was used in this study (Rose et al., 1982). Blood pressure was
measured three times with a mercury sphygmomanometer on a sitting position
after resting for 20 min. SBP and DBP were defined at the first and fifth
Korotkoff sounds, respectively. The average of the three measurements was used
for analysis. Hypertension was defined in this study as an average SBP of
140 mm Hg or greater, or an average DBP of 90 mm Hg or greater and/or a
history of hypertension under regular treatment with antihypertensive agents.

Biospecimen collection and laboratory examinations. Fasting blood samples
were collected from study subjects for the measurement of serum concentrations
of cholesterol and triglycerides using an autoanalyzer (Hitachi 737, USA) with
reagents obtained from Boehringer Mannheim Diagnostics (Indianapolis, IN,
USA).

Urine collection and determination of arsenic species in urine. The mid-
stream of the first void urine after waking up in the morning was collected.
Urinary samples were stored at −20 °C without any additive. The samples were
retrieved for the determination of urinary arsenic species within 6 months after
collection.

Urine was thawed at room temperature, mixed by ultrasonic waves, and
filtered through a Sep-PakC18 column. Analyticalmethods for AsIII, AsV,MMAV
andDMAVwere described in detail in our previous study (Hsueh et al., 1998a). In
brief, 200 μl of treated urine sample was used to separate AsIII, AsV, MMAVand
DMAV by HPLC (Waters 501; Waters Associates, Milford, MA, USA) equipped
with an anion column (Phenomenex, Nucleosil 10sB, Torrance, CA, USA),
which was on-line linked to HG-AAS to quantify the levels of various species of
inorganic arsenic and its metabolites. Standard solutions of arsenite, arsenate,
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MMAV and DMAV were prepared by appropriate dilution with deionized water
from 1000 mg/L stock solutions. Standard solutions containing 1–50 μg of As/L
were freshly prepared by serial dilution with deionized water to set up the
calibration curve for the quantification of arsenic species. Recovery rates of AsIII,
DMAV, MMAVand AsV ranged from 93.8% to 102.2%, with detection limits of
0.02, 0.06, 0.07, and 0.10 μg/L, respectively. Freeze-dried urine SRM 2670,
containing 480±100 μg/L arsenic was obtained from the National Institute of
Standards and Technology (NIST, Gaithersburg, MD, USA) and analyzed
together with urine samples to assess the validity of the method. An experimental
result of 507±17 μg/L (n=4) was recorded.

The total arsenic levelwas the sumofAsIII, AsV,MMAVandDMAV. In addition
to the expression of the percentage of each arsenic species in reference to the total

arsenic level, 2 indices were calculated as indicators for arsenic methylation
efficiency. The primary methylation index (PMI) was defined as the ratio between
theMMAV level and InAs (inorganic arsenic, AsIII+AsV) levels; and the secondary
methylation index (SMI) as the ratio between the DMAVand MMAV levels.

Statistical analyses. Statistical analyses were performed using SAS 8.2
software. χ2 test was used to test the difference of categorical variables and
Student's t-test for continuous variables between cases with and without
hypertension. We used linear regression to elucidate the relationship between
internal arsenic exposure (urinary arsenic parameters) and CAE. Logistic
regression models were further used to estimate the multivariate-adjusted odds
ratios (ORs) and their 95% confidence intervals (CIs) for hypertension risk.
Results

Relationship between CAE and urinary arsenic levels

Fig. 1 showed the relationship between internal arsenic
levels (urinary total arsenic level, InAs percentage, MMAV

percentage and DMAV percentage) and CAE. Although the
residents had stopped drinking the well water for 2–3
decades, we still found a significant relationship between
CAE and urinary total arsenic level and MMAV percentage.
The regression coefficients for CAE to estimate urinary total
Fig. 1. Scatterplots showing the relationship between urinar
arsenic level and MMAV percentage were 0.50 (p=0.02) and
0.09 (p<0.01), respectively.

Arsenic methylation indices and conventional risk factors for
hypertension

There were 383 men and 488 women in this study. Table 1
compares the conventional risk factors, CAE and urinary arsenic
indices between subjects with and without hypertension. For
categorical variables, the frequency of alcohol consumption in
subjects with hypertension was significantly higher than those
without (χ2 =5.72, p=0.01), but gender and cigarette smoking
status were not significantly different. For the continuous
variables, age, body mass index, serum triglyceride level, CAE,
and percentage of MMAV were significantly higher and SMI
was lower with borderline significant in the hypertensive
subjects.

Arsenic methylation indices in different strata of conventional
risk factors for hypertension

Age, sex, cigarette smoking, alcohol consumption and serum
lipid profiles are considered as conventional risk factors for
hypertension (Kornitzer et al., 1999). We compared the
differences of arsenic methylation indices between different
strata of age, sex, body mass index, lifestyle, and lipid profiles.
Subjects younger than 50 years of age or of female sex had
significantly lower MMAV percentage, higher DMAV percen-
tage and higher SMI, indicating a more efficient capacity to
methylate inorganic arsenic to DMAV, than subjects with an
older age and of the male sex, respectively. Cigarette smokers
had a lower capability to methylate inorganic arsenic to DMAV

than nonsmokers and subjects with a higher triglyceride level
y arsenic parameters and cumulative arsenic exposure.



Table 1
Comparison of cumulative arsenic exposure, urinary arsenic indices and potential confounders between subjects with and without hypertension.

Hypertension p-value a

Yes No

N (%) N (%)

Categorical variables

Gender
Female 195 (52.42) 293 (58.72) 0.06
Male 177 (47.58) 206 (41.28)

Cigarette smoke
Never 282 (75.81) 391 (78.36) 0.37
Current or former 90 (24.19) 108 (21.64)

Alcohol consumption
Never 312 (83.87) 466 (89.38) 0.01
Current or former 60 (16.13) 53 (10.62)

Continuous variables N Mean S.E. N Mean S.E. p-value b

Age 372 53.33 0.46 499 45.54 0.45 <0.001
Body Mass Index (kg/m2) 372 25.25 0.18 499 23.87 0.14 <0.001
Serum total cholesterol level (mg/dL) 372 229.62 3.68 499 221.34 2.97 0.07
Serum triglyceride level (mg/dL) 372 148.90 4.77 499 123.32 3.79 <0.001
CAE 285 16.68 0.60 371 11.44 0.54 <0.001
Urinary Arsenic level (μg/L)
InAs 372 4.96 0.21 499 5.59 0.28 0.07
MMA–V 372 10.02 0.46 499 10.13 0.48 0.87
DMA–V 372 58.91 2.46 499 62.85 2.13 0.23
Total Arsenic 372 73.89 2.80 499 78.56 2.55 0.22

Urinary Arsenic Percentage
InAs 372

8.33
0.38 499 8.20 0.35 0.81

MMA–V 372 14.32 0.46 499 13.07 0.38 0.03
DMA–V 372 77.35 0.66 499 78.73 0.53 0.10
PMI 369 3.37 0.48 494 2.87 0.31 0.37
SMI 368 9.57 0.58 485 13.23 1.81 0.05

SE: standard error.
CAE: Cumulative arsenic exposure.
PMI: Primary Methylation Index.
SMI: Secondary Methylation Index.
a χ2 test.
b Student's t-test.
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had a lower PMI than those with a lower triglyceride level
(Table 2).

Arsenic methylation profiles and hypertension risk

Table 3 shows the results of the logistic regression analyses.
Subjects with MMAV percentage in the upper tertile carried a 1.5-
fold higher risk of hypertension while compared with subjects
with MMAV percentage in the lowest tertiles (OR: 1.47; 95%
CI=1.04–2.07) before adjustment for potential confounders
(model I). However, the higher risk became non-significant after
adjusting for the hypertension risk factors (Model II and Model
III), suggesting that the risk of hypertension associated with a
higher MMAV percentage was explained by other risk factors.

Joint effects of cumulative arsenic exposure and urinary
arsenic methylation capability on hypertension risk

In Table 4, for subjects with CAE=0 mg/L-year, the odds
ratios differed without statistical significance between different
subgroups of urinary arsenic indices. On the other hand,
subjects with CAE >0 mg/L-year had higher risk of hyperten-
sion than those with CAE=0 mg/L-year at the same level of all
the arsenic methylation indices. However, the p values for the
test for trend for each combination of CAE and urinary arsenic
parameters showed statistical significance. The results of these
analyses suggested that although the risk of hypertension in the
group with CAE >0 mg/L-year was consistently higher than the
group with CAE=0 mg/L-year, a trend was noted with each of
the joint effects of arsenic methylation index and CAE.

Discussion

This is the first study demonstrating the relationship between
arsenic methylation capability and hypertension risk in a large
community-based cohort characterized by chronic arsenic exposure
from drinking water. The findings suggested that hypertensive
subjects had higher urinaryMMAV percentage and lower SMI than
subjects without hypertension (Table 1). An increasing trend of risk
with increasing tertiles of MMAV percentage was also observed in



Table 2
Distribution of arsenic species in different strata of life style and lipid profiles

InAs % MMAV % DMAV % PMI SMI

Mean±S.E. Mean±S.E. Mean±S.E. Mean±S.E. Mean±S.E.

Age (year)
<50 (N=422) 8.68±0.44 11.52±0.38 ⁎⁎⁎ 79.80±0.61 ⁎⁎⁎ 2.99±0.46 15.31±2.15 ⁎⁎

≥50 (N=449) 7.87±0.28 15.55±0.43 ⁎⁎⁎ 76.58±0.56 ⁎⁎⁎ 3.17±0.29 8.30±0.43 ⁎⁎

Sex
Female (N=590) 9.29±0.33 11.17±0.30 ⁎⁎⁎ 79.54±0.45 ⁎⁎⁎ 3.12±0.40 13.75±1.81 ⁎

Male (N=440) 9.45±0.33 14.72±0.44 ⁎⁎⁎ 75.83±0.55 ⁎⁎⁎ 3.04±0.35 9.03±0.75 ⁎

Cigarette smoke
Never (N=799) 9.39±0.28 12.21±0.28 ⁎⁎ 78.40±0.40 ⁎ 3.01±0.29 12.41±1.36 ⁎

Current or former (N=231) 9.27±0.40 14.34±0.59 ⁎⁎ 76.39±0.72 ⁎ 3.33±0.65 9.15±0.82 ⁎

Alcohol consumption
Never (N=894) 9.31±0.25 12.5±0.27 † 78.18±0.37 3.14±0.31 11.96±1.21
Current or former (N=136) 9.65±0.60 13.9±0.82 † 76.44±1.01 2.72±0.29 9.59±0.99

Body mass index (kg/m2)
<23 (N=305) 8.68±0.5 14.12±0.49 77.2±0.72 3.16±0.41 11.55±2.55
≥23 (N=566) 8.04±0.3 13.32±0.37 78.64±0.51 3.04±0.35 11.71±0.9

Total cholesterol level (mg/dL)
<200 (N=352) 8.63±0.41 13.27±0.47 78.10±0.68 3.45±0.63 14.11±2.43 †

≥200 (N=519) 8.01±0.33 13.82±0.38 78.16±0.52 2.84±0.15 9.99±0.67 †

Triglyceride level (mg/dL)
<150 (N=593) 8.24±0.32 13.52±0.35 78.24±0.49 3.40±0.39 ⁎ 11.27±1.41
≥150 (N=278) 8.31±0.45 13.77±0.56 77.92±0.79 2.41±0.13 ⁎ 12.46±1.43

⁎ p<0.05 by Student's t-test.
⁎⁎ p<0.01 by Student's t-test.

⁎⁎⁎ p<0.0001 by Student's t-test.
† 0.05<p<0.1 by Student's t-test.
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the logistic regression model before adjustment for confounders
(Model I of Table 3). Although none of the other urinary arsenic
indices was found to be significantly associated with hypertension
when categorized into tertiles in models before or after adjustment
for potential confounders (Table 3), the trends were all significant
when both CAE and urinary arsenic indices were considered
together (Table 4). Therefore, the results suggest that both arsenic
exposure dosage and arsenic methylation capability may have a
joint effect on the risk of hypertension.

One of the advantages of using CAE as an exposure index
is that it may well reflect the cumulative dosage of long-term
exposure to arsenic in individual subjects. However, one
possible limitation is that the use of the medians of arsenic
levels in the artesian well water in different villages in the
calculation of CAE might not be accurate if the ranges were
too wide. Although urinary arsenic level reflects arsenic
exposure within a few days (ATSDR, 2000), a correlation
between CAE and urinary total arsenic level could also be
demonstrated in this study (Fig. 1), indicating that arsenic
metabolites could also be detected in the urine after a
prolonged exposure at a time even when the exposure is
terminated for decades (about 20–30 years in this study). In
addition, even after ceasing to drink artesian well water for
about 20–30 years, the urinary total arsenic levels of subjects
in the BFD areas were still higher than those who lived in
non-arseniasis areas in Taiwan (Hsueh et al., 2002). From the
results of these studies, it is rationale to say that the
accumulated arsenic burden in the human body after a long
duration of exposure would still be released in the urine after
more than a few decades' termination of exposure.
The distribution of urinary arsenic species in the subjects
in this study was similar to our previous study in Taiwan
(Hsueh et al., 1998a). Percentage of urinary InAs, MMAV,
and DMAV in northern Argentina people who were exposed
to arsenic from drinking water at the time of study was 25–
49%, 2–4%, and 54–74%, respectively (Concha et al., 1998).
In contrast, they were 7–10%, 20–23%, and 67–73%,
respectively, in the residents of the BFD endemic areas,
who have ceased to drink artesian well water for 2 to 3
decades (Hsueh et al., 1998a). Native Andes women exposed
to arsenic from drinking water excreted a lower level of
MMAV (2.3–3.5%) in urine (Vahter et al., 1995). Therefore, a
substantial inter-individual variation in arsenic metabolism
was found in different ethnicities, which might indicate a
genetic role in the regulation of enzymes involved in arsenic
metabolism. On the other hand, subjects ceased to drink high
arsenic-containing water and shifted to consume lower levels
of arsenic-containing water showed sequential decrease in the
percentage of urinary MMAV and increase in DMAV

percentage (Hopenhayn-Rich et al., 1996).
In this study, the subjects with hypertension had a higher

CAE and a higher percentage of urinary MMAV than subjects
without hypertension (Table 1). This is quite compatible with
our previous study which showed patients with skin cancer
having higher AsV and MMAV percentage, lower DMAV

percentage, and lower PMI than healthy controls (Hsueh et al.,
1997); and also compatible with the study of Chen et al.
showing lower SMI and higher CAE in patients with skin and
bladder cancer (Chen et al., 2003a, 2003b). Arsenic methylated
metabolites in urine have also been shown to be biomarkers for



Table 3
Logistic regression analyses of internal arsenic exposure markers associated with hypertension

Variable Control HT Model I Model II Model III

N N OR (95% CI) OR (95% CI) OR (95% CI)

Inorganic arsenic percentage
<4.53 180 107 1.0 1.0 1.0
4.53–8.00 188 83 0.74 (0.52–1.05)+ 0.74 (0.50–1.08) 0.72 (0.46–1.11)
≥8.00 184 129 1.17 (0.84–1.63) 1.11 (0.78–1.60) 1.21 (0.79–1.85)
p for trend p=0.29 p=0.50 p=0.35

MMAV percentage
<8.14 184 85 1.0 1.0 1.0
8.14–15.55 184 109 1.28 (0.90–1.81) 1.20 (0.82–1.76) 1.35 (0.86–2.12)
≥15.55 184 125 1.47 (1.04–2.07) * 1.00 (0.68–1.49) 1.04 (0.66–1.62)
p for trend p=0.02 p=0.99 p=0.97

DMAV percentage
<75.80 184 125 1.0 1.0 1.0
75.80–85.25 184 96 0.76 (0.54–1.07) 0.91 (0.63–1.31) 0.90 (0.59–1.37)
≥85.25 184 98 0.78 (0.56–1.09) 1.09 (0.75–1.60) 1.05 (0.68–1.63)
p for trend p=0.14 p=0.66 p=0.83

PMI
<1.21 182 92 1.0 1.0 1.0
1.21–2.65 182 111 1.20 (0.85–1.70) 1.05 (0.71–1.54) 1.04 (0.67–1.62)
≥2.65 183 113 1.22 (0.86–1.72) 0.88 (0.59–1.29) 0.86 (0.55–1.33)
p for trend p=0.26 p=0.49 p=0.47

SMI
<4.87 180 123 1.0 1.0 1.0
4.87–9.82 179 95 0.77 (0.55–1.08) 1.06 (0.73–1.54) 1.31 (0.85–2.02)
≥9.82 179 97 0.79 (0.56–1.11) 1.13 (0.77–1.66) 1.06 (0.68–1.65)
p for trend p=0.16 p=0.52 p=0.71

+0.1<p<0.05; *p<0.05; compared with the reference group.
PMI: primary methylation index, MMAV level/(InAs level).
SMI: secondary methylation index, DMAV level/MMAV level.
Model I: univariate logistic regression model.
Model II: age, gender, body mass index, cigarette smoke, alcohol consumption and triglyceride level were adjusted in logistic regression model.
Model III: age, gender, body mass index, cigarette smoke, alcohol consumption, triglyceride level, and cumulative arsenic exposure were adjusted in logistic regression
model.
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disease state and disease susceptibility in other ethnicities
(Valenzuela et al., 2005).

Because the assay of arsenic species was performed within
6 months after collection of the urinary samples and all
samples were stored at a temperature of −20 °C, we believed
that the arsenic species as measured in the present study
should be reliable. The detection of the transient metabolites
of MMAIII and DMAIII depends on the conditions and
temperature of sample storage and the concentration in the
urine, which was beyond the analytical setting of this study in
1989. We did not observe trivalent methylated metabolites in
this study due to the fact that the chemical forms of trivalent
methylated arsenic were unknown and the analysis method for
these trivalent metabolites was not developed at the time when
our urinary samples were collected and analyzed. MMAV and
DMAV are generally considered as non-toxic previously.
However, we cannot exclude the possibility that the higher
MMAV in the urine is a marker of higher MMAIII in the blood
or inside the cells, where the injuries incurred by arsenic
occur. Studies also showed that people with a lower MMAV

excretion in the urine tend to have a lower retention of arsenic
(Vahter, 2002). This could also possibly explain why people
with a lower MMAV percentage tend to have a lower risk of
developing arsenic-related diseases. Several studies have
shown that a higher MMAV percentage would indicate a
higher risk of cancer in higher CAE group (Hsueh et al., 1997;
Chen et al., 2003a, 2003b). This study may suggest that
inefficient arsenic methylation capability was related to serious
disease in high CAE group even after a long period of
termination of exposure (Table 4). Therefore, the incidence of
arsenic-related disease is determined by the arsenic methyla-
tion capability and the exposure dosage after a long-term
exposure to arsenic from drinking water.

Cigarette smoking is a risk factor for hypertension, but we
did not find that the smoking prevalence differed significantly
between the subjects with and without hypertension (Table 1).
One of the possible explanations is that smoking rate is
increasing in the younger generation who are at a lower risk of
developing hypertension than the older subjects. Another
explanation is that arsenic effect might have exceeded the
effect of tobacco.

The measurement of arsenic methylation profiles at or after
the diagnosis of hypertension in this study raises the concern on
the temporal correctness between arsenic methylation capability
and disease development. Therefore the effects seen in this
study might not be due to the impact of methylation patterns on
disease, but rather, due to the impact of disease or disease
treatment on methylation patterns.



Table 4
Joint effects of cumulative arsenic exposure and urinary arsenic methylation capability index on hypertension risk

CAE=0 mg/L-year CAE>0 mg/L-year

HT subjects/healthy subjects OR (95% CI) HT subjects/healthy subjects OR (95% CI)

InAs %
<6.10 13/48 1.0 103/164 2.31 (1.19–4.48) ⁎

≥6.10 13/46 1.04 (0.43–2.48) 117/152 2.84 (1.47–5.46) ⁎⁎

Test for trend p=0.0001
MMAV %

<11.30 9/48 1.0 96/148 3.45 (1.62–7.37) ⁎⁎

≥11.30 17/46 1.97 (0.79–4.86) 124/168 3.93 (1.86–8.32) ⁎⁎

Test for trend p<0.0001
DMAV %

≥81.24 10/48 1.0 99/154 3.08 (1.49–6.38) ⁎⁎

<81.24 16/46 1.67 (0.68–4.05) 121/164 3.59 (1.74–7.31) ⁎⁎

Test for trend p<0.0001
PMI

<1.85 12/50 1.0 105/151 2.89 (1.47–5.71) ⁎⁎

≥1.85 14/44 1.33 (0.55–3.16) 114/162 2.93 (1.49–5.75) ⁎⁎

Test for trend p=0.0005
SMI

≥6.91 9/46 1.0 91/146 3.18 (1.48–6.81) ⁎⁎

<6.91 16/44 1.86 (0.74–4.64) 126/166 3.89 (1.83–8.20) ⁎⁎

Test for trend p<0.0001

CAE: cumulative arsenic exposure.
PMI; primary methylation index.
SMI: secondary methylation index.
⁎ p<0.05.
⁎⁎ p<0.01.
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Dietary components might have an effect on the methylation
capability of arsenic. DMAV percentage was positively
associated with plasma folate and MMAV percentage negatively
with plasma folate (Gamble et al., 2005). Low intake of
calcium, animal protein, folate, and fiber was found to increase
the susceptibility to arsenic-induced skin lesions (Mitra et al.,
2004). However, our previous study did not find that the
frequencies of dietary intake of fish, shellfish and seaweed were
significantly correlated with urinary arsenic species in subjects
who drank tap water, and arsenic methylation pattern were
similar before and after refraining from eating seafood for
3 days (Hsueh et al., 2002). The lack of data collection on some
hypertensive risk factors such as sodium intake and physical
activity was a limitation of this study. However, because the
subjects in this study were recruited from three neighboring
villages and they showed similar physical activity and dietary
patterns (Chen et al., 1995). Therefore, the impact of the
difference in these factors might not exert significant influence
on the arsenic methylation profiles between subjects with and
without hypertension. Another limitation is that CAE could not
be calculated in about 25% of the subjects. However, the odds
ratios for hypertension for those without CAE were between the
odds ratios for the lowest and the highest CAE (data not shown),
suggesting that the association between hypertension risk and
urinary arsenic species cannot be explained by the lack of CAE
in some subjects.

In summary, after adjustment for hypertension risk factors, a
relationship between the joint effect of arsenic exposure dosage
and arsenic methylation capability and the risk of hypertension
was noted among subjects exposed to arsenic from consuming
the artesian well water for a long period of time. This risk
association is observed at a time when the exposure has been
terminated for 20–30 years. This study provided another
direction for assessing the risks of arsenic-related diseases.
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