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Chronic exposure to inorganic arsenic (iAs) has been associated with increased risk of various
forms of cancer and of noncancerous diseases. Metabolic conversions of iAs that yield highly toxic
and genotoxic methylarsonite (MAs"!) and dimethylarsinite (DMAs'™) may play a significant role
in determining the extent and character of toxic and cancer-promoting effects of iAs exposure. In
this study we examined the relationship between urinary profiles of MAs™ and DMAs!! and skin
lesion markers of iAs toxicity in individuals exposed to iAs in drinking water. The study subjects
were recruited among the residents of an endemic region of central Mexico. Drinking-water reser-
voirs in this region are heavily contaminated with iAs. Previous studies carried out in the local
populations have found an increased incidence of pathologies, primarily skin lesions, that are
characteristic of arseniasis. The goal of this study was to investigate the urinary profiles for the
trivalent and pentavalent As metabolites in both high- and low-iAs—exposed subjects. Notably,
methylated trivalent arsenicals were detected in 98% of analyzed urine samples. On average, the
major metabolite, DMAs!, represented 49% of total urinary As, followed by DMAsY (23.7%),
iAsY (8.6%), iAs" (8.5%), MAs'!! (7.4%), and MAsY (2.8%). More important, the average MAs!!
concentration was significantly higher in the urine of exposed individuals with skin lesions com-
pared with those who drank iAs-contaminated water but had no skin lesions. These data suggest
that urinary levels of MAs!!
as an indicator to identify individuals with increased susceptibility to toxic and cancer-promoting
effects of arseniasis. Key words: arsenic, arsenic skin lesions, arsenic speciation, hyperkeratosis,
hyperpigmentation, hypopigmentation, metabolism, methylation, trivalent arsenic, trivalent
methylarsenic species, urine metabolites. Environ Health Perspect 113:250-254 (2005).
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Arsenic is a ubiquitous element found in
several forms in foods and environmental
media such as soil, air, and water; the pre-
dominant form in drinking water is inorganic
As (iAs), which is both highly toxic and read-
ily bioavailable. iAs is a recognized carcinogen
in humans [National Research Council
(NRC) 2001]. Chronic ingestion of iAs-
contaminated drinking water is therefore con-
sidered the major pathway behind the risk to
human health. It has been estimated that
200 million people worldwide are at risk
from health effects associated with high con-
centrations of As in their drinking water
(NRC 2001). Several other regions in the
world are exposed to levels above the maxi-
mum permissible limit recommended by the
World Health Organization (WHO 1993).
In humans, the chronic ingestion of iAs
(> 500 pg/day As) has been associated with
cardiovascular, nervous, hepatic, and renal
alterations and diabetes mellitus as well as
cancer of the skin, bladder, lung, liver, and
prostate [Agency for Toxic Substances and
Disease Registry (ATSDR) 2000]. Charac-
teristic features of arseniasis include skin
manifestations, such as hyperpigmentation,
hypopigmentation, and hyperkeratosis on the
palms and soles, and skin cancer at later
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stages (Cebrian et al. 1983; Schwartz 1997;
Tseng et al. 1968).

In humans, the mechanism by which iAs
exerts its toxic effects is very complex because
its metabolism involves at least five metabo-
lites that can exert toxic effects. The scheme
for the stepwise conversion of arsenite (1As™)
into mono-, di-, and trimethylated products
is as follows:

AsMO53- + CHs* — CH3AsY O3 +2¢~
— CH3AsMO,% + CH;*
— (CH3),AsVO, + 2¢
— (CH3),As""O~+ CH3" — (CH3)3AsVO~

Briefly, the metabolic process is carried out in
two processes: 4) the reactions of reduction
that convert the pentavalent species to tri-
valency, and &) reactions of oxidative methyla-
tions where iAs is converted to mono-, di-, and
trimethyl arsenic forms (MAs, DMAs, and
TMASO, respectively). Thus, both pentavalent
methylarsenic (MAsY) and trivalent methy-
larsenic (MAs™) forms are intermediates or
products of this pathway (Lin et al. 2002;
Thomas et al. 2004).

Using S-adenosylmethionine as a methyl
group donor, As methyltransferase (Cyt19,

EC 2.1.1.138) has been shown to catalyze
reactions, reduction and oxidative methyla-
tion, in rodents and humans (Waters et al.
2004). Other studies have shown the capacity
of two mammalian proteins to reduce iAsY,
glutathione S-transferase omega (GSTQ,
EC 2.5.1.18) (Zakharyan et al. 2001) and the
purine nucleoside phosphorylase (PNP,
EC 2.4.2.1) (Nemeti et al. 2003; Radabaugh
et al. 2002).

Urinary As is generally regarded as the most
reliable indicator of recent exposure to iAs and
is used as the main biomarker of exposure
(Mushak and Crocetti 1995). In addition, the
urinary profiles of iAs metabolites have fre-
quently been used in epidemiologic studies to
assess the capacity of exposed individuals to
methylate iAs. During almost 20 years, the
methylation of iAs has been generally evaluated
using urinary measurement of iAs (III + V),
MAs (III + V), and DMAs (III + V) in people
exposed to As. Nevertheless, the differentiation
of the trivalent intermediaries of As metabolism
is important because the trivalent methylated
arsenicals, MAs!!l and DMASs!!, are more
potent than either iAs'" or iAs in cytotoxicity
(Styblo et al. 2000), genotoxicity (Mass et al.
2001; Nesnow et al. 2002), and inhibition of
enzymes with antioxidative functions (Lin et al.
2001; Styblo et al. 1997). Therefore, the for-
mation of MAs!! and DMAs! in the methyla-
tion pathway for iAs may play a significant role
in the induction of toxic effects associated with
exposures to iAs.

The goal of this study was to assess the
urinary pattern of As methylation, including
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trivalent methylated metabolites, in an As-
endemic population using freshly collected
samples analyzed as soon as possible to avoid
the oxidation of MAs' and DMASs!!, even at
temperatures < 0°C (Del Razo et al. 2001;
Gong et al. 2001). Additionally, we compared
the pattern of urinary trivalent methylated
metabolites between persons with and with-
out skin lesions associated with arsenicism in
an endemic Mexican area.

Materials and Methods

Site selection. Study subjects were residents of
Zimapan in the state of Hidalgo, an area
located in the central part of Mexico, approxi-
mately 220 km from Mexico City. It has been
a mining district since the 16th century. By
1810 there were 40 smelters operating in and
around Zimapan (Garcia and Querol 1991).
There have been no active smelters in Zimapan
since the 1940s; however, tailing piles from the
flotation process have accumulated in Zimapan
for > 60 years. Tailings are sediments resulting
from settling of ore’s wastes. Some rocks from
the Zimapan Valley with higher than world
average iAs concentrations for the rock type
(2,550-21,400 mg/kg) were found in all the
tailings (Mendez and Armienta 2003). Most of
the current exposure occurs outside the
Zimapan basin, but old tailings near the edge
of the town are still an iAs pollution source.
Two major pathways contaminate ground-
water with iAs: 2) iAs dissolved from ore and
other minerals in the mining district can be
transported through fractures in the limestone
(mainly arsenopyrite) to water sources, and
b) rainwater leaches through surrounding mine
tailing piles (Armienta et al. 1997a). The
National Water Commission of Mexico found
high iAs concentrations in many of the wells in
1992. Water samples collected from springs
and drilled wells (- 180 m total depth) pre-
sented levels between 21 and 1,100 pg As/L
(Comisién Nacional del Agua 1992).

In 1999, the municipality closed one of
the wells connected to the municipal water
system that contained the highest iAs concen-
tration (1,100 pg/L). This action reduced the
average iAs concentration in the municipal
water from 580 to 350 pg/L. However, > 40%
of the valley residents in this area are not con-
nected to this municipal supply and rely on
local springs and norias (bucket-wheel wells)
for their potable water, and some of these
sources are still heavily polluted with iAs.

Subject selection. We conducted a cross-
sectional study with 104 participants who lived
in areas where their drinking water normally
contained iAs, 76 Zimapan residents exposed
to = 50 pg/L iAs and 28 individuals exposed to
<10 pg/L iAs (controls), in accordance with
the regulations of the Ethical Committee of
the Faculty of Medicine, Juarez University of
Durango. Subjects were recruited through

door-to-door contact. They had to be at least
15 years of age and live in the town for the pre-
vious 2 years. Before enrollment in the study,
each participant read and signed an informed
consent form. Subjects were interviewed by
trained interviewers regarding general charac-
teristics with emphasis in personal habits, his-
tory and habits of water consumption,
smoking habits, and medical, occupational,
and residential histories. They underwent
physical examination looking for typical der-
matologic signs of arseniasis. These signs of
arseniasis were evaluated by medical health care
physicians, who were blind to time and level of
exposure for each subject at the time of physi-
cal examination. The physicians have been
evaluating dermatologic signs of arseniasis in
Mexico for about 10 years. Participants were
asked to exclude seafood from their diets for
the preceding 4 days. Individuals who had
received drugs with well-defined organ toxicity
within the past 4 months or were suffering
chronic alcoholism were excluded. Each fam-
ily’s drinking water was analyzed for total As
(TAs) concentration. The final decision on
study eligibility was based on the measure-
ment of TAs concentration in the household
water source, and approximately 50% of the
iAs-high exposed group presented with at
least one skin sign of arseniasis, such as hypo/
hyperpigmentation, palmoplantar hyper-
keratosis, and ulcerative lesions as described
by Yeh (1973).

Exposure assessment. We estimated the
total liters of drinking water consumed per
day by each subject on the basis of subjects’
statements. Daily estimates of As consumption
were calculated as the product of the number
of liters consumed per day and the As concen-
tration in the subject’s drinking water source.
Cumulative exposure to iAs or time-weighted
iAs exposure (TWE) was calculated using the
duration of exposure, the number of liters
consumed per day, and the historical As con-
centration reported by the Mexican National
Water Commission from 1992 to the present
time (Garcia-Vargas et al. 1994).

Chemicals. Arsenic acid disodium salt
(NayHAsVO,) and sodium m-arsenite
(NaAs0,), both > 99% pure, were obtained
from Sigma Chemical Co. (St. Louis, MO,
USA). Methylarsonic acid (MAsV) disodium
salt [CH3AsYO(ONa),; 99% pure] was
obtained from Ventron (Danvers, MA, USA),
and dimethylarsinic acid [DMAsY; as
(CH3),AsVO(OH); 98% pure] was obtained
from Strem (Newburyport, MA, USA). The
trivalent methylated arsenicals methyloxoarsine
(MAs'"O; CH3As™MO) and iododimethyl-
arsine of DMAs™T [DMAs™; (CH3),As!]
were synthesized by W.R. Cullen (University
of British Columbia, Vancouver, British
Columbia, Canada) using previously described
methods (Cullen et al. 1984; Styblo et al.
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1997). Identity and purity of the synthesized
arsenicals were confirmed using 'H nuclear
magnetic resonance, mass spectrometry, and
hydride generation—atomic absorption spectro-
photometry (HG-AAS) as previously described
(Hughes et al. 2000). In aqueous solutions,
MAS!O and DMAS™T are presumed to form
MAs" and DMAs!, respectively. Working
standards of these arsenicals that contained
1 pg/mL As were prepared daily from stock
solutions. Sodium borohydride (NaBH,) was
obtained from EM Science (Gibbstown, NJ,
USA). Tris hydrochloride was purchased from
J.T. Baker (Phillipsburg, NJ, USA). Creatinine
kits were purchased from Randox (San Diego
CA, USA). All other chemicals used were at
least analytical grade. Standard reference mate-
rial (SRM) water (SRM 1463c) and urine
[SRM 2670; National Institute of Standards
and Technology (NIST), Gaithersburg, MD,
USA] were used for quality control of TAs in
water and urine analysis, respectively.

Drinking-water collection and processing.
Tap water samples were collected in the
homes of potential subject families using acid-
washed containers transported to the site of
the study by the investigators. We collected a
total of 91 water samples from 80 households
(more than one sample was obtained from
each household if participants used different
sources of water to drink and cook). Water
samples were stored at —20°C until subsequent
assay. Water samples were transported to the
Cinvestav-IPN laboratories in Mexico City
for TAs analysis. TAs was determined by
HG-AAS using a PerkinElmer 3100 spec-
trometer (PerkinElmer, Norwalk, CT, USA),
equipped with a FIAS-200 flow injection
atomic spectroscopy system as reported previ-
ously (Del Razo et al. 1990). All measure-
ments were made using an As electrodeless
discharge lamp. SRM 1463c¢ was used for
quality control of TAs in water analysis. The
certified TAs concentration in SRM 1463c is
82.1 + 1.2 pg/L. Replicate analyses of this
SRM using the method described above gave
concentrations of 82.7 + 1.7 pg/L, which is in
good agreement with the certified value.

Urine collection and processing. After clini-
cal exploration, all participants were scheduled
for urine sample collection each third day over
3 weeks in groups of 10-12 individuals each
time. Subjects were seen between 0700 and
0800 hr at the local health center, where urine
spot samples were collected with a minimum
of contamination in 250-mL polypropylene
containers that we provided. Urine samples
were immediately frozen in dry ice. To prevent
oxidation of unstable trivalent methylated
arsenicals, frozen urine samples were immedi-
ately transported to Cinvestav-IPN laboratory
and analyzed within 6 hr after collection.

A pH-specific HG-AAS has been opti-
mized to permit simultaneous analysis of all

251



Article | Valenzuela et al.

known metabolites of iAs, including AL

iAsY, MAs'!, MAsY, DMAs'!, and DMAs" in
urine (Del Razo et al. 2001). This method is
based on a pH-specific generation of hydrides
from tri- and pentavalent iAs, MAs, and
DMAs with subsequent chromatography and
determination of As contents in HG-AAS.
The HG-AAS apparatus was based on the
design of Crecelius et al. (1986). For hydride
generation at < pH 2, 1 mL sample urine,
5 mL deionized water, and 1 mL 6 M
hydrochloric acid (HCI) were placed into the
reaction vessel. This mixture had a final pH of
1-2. For hydride generation at pH 6, 1 mL
sample urine, 5 mL deionized water, 1 mL
2.5 M Tris-HCl, and 0.06 M NaOH buffer,
pH 6, were placed into the reaction vessel.
This mixture had a final pH of approximately
6. At cither pH, thorough mixing of the con-
tents of the reaction vessel was followed by
injection into the reaction vessel of 1 mL of a
4% solution of NaBHy in 0.02 M NaOH.
Cold-trapped arsines were released from the
U-tube by its removal from the liquid nitro-
gen and application of heat, for separation of
the later arsines for a gradient of temperature.
We used SRM 2670 to validate analysis of
TAs; SRM 2670 consists of two bottles of
urine—one containing an elevated concentra-
tion of As and one containing a normal con-
centration. The certified TAs concentration in
the elevated urine is 480 + 100 pg/L. As in
normal urine is not certified; however, the
NIST provides a reference value of 60 pg/L.
Replicate analyses of these SRMs using the
method described above give concentrations of
507 + 17 pg/L and 64 £ 5 pg/L, respectively,
which are in good agreement with the certified

Table 1. Demographics of the study population.

and reference values. The TAs concentration in
urine samples reported in this article is the sum
of the concentrations of iAs!!l, iAsY, MAs!!L
MAsY, DMAs', and DMAs".

Creatinine in urine. Urinary creatinine
was measured by the Jaffe reaction using a
Randox commercial kit. Arsenical species
concentrations in urine were corrected for
creatinine concentration as an indication of
urine dilution.

Statistical methods. Data analysis was car-
ried out using Stata 8.0 statistical software
(Stata Corp., College Station, TX, USA).
Arsenical values were transformed to a log scale
in order to calculate means and range, to per-
form statistical comparisons between groups,
and to evaluate potential confounding factors.
We used Mann-Whitney tests to compare uri-
nary As metabolites among exposed groups
with and without lesions. Potential confound-
ing risk factors evaluated included age, sex,
sunlight exposure, and TWE.

Results

Eighty families with a total of 104 participants
completed the sampling protocol (Table 1).
Because of the lack of good job opportunities
in this area, most of the young men emigrate
out of the country; in consequence, most of
the subjects (90%) were female. The concen-
tration of TAs in home drinking water of study
participants ranged from 1 to 1,054 pg/L. In
24 homes (30%), the subjects drank bottled
water in addition to municipal water.

Urine samples from both controls and
individuals chronically exposed to high iAs by
consumption of drinking water containing
this metalloid were analyzed to determine the

Low iAs exposure

High iAs exposure

Characteristics Control Without skin lesions With skin lesions
No. of subjects 28 21 55
Sex?
Male 2(7.1) 1(4.8) 7(14.6)
Female 26(92.9) 20(95.2) 48(85.4)
Age (years) 35(18-50) 35(21-49) 35(15-51)
Sunlight exposure (hours) 2.3(0-8) 2.2(0-8) 2.8(0-9)
TAs concentration in drinking water (pug/L) 1.6 (1-6) 117 (50-1,504) 115 (50-658)
Duration of iAs exposure (years)? 26 (4-50) 21 (4-49) 26 (4-51)
TWE (mg) 0.01(0.01-0.06) 5.8(0.02-16.3) 9.3(0.23-26.9)*

Values are mean (range) except where noted.

a\Values are mean (%). YDuration of well water consumption. *Statistically significant difference (p < 0.05) between the

exposed individuals with and without skin lesions.

Table 2. Concentration and relative proportion of As species in residents of the Zimapan area (n=104).

iAs metabolite in urine

Concentration (ug/g creatinine)

Relative proportion (%)

iAsV 5.84 (1-65.5) 86
iAs!! 4.46(0.1-172.3) 8.5
MAsY 1.45(0.1-28.3) 28
MAs'! 4.93(0.1-101.9) 7.4
DMAs" 14.56 (1-710) 23.7
DMAs! 30.75 (0.1-506.3) 49

TAs 84.85(9.1-1398.1) 100

Concentration of metabolites of As in urine are reported as geometric mean (range).
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concentrations of iAs™, MAs™, and DMAs'™.
Arsenical values were adjusted by creatinine
concentration. Urinary creatinine measure-
ments ranged from 105 to 3,230 mg/L, with
an average of 595 mg/L. Average urinary con-
centrations of trivalent and pentavalent As
species in the total study group are shown in
Table 2. Methylated trivalent arsenicals were
detected in 98% of analyzed urine samples. In
addition, trivalent arsenicals (iAs™! + MAs!! +
DMAsM) were the predominant species in
urine samples (65%). On average, the major
metabolite, DMAs!, represented 49% of total
urinary As, followed by DMAsY (23.7%),
iAsY (8.6%), iAs"! (8.5%), MAs'!! (7.4%),
and MAsY (2.8%).

Cutaneous signs of arsenicism were
observed in 55 individuals from the group
exposed to > 50 pg/L As in drinking water.
The type and proportion of cutaneous signs
observed in participants of this study are
shown in Table 3. Hyperkeratosis in the palm
or sole was the most frequent skin sign of
arsenicism (56.6%).

Table 4 summarizes the average arsenical
concentrations according to the level of As
exposure and the presence of skin lesions.
Interestingly, in the high-As-exposure group,
subjects presenting cutaneous signs had signif-
icant increases in the concentration of MAs!!L
In addition, the average of relative proportion
of urinary MAs™ was marginally higher in
exposed individuals with skin lesions com-
pared with those who drank iAs-contaminated
water but had no skin lesions (Table 5).

The conditional logistic regression model
was based on 76 subjects exposed to = 50 ug/L
As in drinking water; this model was adjusted
by age, sex, and TWE. The risk of occurrence
of arseniasis related to both absolute and rela-
tive quantity of MAs'! was significant
(p < 0.008 and < 0.004, respectively). The
odds ratios (OR) for the subjects having hyper-
keratosis plantar was estimated to be 1.06
[95% confidence interval (CI), 1.03-1.19] for
concentration of MAs!"! and 1.22 (95% CI,
1.07-1.44) for relative proportion of MAs!!L,

Table 3. Distribution of skin lesion in iAs-exposed
subjects (n=76).

Frequency [no. (%]]

Skin lesion With lesion  w/o lesion
Hypopigmentation 36 (47.4) 40 (52.6)
Hyperpigmentation 29(38.2) 47 (61.8)
Hypo-/hyperpigmentation 9(11.8) 67(88.2)
Hyperkeratosis on the palms 33(43.4) 43 (56.6)
Hyperkeratosis on the soles 30(39.5) 46 (60.5)
Hyperkeratosis on the palms 43 (56.6) 33 (43.4)
or soles
Keratosis on the trunk 17(22.4) 59 (77.6)
Cutaneous horns 4(5.3) 72(94.7)
Bowen's disease 1(1.3) 75(98.7)
Squamous cell carcinoma 1(1.3) 75(98.7)

wj/o, without. Frequency was calculated for 76 subjects
exposed to > 50 pg/L As in drinking water.
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Even though DMAs!"! was the main species
found in urine, neither its concentration nor its
relative proportion was associated with the risk
of As skin lesions (data not shown).

Another variable, independent of iAs
metabolites, that was significantly associated
with the presence of hyperkeratosis plantar
(p = 0.003) in the group who drank water
containing As > 50 pg/L was the lifetime iAs
exposure, estimated as TWE (OR = 1.20;
95% CI, 1.06-1.35).

Discussion

MAS™ and DMAS™ in urine. The analysis of
urinary trivalent methylated metabolites of
iAs using freshly collected urine samples,
within 6 hr of collection to reduce differences
in handling among samples and to minimize
the extent of oxidation of trivalent arsenicals
before analysis, allowed detection of the pres-
ence of MAs' and DMAs!! in 98% of the
urine collected, even in urine samples from
subjects with low As exposure (< 10 pg/L in
drinking water; Table 4). The optimization of
As speciation techniques has only recently per-
mitted analysis of oxidation states of As in
methylated metabolites. Initial studies using
the optimized techniques detected small
amounts of MAs!! and/or DMAs!!! in urine
from residents exposed to iAs in drinking
water in several geographical regions, includ-
ing Romania (Aposhian et al. 2000), Inner
Mongolia (Le et al. 2000), Mexico (Del Razo
et al. 2001), and West Bengal (Mandal et al.
2001). However, most of these studies ana-
lyzed urine samples that were stored for an
extended time after collection. Because MAs!!
and DMAs'!! are rapidly oxidized even at tem-
peratures < 0°C (Del Razo et al. 2001; Gong
et al. 2001), these studies probably under-
estimated the concentrations of these metabo-
lites. In contrast, analyses of freshly collected
urine samples in this study showed that
methylated trivalent arsenicals (MAs™ and
DMAs") are in fact prevalent urinary metabo-
lites of iAs (Table 2). DMAs!!! also was
detected only when fresh void urine was col-
lected from DMAsV-fed rats (Cohen et al.
2002). Csanaky and Gregus (2002) reported

that intravenously injected iAs was excreted
mainly as MAS" and Suzuki et al. (2001)
reported that this excreted MAs™™! was conju-
gated by glutathione [MAs™(GS),] in rat bile.
Urinary detection of methylated and
dimethylated arsenicals containing As in both
oxidation states indicates that metabolism of
As involves changes in the oxidation state of As
during methylation. It is likely that interactions
of trivalent iAs metabolites with proteins and
other cellular constituents are responsible for
retention and toxic effects of As in tissues of
animals and humans exposed to iAs. A study
with a population chronically exposed to iAs
from drinking water indicated that methylated
arsenicals are also retained in tissues (Aposhian
et al 1997, 2000). These As-exposed indi-
viduals were treated with an As chelator,
2,3-dimercaptopropane-1-sulfonic acid
(DMPS), which resulted in a massive release
of MAs, including MAS™ in urine, suggesting
that DMPS mobilized tissue depots of iAs.
Skin lesions and trivalent methylated
metabolites of iAs. Skin keratosis and changes
in skin pigmentation are two hallmark signs
of arseniasis. Many residents of the Zimapan
area had skin lesions related to iAs exposure
(Armienta et al. 1997b) (Table 3). According
to the historical values of As in drinking
water, most of the families who participated
in this study were exposed to extremely high
As concentrations at least from 1992 to 1999.
After this time, the level of concentration of
As in water has been decreased because the
municipality closed one of the wells con-
nected to the municipal water system that
contained the highest iAs concentration
(1,100 pg/L). In addition, several residents
previously drank bottled water with normal
values of As instead of drinking water from
the municipal system. This fact can explain
the great prevalence of dermatoxicity, despite
the moderate concentration of arsenicals in
urine observed in the present study (Table 4).
We also assessed the profile of iAs metabo-
lites on dermatoxicity (Table 3). Previous
studies in other regions, such as the Lagunera
Region in Mexico (Del Razo et al. 1997) and
Taiwan (Yu et al. 2000), showed that subjects

Table 4. Urinary pattern of iAs species in humans exposed to As through drinking water in the Zimapan
area, according to level exposition and the presence of As skin lesions (n=104).

Metabolite concentration of iAs in urine (g/g creatinine)

Control Exposed, without lesions Exposed, with lesions
As species (n=28) (n=21) (n=55)
IAsV 3.6(1.0-10.5) 6.1(2.0-37.2) 8.2(2.4-65.5)
IAs! 1.6(0.1-9.7) 6.9(1.5-101.6) 6.3(0.3-172.3)
MAs" 0.6(0.1-5.5) 1.8(0.3-16.6) 2.0(0.1-28.3)
MAs'! 2.2(0.4-9.6) 4.8(0.1-24.9) 7.5(0.2-101.9)
DMAsY 7.4(1.8-38.5) 15.9(1.0-226.5) 19.8(1.0-710.1)
DMAs'! 7.9(0.1-65.4) 48.1(2.2-206) 51.9(1.4-506.3)
TAs 33.3(9.1-106) 116 (61.2-371.7) 121.2 (51.9-1,398)

with arseniasis were more likely to have a
higher concentration of MAs in urine than
were exposed individuals who had did not
have arseniasis; at that time, the speciated
arsenical concentrations in urine were made
without mentioning their oxidation state.
Recent advent of techniques for speciation of
As has helped establish the speciation of As
according to oxidation states.

Importantly, trivalent methylated metabo-
lites, especially DMASs! were not stable in
human urine and oxidized quickly to yield
pentavalent MAsY and DMAsY (Del Razo
et al. 2001). As noted above, these samples
were analyzed within 6 hr of collection to
reduce differences among samples in handling
and to minimize the extent of oxidation of
As'!! before analysis.

Interestingly, in our study the iAs-exposed
individuals bearing skin signs of arsenicism had
significantly higher urinary relative proportions
and concentrations of MAs!'l. These data sug-
gest thar a high output of MAs™ in urine may
predict increased susceptibility to arseniasis.

MAs!T and DMAs!! have been reported
to be highly toxic in mammalian cells (Styblo
et al. 2000, 2002) and genotoxic (Mass et al.
2001; Nesnow et al. 2002). The reason for
the high toxicity of methylated trivalent
arsenicals has not been adequately explained,
except that methylated trivalent arsenicals
exert genotoxicity via reactive oxygen species
(Nesnow et al. 2002). Although the compara-
tive toxicity of MASY(GS), was about nine
times higher than that of iAs! the accumula-
tion rate of MAs"(GS), was 40 times higher
than that of iAs"!. These results suggest that
MASs"(GS), was more toxic than iAs!!, at
least in part due to the more efficient accu-
mulation of As in cells (Hirano et al. 2004).
Moreover, Vega et al. (2001) showed that
normal human epidermal keratinocytes
exposed to low doses (0.001-0.01 pM) of
MASs™! stimulated expression of certain pro-
inflammatory cytokines and growth factors
that are critical to maintaining homeostasis
and barrier integrity in the skin, suggesting
that the overexpression of these products can
lead the skin pathologic processes.

Table 5. Comparison of mean percentage of As
species in urine among As-exposed subjects with
and without skin lesions.

Percent As-exposed subjects

Without lesions With lesions
As species (n=21) (n=155)
iAsY 6.5 79
iAs!! 109 8.0
MAsY 35 2.3
MAs!! 59 7.7%
DMAsY 215 23.1
DMAs'! 517 51.0

Values shown are geometric mean (range).

*Statistically significant difference (p < 0.05) between the exposed individuals with and without skin lesions (by Mann-

Whitney test).
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*Statistically marginal difference (p = 0.072) between the
exposed individuals with and without skin lesions (by
Mann-Whitney test).
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Another possible mechanism for higher
toxicity of trivalent arsenicals compared with
the corresponding pentavalent forms is that
trivalent species have a higher affinity for thiol
compounds (Shiobara et al. 2001).

In light of these observations, biomethyla-
tion of iAs, a process yielding toxic trivalent
methylated metabolites, appears to be a mecha-
nism of activation of As as a toxin and possibly
as a carcinogen. Because of the adverse biologic
effects of these metabolites, the analysis of uri-
nary MAs may serve as an effective tool for
the evaluation of health risks associated with
exposure to iAs.

There were no significant associations
between other confounding risk factors, such
as duration of sunlight, and skin lesions (data
not shown).

Another important factor associated with
the presence of As skin lesions was the lifetime
exposure of As evaluated as TWE. Table 1
shows the significant difference between this
variable between exposed As subjects, demon-
strating that the magnitude of exposure is
directly related to the presence of skin lesions.
In other words, the basic principle of dose—
response relationship was fulfilled for the
presence of As skin lesions.

The major limitations of this study are the
small sample population and the fact that most
of the participants were female. Previous
reports have indicated that age, dose, preg-
nancy, and sex are among factors that affect the
urinary profiles of iAs metabolites (Del Razo
et al. 1997; Hughes et al. 2000; Yu et al.
2000). Results obtained in this study may not
generalize to males or to the entire population.

This study provides novel data on the pat-
tern of trivalent and pentavalent metabolites
of iAs clearance in fresh urine from a popula-
tion exposed to iAs in drinking water. Unlike
other studies, in which urine samples were
stored for several weeks before analysis, this
study shows that MAs™ and DMAs™ in urine
are predominant As species compared with
their corresponding pentavalent arsenicals.

MAs!L the most potent toxicant in the
entire metabolic pathway of iAs, could be
mainly responsible for the toxic and carcino-
genic effects of iAs exposure, and its detection
and quantification in human populations can
assist in risk assessment and could be the cause
of As carcinogenesis. Our findings support the
view that the extent and character of adverse
effects associated with iAs exposures are at least
in part determined by the rate of the formation
and by the composition of iAs metabolites.

Further research in other populations
with arseniasis is needed to confirm the
potential relationship between the concentra-
tions of MAs'! in biologic samples from
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human populations and the little-understood
etiology of hyperkeratosis, skin hypo- or
hyperpigmentation, and cancer that can result
from chronic iAs exposure.

REFERENCES

Aposhian HV, Arroyo A, Cebrian ME, Del Razo LM, Hurlbut KM,
Dart RC, et al. 1997. DMPS-arsenic challenge test.
I Increased urinary excretion of monomethylarsonic acid in
humans given dimercaptopropane sulfonate. J Pharmacol
Exp Ther 282:192-200.

Aposhian HV, Gurzau ES, Le XC, Gurzau A, Healy SM, Lu X,
et al. 2000. Occurrence of monomethylarsonous acid in
urine of humans exposed to inorganic arsenic. Chem Res
Toxicol 13:693-697.

Armienta MA, Rodriguez R, Aguayo A, Ceniceros N, Villasefior G,
Cruz 0. 1997a. Arsenic contamination of groundwater at
Zimapan, Mexico. Hydrogeol J 5:39-46.

Armienta MA, Rodriguez R, Cruz 0. 1997b. Arsenic content in
hair of people exposed to natural arsenic polluted ground-
water at Zimapan, Mexico. Bull Environ Contam Toxicol
59:583-589.

ATSDR. 2000. Toxicological Profile for Arsenic. Atlanta,
GA:Agency for Toxic Substances and Disease Registry.
Cebrian ME, Albores A, Aguilar M, Blakely E. 1983. Chronic
arsenic poisoning in the north of Mexico. Hum Toxicol

2:121-233.

Cohen SM, Arnold LL, Uzvolgyi E, Cano M, St John M,
Yamamoto S, et al. 2002. Possible role of dimethylarsinous
acid in dimethylarsinic acid-induced urothelial toxicity and
regeneration in the rat. Chem Res Toxicol 15:1150-1157.

Comision Nacional del Agua (National Water Commission). 1992.
Estudio de Prospeccion Geohidroldgica y Exploracion
Geofisica en la Zona de Tecozautla-Vizarro, Estado de
Hidalgo y Queretaro. IGAMSA, Tomo 1. Informe Técnico.
México DF:Comision Nacional del Agua.

Crecelius EA, Bloom NS, Cowan CE, Jenne EA. 1986. Speciation
of Selenium and Arsenic in Natural Waters and Sediments:
Vol 2. Arsenic Speciation. Final Report for Electric Power
Research, Palo Alto, CA. Richland, WA:Battelle Pacific
Northwest Laboratories.

Csanaky I, Gregus Z. 2002. Species variations in the biliary and
urinary excretion of arsenate, arsenite and their metabolites.
Comp Biochem Physiol C Toxicol Pharmacol 131:355-365.

Cullen WR, McBride BC, Reglinski J. 1984. The reaction of
methylarsenicals with thiols: some biological implications.
J Inorg Biochem 21:179-194.

Del Razo LM, Arellano MA, Cebrian MA. 1990. The oxidation
states of arsenic in well water from chronic arsenicism
area of northern Mexico. Environ Poll 64:143-153.

Del Razo LM, Garcia-Vargas GG, Vargas H, Albores A,
Gonsebatt ME, Montero R, et al. 1997. Altered profile of uri-
nary arsenic metabolites in adults with chronic arsenicism.
A pilot study. Arch Toxicol 71:211-217.

Del Razo LM, Styblo M, Cullen WR, Thomas DJ. 2001.
Determination of trivalent methylated arsenicals in biological
matrices. Toxicol Appl Pharmacol 174:282-293.

Garcia GG, Querol FS. 1991. Description of some deposits in the
Zimapan district, Hidalgo. In: Economic Geology, Mexico
(Salas GP, ed). Boulder, CO:Geological Society of America,
295-313.

Garcia-Vargas GG, Del Razo LM, Cebrian ME, Albores A,
Ostrosky-Wegman P, Montero R, et al. 1994. Altered urinary
porphyrin excretion in a human population chronically
exposed to arsenic in Mexico. Hum Exp Toxicol 13:839-847.

Gong Z, Lu X, Cullen WR, Le XC. 2001. Unstable trivalent
arsenic metabolites, monomethylarsonous acid and
dimethylarsinous acid. J Anal At Spectrom 6:1409-1413.

Hirano S, Kobayashi Y, Cui X, Kanno S, Hayakawa T, Shraim A.
2004. The accumulation and toxicity of methylated arseni-
cals in endothelial cells: important roles of thiol com-
pounds. Toxicol Appl Pharmacol 198:458—467.

Hughes MF, Del Razo LM, Kenyon EM. 2000. Dose-dependent
effects on tissue distribution and metabolism of dimethyl-
arsinic acid in the mouse after intravenous administration.
Toxicology 143:155-166.

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

Determination of monomethylarsonous acid, a key arsenic
methylation intermediate, in human urine. Environ Health
Perspect 108:1015-1018.

Lin S, Del Razo LM, Styblo M, Wang C, Cullen W, Thomas DJ.
2001. Arsenicals inhibit thioredoxin reductase in cultured
rat hepatocytes. Chem Res Toxiciol 14:305-311.

Lin S, Shi Q, Nix FB, Styblo M, Beck MA, Herbin-Davis KM,
et al. 2002. A novel S-adenosyl-L-methionine: arsenic(l1l)
methyltransferase from rat liver cytosol. J Biol Chem
277:10795-10803.

Mandal BK, Ogra Y, Suzuki KT. 2001. Identification of dimethyl-
arsinous and monomethylarsonous acids in human urine
of the arsenic-affected areas in West Bengal, India. Chem
Res Toxicol 14:371-378.

Mass MJ, Tennant A, Roop BC, Cullen WR, Styblo M,
Thomas DJ, et al. 2001. Methylated trivalent arsenic
species are genotoxic. Chem Res Toxicol 14:355-361.

Mendez M, Armienta MA. 2003. Arsenic phase distribution in
Zimapan mine tailings, Mexico. Geofis Int 42:131-140.

Mushak P, Crocetti AF. 1995. Risk and revisionism in arsenic can-
cer risk assessment. Environ Health Perspect 103:684-689.

Nemeti B, Csanaky |, Gregus Z. 2003. Arsenate reduction in
human erythrocytes and rats—testing the role of purine
nucleoside phosphorylase. Toxicol Sci 74:22-31.

Nesnow S, Roop BC, Lambert G, Kadiiska M, Mason RP,
Cullen WR, et al. 2002. DNA damage induced by methylated
trivalent arsenicals is mediated by reactive oxygen
species. Chem Res Toxicol 5:1627-1634.

NRC (National Research Council). 2001. Arsenic in Drinking
Water. Washington, DC:National Academy Press.

Radabaugh TR, Sampayo-Reyes A, Zakharyan RA, Aposhian HV.
2002. Arsenate reductase Il. Purine nucleoside phosphory-
lase in the presence of dihydrolipoic acid is a route for
reduction of arsenate to arsenite in mammalian systems.
Chem Res Toxicol 15:692-698.

Schwartz RA. 1997. Arsenic and the skin. Int J Dermatol
36:241-250.

Shiobara Y, Ogra Y, Suzuki KT. 2001. Animal species difference
in the uptake of dimethylarsinous acid (DMA(II1)) by red
blood cells. Chem Res Toxicol 14:1446-1452.

Styblo M, Del Razo LM, Vega L, Germolec DR, LeCluyse EL,
Hamilton GA, et al. 2000. Comparative toxicity of trivalent
and pentavalent inorganic and methylated arsenicals in
rat and human cells. Arch Toxicol 74:289-299.

Styblo M, Drobna Z, Jaspers |, Lin S, Thomas DJ. 2002. The role
of biomethylation in toxicity and carcinogenicity of arsenic:
a research update. Environ Health Perspect 110:767-771.

Styblo M, Serves SV, Cullen WR, Thomas DJ. 1997. Comparative
inhibition of yeast glutathione reductase by arsenicals and
arsenothiols. Chem Res Toxicol 10:27-33.

Suzuki KT, Tomita T, Ogra Y, Ohmichi M. 2001. Glutathione-
conjugated arsenics in the potential hepato-enteric circu-
lation in rats. Chem Res Toxicol 14:1604-1611.

Thomas DJ, Waters SB, Styblo M. 2004. Elucidating the path-
way for arsenic methylation. Toxicol Appl Pharmacol
198:319-326.

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.

Vega L, Styblo M, Patterson R, Cullen W, Wang C, Germolec D.
2001. Differential effects of trivalent and pentavalent
arsenicals on cell proliferation and cytokine secretion in
normal human epidermal keratinocytes. Toxicol Appl
Pharmacol 172:225-232.

Waters SB, Devesa V, Del Razo LM, Styblo M, Thomas DJ. 2004.
Endogenous reductants support the catalytic function of
recombinant rat cyt19, an arsenic methyltransferase. Chem
Res Toxicol 17:404-409.

WHO. 1993. Guidelines for Drinking Water Quality: Recommen-
dations. Vol 1. 2nd ed. Geneva:World Health Organization.

Yeh S. 1973. Skin cancer in chronic arsenicism. Human Pathol
4:469-485.

Yu RC, Hsu KH, Chen CJ, Froines JR. 2000. Arsenic methylation
capacity and skin cancer. Cancer Epidemiol Biomarkers
Prev 9:1259-1262.

Zakharyan RA, Sampayo-Reyes A, Healy SM, Tsaprailis G, Board
PG, Liebler DC, et al. 2001. Human monomethylarsonic acid
(MMA(V)) reductase is a member of the glutathione-S-
transferase superfamily. Chem Res Toxicol 14:1051-1057.

voLUME 113 | Numger 3 | March 2005 « Environmental Health Perspectives




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice




