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Abstract

Objective: The mechanism of arsenic detoxification in humans remains unclear. Data are especially lacking for low-
level arsenic exposure. We hypothesize that arsenic methylation ability, defined as the ratios of monomethylarsonic
acid (MMA(V))/inorganic arsenic (primary arsenic methylation index, PMI) and dimethylarsinic acid (DMA(V))/
MMA(V) (secondary arsenic methylation index, SMI), may modify the association between cumulative arsenic
exposure (CAE, mg/L-year) and the risk of bladder cancer. In this study we investigated the relationship among
arsenic methylation ability, CAE, and the risk of bladder cancer in a hospital-based case–control study in
southwestern Taiwan.
Methods: From January 1996 to December 1999 we identified 49 patients with newly diagnosed cases of bladder
cancer at the National Cheng-Kung University (NCKU) Medical Center; controls consisted of 224 fracture and
cataract patients selected from the same medical center. The levels of four urinary arsenic species: arsenite (As(III)),
arsenate (As(V)), MMA(V), and DMA(V)) were determined in all subjects by using the high-performance liquid
chromatography hydride-generation atomic absorption spectrometry (HPLC-HGAAS). CAE was estimated by
using published data collected in a survey from 1974 to 1976.
Results: Compared to a CAE2 2 mg/L-year, CAE > 12 mg/L-year was associated with an increased risk of
bladder cancer (multivariate odds ratio (OR) 4.23, 95% confidence interval (CI) 1.12–16.01), in the setting of a low
SMI (24.8). Compared to women, smoking men (OR 6.23, 95% CI 1.88–20.62) and non-smoking men (OR 3.25,
95% CI 0.95–11.06) had higher risks of bladder cancer. Given the same level of PMI, smoking men (OR 9.80, 95%
CI 2.40–40.10) and non-smoking men (OR 4.45, 95% CI 1.00–19.84) had a higher risk of bladder cancer when
compared to women. With the same level of SMI, both smoking men (OR 6.28, 95% CI 1.76–22.39) and non-
smoking men (OR 3.31, 95% CI 0.84–12.97) had a higher risk of bladder cancer when compared to women.
Conclusions: Subjects with low SMI have a substantially increased risk of bladder cancer, especially when combined
with high CAE levels.

Introduction

Epidemiologic studies have shown that moderate-to-
high levels of arsenic exposure are consistently associ-
ated with an increased risk of bladder cancer. However,
the association with low-level arsenic exposure remains
unclear. The US Environmental Protection Agency
(EPA) used a Taiwan study of skin cancer [1] to
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estimate the risks of low exposure to arsenic, utilizing
extrapolation of data from high-dose exposure. This
approach, however, may lead to overestimation of the
risks of skin cancer at low-level exposures. Because of
the ubiquity of arsenic in the earth’s crust, large
populations are exposed to it in drinking water.
Groundwater supplies in Bangladesh, India (West Ben-
gal), China (Inner Mongolia), and parts of the US
(California, Nevada, Alaska, and Utah) have high levels
of arsenic. The EPA has estimated that about 350,000
people in the US drink water containing more than
50 lg/L of arsenic and about 2.5 million people drink
water containing more than 25 lg/L [2].
In addition to its environmental ubiquity, arsenic has

been used in a variety of ways. Since the nineteenth
century it has been widely used in the manufacture of
glass, feed additives, pigment for aniline dye, wallpaper,
soap, medication, wood preservatives, pesticides, metal-
loids, semiconductor applications, and other materials [3].
Humans may be exposed to arsenic via ingestion, or
inhalation (the primary means). For example, previous
studies have shown that arsenic exposure may lead to
cancers of the liver, kidney, bladder, prostate, lymphoid
tissue, skin, lung, colon, and nasal cavity, as well as
blackfoot disease (BFD), ischemic heart disease, hyper-
pigmentation, hyperkeratosis, diabetes, meningioma, and
other health effects [4, 5]. The International Agency for
Research on Cancer (IARC) has classified arsenic as a
group 1 carcinogen, i.e. with sufficient evidence of
human carcinogenicity [6]. The updated rank order of
arsenical toxicity, defined by carcinogenesis and vascu-
lar disorders, is as follows: monomethylarsonous
acid, MMA(III) > arsenite As(III) > arsenate As(V) >
monomethylarsonic acid, MMA(V)¼ dimethylarsinic

acid, DMA(V) [7]. Currently, the drinking water standard
for arsenic is 10 lg/L in both the US and Taiwan.
After entering the human body, inorganic arsenic is

taken up readily by red blood cells and then distributed
primarily to the liver, kidneys, spleen, lungs, intestines,
and skin [8–10]. The target organ-systems of arsenic
exposure comprise respiratory, gastrointestinal (GI)
tract, cardiovascular, nervous, and hematopoietic sys-
tems [8]. As(V) is reduced to As(III) in blood and then
methylated to MMA(V) and DMA(V), which are less
toxic forms than inorganic arsenic, and have lower tissue
affinity. Therefore, methylation of inorganic arsenic,
mainly in the liver, is considered a detoxification proce-
dure and differs from most other phase II reactions
because it generally decreases the water solubility and
masks functional groups that might otherwise be conju-
gated by the phase II enzymes [11]. The presumed arsenic
methylation pathway in the human body is shown in
Figure 1 [12–20]. Factors that play an important role in
arsenic methylation ability include dose, forms of arsenic
administered and its routes of administration, lifestyle
(e.g. diet, smoking, and alcohol consumption), genetic
polymorphisms in metabolism, and probably other
sources of inter-individual variability.
Several epidemiologic studies in Taiwan [5, 21–26]

have related mortality, prevalence, and lifetime risk of
bladder cancer to arsenic exposure. Other studies [7, 8,
13–15, 27–32] have reported the concentrations of
urinary arsenic species. Arsenic methylation ability in
one study [8] was reported to be higher in women than in
men, and this ability diminishes with age. A cross-
sectional study [27], using a population on the north-
eastern coast of Taiwan with low (44% <50 lg/L) to
moderate (72% <300 lg/L) drinking-water arsenic

Fig. 1. Presumed arsenic methylation pathway in human body (12–20).
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exposure, demonstrated similar arsenic methylation
ability between men and women. However, no study
thus far has explored the relationship between arsenic
methylation ability and the risk of bladder cancer. In
this study we hypothesize that arsenic methylation
ability modifies the association between cumulative
arsenic exposure and the risk of bladder cancer.

Materials and methods

Study design

The research protocol was approved by the Institutional
Review Boards of the Harvard School of Public Health
and National Cheng-Kung University (NCKU). From
January 1996 to December 1999 a hospital-based case–
control study was conducted in southwestern Taiwan.
Forty-nine newly diagnosed bladder cancer patients and
224 controls (fracture and cataract patients), all over 30
years old, and matched on gender and age (�5 years)
were recruited from the NCKU Medical Center. The
NCKU Medical Center is the main medical referral
center for cancer diagnosis and treatment for residents
in Tainan City and surrounding rural communities.
Long-bone fracture conditions and cataract patients
were chosen because these conditions are not presently
known to be associated with arsenic exposure, and to
avoid overestimating on exposure when using commu-
nity controls in this setting.
Newly diagnosed bladder cancer patients recruited in

our study had confirmed transitional cell carcinoma
(TCC) (82%), with 18% missing specific cell-type infor-
mation. The pathologic diagnosis was performed at the
NCKU Pathology Department using the International
Classification of Diseases, version 9 (ICD-9), (code 188).
Based upon the mechanism of arsenic methylation

described above (Figure 1), primary and secondary
methylation index were defined as the ratios of urinary
MMA(V)/inorganic arsenic and DMA(V)/MMA(V),
respectively. Since arsenic exposure has occurred mainly
from consumption of drinking water, it was necessary to
estimate arsenic exposure over time. The cumulative
arsenic exposure index (CAE) [5] was defined as:
CAE¼

P
[(Average arsenic concentration of artesian

well water in mg/L)i · (Duration of consuming artesian
well water in years)i: unit of village]. The average arsenic
concentration of artesian well water was estimated from
questionnaire data based upon the village in which they
lived 30 years ago and the average arsenic level in well
water for each village, obtained from the Taiwan
Provincial Institute of Environmental Sanitation survey
of 83,656 wells between 1974 and 1976 [33].

At the time of urine collection, trained interviewers
administered a questionnaire to each subject, and all
interviewers were blinded to exposure status and study
hypotheses. Information collected from the question-
naire included demographic information (gender, age,
ethnicity, height, body weight, education, and working
experience); personal habits (cigarette smoking, con-
sumption of alcohol, tea, and coffee, and use of hair
dye); disease history; other relevant questions (history
and duration of each residence, sources of drinking
water, medication usage, and occupations); and diet
information recalled over the past year. Persons who
failed to complete or refused to answer the questionnaire
were excluded. Completed questionnaires were obtained
on 74% of eligible subjects. To verify parts of the
questionnaire, lists of names and addresses of residents
in the study area were obtained from local household
registration offices where socio-demographic character-
istics (e.g. gender, age, educational level, marital status,
and occupation) of all residents are registered and
updated annually.

Laboratory analysis

A spot urine sample was collected from each subject and
was stored in a �20 �C freezer at the NCKU Medical
Center. The urinary levels of four arsenic species:
(As(III), As(V), MMA(V), and DMA(V)) were deter-
mined in all subjects by using the HPLC-HGAAS [8].
Detection limits for As(III), As(V), MMA(V), and
DMA(V) were 0.45, 0.23, 0.53, and 0.61 lg/L, respec-
tively. Total arsenic species in urine was defined as the
sum of As(III), As(V), MMA(V), and DMA(V).

Statistical analysis

We used multiple logistic regression models to estimate
the multivariate odds ratios (OR) (and 95% confidence
intervals (CI)) of bladder cancer associated with arsenic
methylation ability and CAE. We also assessed whether
smoking status modified the association between arsenic
methylation ability and the risk of bladder cancer by
stratifying by arsenic methylation ability. To control for
potential confounding we adjusted for the following risk
factors in the multivariate models: age, gender, body
mass index (BMI), CAE, cigarette smoking, the use of
hair dye, and education.

Results

When compared with the controls, bladder cancer
patients tended to have higher CAE (p¼ 0.36), higher
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primary arsenic methylation index (PMI) (p¼ 0.30),
lower secondary arsenic methylation index (SMI)
(p¼ 0.41), more males (p¼ 0.002), more smokers and
ex-smokers (p¼ 0.003), and lower education level
(p¼ 0.13) (Table 1). Bladder cancer patients and con-
trols were similar with regard to age, hair dye usage, and
BMI.
When compared with subjects with low CAE

(22 mg/L-year), subjects with medium CAE (>2 to
212 mg/L-year) had an OR of 0.57 (95% CI 0.18–1.83)
and subjects with high CAE (>12 mg/L-year) had an
OR of 2.01 (95% CI 0.84–4.77) (p for trend¼ 0.24).
Methylation ability alone did not predict bladder

cancer risk. As compared with subjects with low PMI
(20.9), subjects with medium PMI (>0.9 to 22.7) had
an OR of 1.24 (95% CI 0.54–2.88) and subjects with
high PMI (>2.7) had an OR of 0.53 (95% CI 0.21–1.35)
(p for trend¼ 0.29) (data not shown). When compared
with subjects with low SMI (24.8), subjects with
medium SMI (>4.8 to29.4) had an OR of 0.79 (95%
CI 0.36–1.76) and subjects with high SMI (>9.4) had an

OR of 0.62 (95% CI 0.26–1.49) (p for trend¼ 0.19) (data
not shown).
When compared with the reference group of subjects

who had low CAE (22 mg/L-year), high CAE
(>12 mg/L-year) was associated with an increased risk
of bladder cancer (OR 2.04, 95% CI, 0.43–9.68), given
PMI20:9 (Table 2). A non-significant increase of the
risk of bladder cancer was observed in the subgroup of
subjects who had high CAE (>12 mg/L-year) and
PMI > 0.9 (OR 2.27, 95% CI 0.63–8.23). When com-
pared with low CAE (22 mg/L-year), subjects who had
medium CAE (>2 to 12 mg/L-year) do not have a
statistically significant increased risk of bladder cancer
when PMI was low (20.9) (OR 1.10, 95% CI 0.16–
7.35). A similar phenomenon was observed when PMI
was high (>0.9) (OR 0.40, 95% CI 0.08–2.03).
When compared with the reference group of subjects

who had low CAE (22 mg/L-year), high CAE
(>12 mg/L-year) was associated with an increased risk
of bladder cancer (OR 4.23, 95% CI 1.12–16.01), given a
low SMI (24.8) (Table 2). When SMI is high (>4.8), a

Table 1. Characteristics of subjects with bladder cancer and controls

Variable Bladder cancer (n=49) Controls subjects

(n=224)

No. Percent No. Percent

Age (years)

>40–60 11 22.4 48 21.4

>60–70 23 46.9 92 41.1

>70 15 30.6 84 37.5

Gender

Male 41 83.7 131 58.4

Female 8 16.3 93 41.5

BMI

<18.5 2 4.1 17 7.6

18.5-23 28 57.1 84 37.5

>23 19 38.8 123 54.9

Smoking (pack-years)

Never 17 34.7 131 58.5

>0-10 4 8.2 17 7.6

>10-20 5 10.2 15 6.7

>20 23 46.9 61 27.2

Hair dye

Yes 15 30.6 76 33.9

No 34 69.4 149 66.5

Education

Illiterate 10 20.4 62 26.7

Elementary 24 49.0 105 46.9

High school and above 15 6.7 57 25.4

Average CAE (mg/L-year) 10.1 8.1

PMI 5.9 4.6

SMI 8.24 11.5

a CAE denotes the cumulative arsenic exposure and these data were collected from a questionnaire.
b PMI denotes primary methylation index calculated from urinary MMA(V)/inorganic arsenic.
c SMI denotes secondary methylation index calculated from urinary DMA(V)/MMA(V).
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reduction in the risk of bladder cancer was observed in
subjects who had high CAE (>12 mg/L-year) (OR 1.12,
95% CI 0.26–4.77).
Given the same level of PMI, both smoking men (OR

9.8, 95% CI 2.40–40.10) and non-smoking men (OR
4.45, 95% CI 1.00–19.84) had a higher risk of bladder
cancer when compared to women (model 1) (Figure 2).
With the same level of SMI, both smoking men (OR
6.28, 95% CI 1.76–22.39) and non-smoking men (OR
3.31, 95% CI 0.84–12.97) had a higher risk of bladder
cancer when compared to women (model 2) (Figure 2).
Overall, smoking men (OR 6.23, 95% CI 1.88–20.62)
and non-smoking men (OR 3.25, 95% CI 0.95–11.06)
had higher risks of bladder cancer than women (model
3) (Figure 2).

Discussion

We observed a statistically significant interaction be-
tween the SMI and the level of CAE in relation to the
risk of bladder cancer. Since the predominant function
of SMI is to produce non-toxic or less toxic metabolites,
this finding is consistent with the hypothesis that a
higher SMI decreases the detrimental effect of high CAE
on the risk of bladder cancer. In addition, we found a

significant interaction between smoking status and CAE
in relation to the risk of bladder cancer.
It is unlikely that the statistically significant interac-

tions found are due to chance, since similar results have
been found in our study in this region using a larger
sample size and different disease outcome (skin cancer).
The odds ratios for the CAE alone or for the methy-
lation phenotype alone are close to unity, whereas the
combined odds ratio for SMI and CAE is 4.23. Thus,
our data suggest that the increase in bladder cancer risk
can be attributed to an interaction between SMI and
CAE, and is not due solely to an increase in the CAE. In
addition, our data confirm that an increase in the risk of
bladder cancer is attributed to smoking status.
Several biomarkers, such as toenails, hair, and blood,

have been used to estimate arsenic exposure, but none of
these markers assesses arsenic methylation. Urinary
arsenic levels may reflect exposure to arsenic within the
past 48 hours [34], but are variable and do not reflect
arsenic methylation ability. Therefore, we used pheno-
typic indicators (MMA(V)/inorganic arsenic and
DMA(V)/MMA(V)), to estimate the arsenic methyla-
tion ability for subjects exposed to arsenic 30 years ago.
Diet (especially DMA(V), arsenobetaine, arsenosugars,
and arsenocholine in seafood) might complicate the use
of urine as an exposure biomarker [35, 36]. However, a

Table 2. Odds ratios for bladder cancer by cumulative arsenic exposure and arsenic methylation ability

Variable Group Number of cases Number of controls Multivariate adjusted

odds ratio (95%

confidence interval)

ptrend pcontinuous

PMIa

Low (20.9)

Low CAEb 0–2 mg/L-year 13 55 1.00 0.39 0.34

Medium CAEb >2–12 mg/L-year 2 9 1.10 (0.16–7.35)

High CAEb >12 mg/L-year 5 13 2.04 (0.43–9.68)

High (>0.9)

Low CAEb 0–2 mg/L-year 17 90 1.00 0.47 0.59

Medium CAEb >2–12 mg/L-year 2 22 0.40 (0.08–2.03)

High CAEb >12 mg/L-year 5 13 2.27 (0.63–8.23)

SMIc

Low (24.8)

Low CAEb 0–2 mg/L-year 14 58 1.00 0.06 0.09

Medium CAEb >2–12 mg/L-year 2 12 0.54 (0.09–3.33)

High CAEb >12 mg/L-year 7 8 4.23 (1.12–16.01)*

High (>4.8)

Low CAEb 0–2 mg/L-year 16 87 1.00 0.85 0.72

Medium CAEb >2–12 mg/L-year 2 19 0.49 (0.10–2.50)

High CAEb >12 mg/L-year 3 18 1.12 (0.26–4.77)

All models adjusted for age, gender, BMI, cumulative arsenic exposure, cigarette smoking, hair dye usage, and education.

* p-Value < 0.05.
a PMI denotes primary methylation index calculated from urinary MMA(V)/inorganic arsenic.
b CAE denotes the cumulative arsenic exposure and those data were collected from a questionnaire.
c SMI denotes secondary methylation index calculated from urinary DMA(V)/MMA(V).
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study in southwestern Taiwan indicated that no increas-
es were observed for urinary inorganic arsenic,
MMA(V), or DMA(V) for subjects who ate seafood
[35], possibly because different kinds of seafood may
contain different arsenic species.
Because of the high toxicity of MMA(III), SMI plays

an important role in transforming MMA(III) into the
less toxic metabolite, DMA(V). Assuming equal
MMA(V) reductase activity, subjects with high PMI or
low SMI could accumulate MMA(III) in the body and
prolong the contact of MMA(III) with bladder epithe-
lium, thus increasing the risk of bladder cancer [16, 17].
This hypothesis is consistent with our observations. SMI
plays a more important role in lowering, but not
eliminating, the risk of bladder cancer, while PMI
exhibits a weak effect in the opposite direction that
needs to be replicated in other studies. Populations in a
non-arsenic-contaminated environment excrete 10–20%
inorganic arsenic, 10–20% MMA(V), and 60–80%
DMA(V) in urine. Our population had average PMI
(4.8 for cases and 4.1 for controls) that was similar to
other arsenic-exposed populations. In Taiwan the
methylation profiles MMA(V)/inorganic arsenic have
been reported to range from 2.3 to 5.2 [5, 37]. Other
areas in the world (China, Chile, Nevada, and Califor-
nia) have reported urinary MMA(V)/inorganic arsenic
values of 0.4–2.3 [28].
Our study has several strengths. Although several

studies determined arsenic methylation ability by the
level of arsenic species [7, 14, 15, 27], this is the first
study to our knowledge to explore the association
between arsenic methylation ability and the risk of

bladder cancer. The average total urinary arsenic in our
study was much lower than other studies in Taiwan (the
BFD-endemic area: 206.13–325.11 lg/L [8]; northeast-
ern coast of Taiwan: 173 lg/L [27]). However, this
apparent difference can be explained by the fact that the
total arsenic measured using HGAAS in the above
studies actually contains organic arsenic species other
than MMA(V) and DMA(V). This has led to difficulty
in estimating arsenic methylation ability because some
of the organic arsenic species are not methylated from
inorganic arsenic in the human body and are excreted in
urine unchanged.
Our study has several limitations that need to be

considered when interpreting our results. MMA(III) has
a very short half-life and converts to MMA(V) in a very
short time [38]; thus, it appears in trace amounts in
urine. More and more attention has been paid on
developing the techniques to determine the level of
MMA(III) in urine [38–41]. However, this technique was
still under development when we conducted this study.
In addition, our study lacks the statistical power to
determine the effect of arsenic methylation ability on the
risk of bladder cancer for subjects in the medium CAE
group. In addition, arsenic exposure information was
collected from questionnaires by area of residence, and
by using the average arsenic level of well water in each
village. This estimation does not permit an evaluation of
individual dose–response relationships between arsenic
exposure and the risk of bladder cancer. Hence, our
exposure estimation might lead to non-differential
misclassification of exposure, resulting in an underesti-
mation of the association between CAE and the risk of
bladder cancer. However, having found a statistically
significant association between SMI and bladder cancer,
the odds ratios are likely underestimates. Selection bias
is unlikely in this study because the NCKU Medical
Center, a referral center, covers 80% of all diseases
requiring specialists in the region, and our cases are
likely to be representative of bladder cancer affecting the
general community. Recall bias is a potential confound-
er for all case–control studies. Therefore, we validated
most of the information obtained from questionnaires
(e.g. gender, age, occupation, and residence) from the
household registration (i.e. census) office.
Almost all previous studies from Taiwan have re-

ported high arsenic exposure. Our study may be
generalizable to populations with high and low levels
of CAE but not to those with medium CAE, due to
sample size limitations. Additional studies are needed to
evaluate the roles of nutrition, genetic polymorphisms,
tumor cell-type [21], and individual arsenic exposure
data [42]. In addition, CAE is a risk factor for other
diseases, such as Blackfoot disease (BFD), skin cancer,

Fig. 2. Multivariate odds ratio of bladder cancer to arsenic methyla-

tion ability and smoking status. All models adjusted for age, gender,

BMI, CAE, cigarette smoking, hair dye, and education. Model 1:

additionally adjusted for PMI. Model 2: additionally adjusted for SMI.

Model 3: without adjusting for arsenic methylation ability. Because of

the small number of smoking women we combined smoking and non-

smoking women as one group and divided men into two groups by

smoking status.
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and kidney cancer. More research is needed to explore
the long-term health consequences of low-level arsenic
exposure and the role of individual variation in arsenic
metabolism.

Acknowledgement

Funding for the study was provided by National
Institute of Health grants ES 05947 and ES 00002.

References

1. Tseng WP, Chu HM, How SW, Fong JM, Lin CS, Yeh S (1968)

Prevalence of skin cancer in an endemic area of chronic arsenicism

in Taiwan. J Natl Cancer Inst 40: 453–463.

2. IARC (1989) Monographs on the Evaluation of Carcinogenic Risks

to Humans. Lyon: International Agency for Research on Cancer.

3. Gorby MS (1994) Arsenic in human medicine. In: Nriagu Jo, ed.

Arsenic in the Environment. Part II: Human Health and Ecosystem

Effects. New York: John Wiley, pp. 1–16.

4. Chan PC, Huff J (1997) Arsenic carcinogenesis in animals and in

humans: mechanistic, experimental, and epidemiological evidence.

Environ Carcino Ecotox Rev C15: 83–122.

5. Chiou HY, Hsueh YM, Liaw KF, et al. (1995) Incidence of

internal cancers and ingested inorganic arsenic: a seven-year

follow-up study in Taiwan. Cancer Res 55: 1296–1300.

6. IARC (1980) Arsenic and its compounds, Vol. 23. Lyon: Interna-

tional Agency for Research on Cancer.

7. Lin TH, Huang YL, Wang MY (1998) Arsenic species in drinking

water, hair, fingernails, and urine of patients with Blackfoot

disease. J Toxicol Environ Health, A 53: 85–93.

8. Hsueh YM, Huang YL, Huang CC, et al. (1998) Urinary levels of

inorganic and organic arsenic metabolites among residents in an

arseniasis-hyperendemic area in Taiwan. J Toxicol Environ Health,

A 54: 431–444.

9. Yamato N (1988) Concentrations and chemical species of arsenic in

human urine and hair. Bull Environ Contam Toxicol 40: 633–640.

10. Yamauchi H, Fowler BA (1994) Toxicity and metabolism of

inorganic and methylated arsenicals. In: Nriagu JO, ed. Arsenic in

the environment. Part II: Human Health and Ecosystem Effects.

New York: John Wiley, pp. 35–53.

11. Parkinson A (1996) Biotransformation of xenobiotics. In: Klaassen

CD,AmdurMO,Doull J, eds.Casarett andDoull’s Toxicology –The

Basic Science of Poisons. New York: McGraw-Hill, pp. 113–186.

12. Styblo M, Yamauchi H, Thomas DJ (1995) Comparative in vitro

methylation of trivalent and pentavalent arsenicals. Toxicol Appl

Pharmacol 135: 172–178.

13. Aposhian HV (1997) Enzymatic methylation of arsenic species and

other new approaches to arsenic toxicity. Annu Rev Pharmacol

Toxicol 37: 397–419.

14. Del Razo LM, Garcia-Vargas GG, Vargas H, et al. (1997) Altered

profile of urinary arsenic metabolites in adults with chronic

arsenicism. Arch Toxicol 71: 211–217.

15. Vahter M (1994) Species differences in the metabolism of arsenic

compounds. Appl Organomet Chem 8: 175–182.

16. Vahter M, Marafante E (1988) In vivo methylation and detoxica-

tion of arsenic. In: Craig PJ, Glockling F, eds The Biological

Alkylation of Heavy Elements. London: Royal Society of Chem-

istry, pp. 105–119.

17. Mann S, Droz PO, Vahter M (1996) A physiologically based

pharmacokinetic model for arsenic exposure. II. Validation and

application in humans. Toxicol Appl Pharmacol 140: 471–486.

18. Challenger F (1951) Biological methylation. Adv Enzymol 12: 429–

491.

19. Naqvi SM, Vaishnavi C, Singh H (1994) Toxicity and metabolism

of arsenic in vertebrates. In: Nriagu JO, ed. Arsenic in the

Environment. Part II: Human Health and Ecosystem Effects. New

York: John Wiley, pp. 55–91.

20. Petrick JS, Ayala-Fierro F, Cullen W, Carter DE, Aposhian HV

(2000) Monomethylarsonous acid (MMAIII) is more toxic than

arsenite in Chang human hepatocytes. Toxicol Appl Pharmacol

163: 203–207.

21. Guo HR, Chiang HS, Hu H, Lipsitz SR, Monson RR (1997)

Arsenic in drinking water and incidence of urinary cancers.

Epidemiology 8: 545–550.

22. Chiang HS, Hong CL, Guo HR, Lee EF, Chen TY (1988)

Comparative study on the high prevalence of bladder cancer in the

blackfoot disease area in Taiwan. J Formosan Med Assoc 87:

1074–1079.

23. Chiang HS, Guo HR, Hong CL, Lin SM, Lee EF (1993) The

incidence of bladder cancer in the black foot disease endemic area

in Taiwan. Br J Urol 71: 274–278.

24. Chen CJ, Chuang YC, You SL, Lin TM, Wu HY (1986) A

retrospective study on malignant neoplasms of bladder, lung and

liver in blackfoot disease endemic area in Taiwan. Br J Cancer 53:

399–405.

25. Tsai SM, Wang TN, Ko Yc (1999) Mortality for certain diseases in

areas with high levels of arsenic in drinking water. Arch Environ

Health 54: 186–193.

26. Chen CJ, Chen CW, Wu MM, Kuo TL (1992) Cancer potential in

liver, lung, bladder and kidney due to ingested inorganic arsenic in

drinking water. Br J Cancer 66: 888–892.

27. Chiou HY, Hsueh YM, Hsieh LL, et al. (1997) Arsenic methyla-

tion capacity, body retention, and null genotypes of glutathione S-

transferase M1 and T1 among current arsenic-exposed residents in

Taiwan. Mutat Res 386: 197–207.

28. Vahter M (1999) Methylation of inorganic arsenic in different

mammalian species and population groups. Sci Prog 82: 69–88.

29. Vahter M, Concha G, Nermell B, Nilsson R, Dulout F, Natarajan

AT (1995) A unique metabolism of inorganic arsenic in native

Andean women. Eur J Pharmacol, Environ Toxicol Pharmacol

Section 293: 455–462.

30. Hopenhayn-Rich C, Biggs ML, Smith AH, Kalman DA, Moore

LE (1996) Methylation study of a population environmentally

exposed to arsenic in drinking water. Environ Health Perspect 104:

620–628.

31. Zakharyan RA, Aposhian HV (1999) Arsenite methylation by

methylvitamin B12 and glutathione does not require an enzyme.

Toxicol Appl Pharmacol 154: 287–291.

32. Hopenhayn-Rich C, Smith AH, Goeden HM (1993) Human

studies do not support the methylation threshold hypothesis for

the toxicity of inorganic arsenic. Environ Res 60: 161–177.

33. Chen CJ, Wang CJ (1990) Ecological correlation between level in

well water and age-adjusted mortality from malignant neoplasms.

Cancer Res 50: 5470–5474.

34. Ishizaki M (1979) Arsenic content in foods on the market and its

average daily intake. Jpn J Hyg 34: 605–611.

35. Lin SM (1986) Diagnostic usefulness of trace arsenic in human

urine, whole blood, hair and fingernails. Kaohsiung J Med Sci 2:

100–113.

Arsenic methylation ability and risk of bladder cancer 309



36. Arbouine MW, Wilson HK (1992) The effect of seafood con-

sumption on the assessment of occupational exposure to arsenic by

urinary arsenic speciation measurements. J Trace Elem Electrolytes

Health Dis 6: 153–160.

37. Hsueh YM, Chiou HY, Huang YL, et al. (1997) Serum b-carotene
level arsenic methylation capability, and incidence of skin cancer.

Cancer Epidemiol Biomarkers Prev 6: 589–596.

38. Le XC, Ma M, Lu X, Cullen WR, Aposhian HV, Zheng B (2000)

Determination of monomethylarsonous acid, a key arsenic me-

thylation intermediate, in human urine. Environ Health Perspect

108: 1015–1018.

39. Le XC, Ma M (1998) Short-column liquid chromatography with

hydride generation atomic fluorescence detection for the speciation

of arsenic. Anal Chem 70: 1926–1933.

40. Zakharyan RA, Ayala-Fierro F, Cullen WR, Carter DM, Aposh-

ian HV (1999) Toxicol Appl Pharmacol 158: 9–15.

41. Vahter M, Concha G (2001) Role of metabolism in arsenic

toxicity. [Review] Pharmacol Toxicol 89: 1–5.

42. Lo MC, Hsen YC, Lin BK (1977) The second report on the

investigation of arsenic content in the underground water in

Taiwan Province: Provincial Institute of Environmental Sanita-

tion, Taichung, Taiwan, ROC.

310 Y.-C. Chen et al.


