Research

All EHP content is accessible to individuals with disabilities. A fully accessible (Section 508-compliant)
HTML version of this article is available at http://dx.doi.org/10.1289/ehp.1205727.

Chronic Arsenic Exposure and Blood Glutathione and Glutathione Disulfide

Concentrations in Bangladeshi Adults

Megan N. Hall," Megan Niedzwiecki,? Xinhua Liu,? Kristin N. Harper,? Shafiul Alam,* Vesna Slavkovich,?
Vesna llievski,? Diane Levy,? Abu B. Siddique,* Faruque Parvez,? Jacob L. Mey,’ Alexander van Geen,®

Joseph Graziano,? and Mary V. Gamble?

'Department of Epidemiology, 2Department of Environmental Health Sciences, and 3Department of Biostatistics, Mailman School of
Public Health, Columbia University, New York, New York, USA; Columbia University Arsenic Project in Bangladesh, Dhaka, Bangladesh;

5Lamont-Doherty Earth Observatory of Columbia University, Palisades, New York, USA

BACKGROUND: In vitro and rodent studies have shown that arsenic (As) exposure can deplete
glutathione (GSH) and induce oxidative stress. GSH is the primary intracellular antioxidant;
it donates an electron to reactive oxygen species, thus producing glutathione disulfide (GSSG).
Cysteine (Cys) and cystine (CySS) are the predominant thiol/disulfide redox couple found in
human plasma. Arsenic, GSH, and Cys are linked in several ways: 2) GSH is synthesized via the
transsulfuration pathway, and Cys is the rate-limiting substrate; 4) intermediates of the methionine
cycle regulate both the transsulfuration pathway and As methylation; ¢) GSH serves as the electron
donor for reduction of arsenate to arsenite; and d) As has a high affinity for sulfhydryl groups and
therefore binds to GSH and Cys.

OBJECTIVES: We tested the hypothesis that As exposure is associated with decreases in GSH and Cys
and increases in GSSG and CySS (i.e., a more oxidized environment).

METHODS: For this cross-sectional study, the Folate and Oxidative Stress Study, we recruited a
total of 378 participants from each of five water As concentration categories: < 10 (7 = 76), 10-100
(n = 104), 101-200 (2 = 86), 201-300 (7 = 67), and > 300 pg/L (= = 45). Concentrations of GSH,
GSSG, Cys, and CySS were measured using HPLC.

RESULTS: An interquartile range (IQR) increase in water As was negatively associated with blood
GSH (mean change, —25.4 pmol/L; 95% CI: —45.3, —5.31) and plasma CySS (mean change,
—3.00 pmol/L; 95% CI: —4.61, —1.40). We observed similar associations with urine and blood As.
There were no significant associations between As exposure and blood GSSG or plasma Cys.

CONCLUSIONS: The observed associations are consistent with the hypothesis that As may influence
concentrations of GSH and other nonprotein sulfhydryls through binding and irreversible loss in
bile and/or possibly in urine.
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Introduction
Arsenic (As) is a class I human carcinogen that
causes several types of cancer (International
Agency for Research on Cancer 2004).
Chronic As exposure through contami-
nated drinking water has also been linked to
increased mortality (Argos et al. 2010) and
both coronary (Chen et al. 2011; States et al.
2009) and respiratory diseases (Parvez et al.
2008, 2010). Approximately 140 million
people worldwide are chronically exposed to
As-contaminated drinking water at concentra-
tions > 10 pg/L; > 57 million of these exposed
individuals live in Bangladesh (Kinniburgh
and Smedley 2001; World Bank 2005).
Inorganic As (InAs) undergoes methyla-
tion via nutrient-dependent one-carbon
metabolism, first to monomethylarsonic acid
(MMAsY), and then to dimethylarsinic acid
(DMAsY) (Figure 1). Arsenic metabolites dif-
fer in toxicity, and individuals vary in their
ability to methylate InAs. Epidemiologic
studies have shown that a lower capacity to
methylate InAs to DMAYV, based on rela-
tive amounts of As metabolites in urine, is
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positively associated with risk for several
diseases (Steinmaus et al. 2010). The precise
mechanisms through which As causes disease
are poorly understood, although oxidative
stress (defined as an imbalance between anti-
oxidant defense and the total burden of poten-
tially harmful reactive biochemical species)
is often cited as a likely mechanism (Jomova
etal. 2011).

Glutathione (GSH), a tripeptide con-
sisting of cysteine (Cys), glutamic acid,
and glycine, is a critical component of the
body’s primary antioxidant defense mecha-
nism (Forman et al. 2009). GSH also serves
as the electron donor for the reduction of
arsenate (AsY) to arsenite (As'!!) (Scott et al.
1993). GSH can detoxify reactive oxygen spe-
cies (ROS) directly and is also a substrate
for glutathione peroxidase, a selenoprotein
that enzymatically reduces hydrogen per-
oxide and lipid hydroperoxides (Lu 2009).
Detoxification of ROS produces the oxidized
metabolite glutathione disulfide (GSSG),
which can be reduced back to GSH through

the action of glutathione reductase. Another

critical function of GSH is to provide a reser-
voir of Cys in order to maintain overall sulfur
amino acid balance (Figure 1). Cells can tol-
erate only low concentrations of Cys, which
is unstable and rapidly oxidizes to cystine
(CySS), producing potentially toxic oxygen
free radicals (Lu 2009).

A decrease in GSH and increase in GSSG
is indicative of chronic oxidative stress,
and severe oxidative stress has been shown
to deplete GSH (Lu 1999). Furthermore,
changes in the reduction potential (Ej)
of the GSH/GSSG and Cys/CySS thiol/
disulfide pairs may influence redox-sensitive
signaling pathways and enzymes (Jones 2002).
Concentrations of reduced and oxidized
forms of a paired redox couple can be used
to estimate the redox state (in millivolts) with
the Nernst equation (Jones et al. 2002). The
GSH/GSSG thiol/disulfide redox couple
maintains a highly reduced intracellular state
that controls cell cycle progression and intra-
cellular antioxidant defenses (Schafer and
Buettner 2001). In plasma, Cys and CySS
are present at much higher concentrations
than GSH and GSSG, and are thus the
primary determinants of the extracellular
redox state (Jones et al. 2002). The high intra-
cellular (1-10 mM) and lower extracellular
(1-10 pM) concentrations of GSH might
render extracellular surfaces more vulnerable
to oxidative damage (Lu 2009; Smith et al.
1996); this may be partially counteracted by
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the high extracellular concentrations of the
Cys/CySS redox pair.

One-carbon metabolism is the biochemi-
cal pathway through which As and numerous
other substrates are methylated (Figure 1). A
portion of homocysteine generated through
one-carbon metabolism is remethylated to
form methionine, which is then activated to
form the methyl donor, S-adenosyl methio-
nine (SAM). Alternatively, homocysteine can
be directed to the transsulfuration pathway
and used in the synthesis of GSH (Figure 1).
Under conditions of oxidative stress, the shunt-
ing of homocysteine to the transsulfuration
pathway is increased through the up-regulation
of the GSH biosynthetic enzymes, including
Y-glutamate-cysteine ligase (GCL), the rate-
limiting enzyme of GSH synthesis (Lu 2009).
Although most cell types can synthesize GSH,
the liver is the major site of synthesis.

There are several mechanisms through
which As may influence concentrations of
GSH and GSSG, including #) inducing the
formation of ROS, which are then detoxi-
fied by GSH; 6) consuming GSH during the
reduction of AsY to As'! (Scott et al. 1993);
¢) forming As/GSH complexes, which are
substrates for the ATP-binding cassette mem-
brane transporters that mediate efflux from
cells (Leslie et al. 2004; Thomas 2009); and
d) inhibiting glutathione reductase, thereby
limiting the regeneration of GSH from GSSG
(Massey and Williams 1965; Styblo et al.
1997; Styblo and Thomas 1995). In vitro
and animal studies have shown that As can
deplete GSH (Santra et al. 2000). Thus, the
depletion of GSH may be one mechanism
through which As could lead to oxidative
stress. However, given the well-known species
differences in As metabolism and susceptibil-
ity to As-induced health effects (Drobn4 et al.
2010), additional data derived from human
population studies are needed.

We conducted a cross-sectional study of
378 Bangladeshi adults to test the primary
hypothesis that chronic As exposure is associ-
ated with reductions in GSH and increases
in GSSG. We also wished to test the second-
ary hypothesis that chronic As exposure is
associated with reductions in plasma Cys and
increases in CySS.

Subjects and Methods

Participants and procedures. Participants in
the current study, the Folate and Oxidative
Stress (FOX) Study, were recruited between
February and July of 2008 in Araihazar,
Bangladesh. Potential participants were identi-
fied on the basis of well water As (wAs) con-
centrations obtained from a well survey in the
year 2000 (van Geen et al. 2002) in order to
ensure a wide range of As exposures for the
examination of dose-dependent relationships.
A new water sample was collected at the time
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of enrollment for analysis of wAs concentra-
tion. Individuals were eligible to participate in
FOX if they @) were between 30 and 65 years
of age; b) were not pregnant; ¢) were not tak-
ing nutritional supplements; 4) did not have
known diabetes, cardiovascular or renal dis-
ease, chronic obstructive pulmonary disease,
or cancer; and ¢) had been drinking water
from their current well for at least 3 months.
Trained recruiters identified eligible par-
ticipants, explained the nature of the study,
obtained informed consent, and scheduled
a field clinic visit. Because GSH is unstable
and therefore requires that blood samples be
processed immediately, all visits were con-
ducted in the laboratory at our field clinic
in Araihazar. During the field clinic visit, a
trained interviewer administered a detailed
questionnaire to each participant, and a physi-
cian collected a venous blood sample. Urine
samples were collected in 50-mL acid-washed
polypropylene tubes and frozen at —20°C.

The primary aim of this study was to
examine the dose-response relationship
between As exposure and measures of oxida-
tive stress. We aimed to recruit 75 participants
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each from five wAs concentration cate-
gories: < 10, 10-100, 101-200, 201-300,
and > 300 pg/L. However, the final sample
included more particpants with lower expo-
sures because many households switched to
lower-As wells after wells in the region were
surveyed for As in 1999-2000 (Chen et al.
2007). Therefore, the final distribution
among well wAs exposure categories was
< 10 pg/L (n = 76), 10-100 pg/L (7 = 104),
101-200 pg/L (» = 86), 201-300 pg/L
(n=67), and > 300 pg/L (n = 45).

Oral informed consent was obtained by
our Bangladeshi field staff physicians, who
read an approved assent form to the study
participants. This study was approved by the
Bangladesh Medical Research Council and
the institutional review board of Columbia
University Medical Center.

Sample collection and handling. After
the initial processing of blood samples in the
field clinic, the blood and plasma aliquots
were immediately frozen at —80°C. Samples
on dry ice were transported in batches to
Dhaka, Bangladesh, by car and again stored at
—-80°C (blood and plasma) or —20°C (urine).

Folate

One-carbon metabolism

Transsulfuration pathway

Glutathione reductase
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Figure 1. One-carbon metabolism and glutathione (GSH) synthesis and metabolism. Abbreviations: B12,
vitamin By,; BHMT, betaine homocysteine methyltransferase; DMA, dimethylarsinic acid; InAs, inorganic
As; MMA, monomethylarsonic acid. Folic acid is reduced to tetrahydrofolate (THF) and subsequently
converted to 5-methyl THF. In a reaction catalyzed by methionine synthetase (MTR), the methyl group
of 5-methyl-THF can be transferred to homocysteine, generating methionine. Methionine is activated to
form S-adenosylmethionine (SAM), the universal methyl donor. The by-product of methylation reactions,
S-adenosylhomocysteine (SAH), is hydrolyzed to homocysteine. Homocysteine is either used to regenerate
methionine or is directed to the transsulfuration pathway. GSH is a product of the transsulfuration pathway.
GSH can serve as a continuous source of cysteine, which is extremely unstable, via the y-glutamyl cycle
(adapted from Lu 2009). GSH is exported from the cell, and the enzyme y-glutamyltransferase (GGT) trans-
fers the y-glutamyl moiety of GSH to an amino acid, often cystine, producing cysteinylglycine and y-glutamyl
amino acid. The y-glutamyl amino acid can be transported back into the cell and ultimately metabolized to
glutamate. Cysteinylglycine is converted to cysteine and glycine by dipeptidase (DP). Cysteine is unstable
extracellularly and can oxidize to cystine; both cysteine and cystine can be imported back into the cell for
GSH production.
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Samples were then packed on dry ice in
coolers and transported by air to Columbia
University.

wAs. Field sample collection and labora-
tory analysis procedures have been previ-
ously described in detail (Cheng et al. 2004;
van Geen et al. 2005). Water samples were
collected in 20-mL polyethylene scintillation
vials. The samples were acidified to 1% with
high-purity Optima HCI (Fisher Scientific,
Pitesburg, PA, USA) at least 48 hr before
analysis (van Geen et al. 2007). Water samples
were analyzed by high-resolution inductively
coupled plasma mass spectrometry (ICP-MS)
after 1:10 dilution and addition of a germa-
nium spike to correct fluctuations in instru-
ment sensitivity. The detection limit of the
method is typically < 0.2 pg/L (Cheng et al.
2004). A standard with an As concentration of
51 pg/L was run multiple times in each batch.
The intraassay and interassay coefficients of
variation (CVs) for this standard were 6.01%
and 3.76%, respectively.

Total urinary As. All urine samples
were analyzed for total urinary As (uAs) in
the Columbia University Trace Metals
Core Laboratory by graphite furnace atomic
absorption spectrometry (Nixon et al. 1991)
using the AAnalyst 600 graphite furnace sys-
tem (PerkinElmer, Shelton, CT, USA). A
method based on the Jaffe reaction was used
to measure urinary creatinine concentrations
(Slot 1965). Method and instrument preci-
sion was checked by running four different
urine samples with known concentrations (to
cover the whole linearity range of the stan-
dard curve) every day immediately after the
instrument calibration with aqueous stan-
dards. A urine sample with an As concen-
tration in the middle of the linearity range
was run after every 10 study samples. The
intraassay and interassay CVs based on this
quality control sample were 3.9% and 5.6%,
respectively. For duplicate study samples, the
intraassay and interassay CVs were 3.8% and
5.1%, respectively.

Total blood As. We used a Perkin-Elmer
Elan DRC II ICP-MS equipped with an AS
93+ autosampler to analyze whole blood sam-
ples for total blood As (bAs) concentration,
as described previously (Hall et al. 2000).
The intraassay and interassay CVs were 3.2%
and 5.7%, respectively, for quality control
samples. For study samples, the intraassay
and interassay CVs were 2.1% and 4.9%,
respectively.

Blood GSH and GSSG and plasma Cys
and CySS. Whole blood GSH and GSSG
and plasma Cys and CySS were assayed
essentially as described by Jones et al. (1998).
Blood was collected with a butterfly needle
and syringe and then immediately transferred
into Eppendorf tubes. For whole blood mea-
surements, the Eppendorf tubes contained
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5% perchloric acid, 0.1 M boric acid, and
Y-glutamyl glutamate as an internal stan-
dard. For plasma measurements, the tubes
contained 0.53 g L-serine, 25 mg heparin,
50 mg bathophenanthrolene, 300 mg iodo-
acetic acid, and 10 mL borate buffer stock
(12.4 g boric acid, 19 g sodium tetraborate
decahydrate, and 500 mL distilled water). The
samples for plasma measurements were centri-
fuged for 1 min, and 200 pL of supernatant
was transferred into Eppendorf tubes con-
taining an equal volume of 10% perchloric
acid and 0.2 M boric acid. For derivatization,
plasma samples were centrifuged at 13,000
rpm for 2 min, 300 pL of supernatant was
transferred to a fresh tube, and the pH was
adjusted to 9.0. After incubating for 20 min
at room temperature, dansyl chloride was
added, and samples were incubated at room
temperature in the dark for 24 hr. The deriva-
tized samples were then stored at —80°C until
delivered to Columbia University for analy-
sis. Free dansyl chloride was extracted from
thawed samples with 500 pL chloroform,
and then 20 pL of the sample was injected
onto the HPLC. Separation was achieved
using a Supelcosil LC-NH,; column (catalog
no. 58338; Sigma Chemical Co., St. Louis,
MO, USA). Initial solvent conditions were
60% A (80% methanol, 20% water), 40%
B (acetate-buffered methanol, pH 4.6) run
at 1 mL/min for 10 min. A linear gradient
to 20% A, 80% B was run during the 10-
to 50-min period. From 50 to 52 min, the
conditions were returned to 60% A, 40% B.
Metabolites were detected using a Waters 474
scanning fluorescence detector (Waters Corp.,
Milford, MA, USA), with 335 nm excitation
and 515 nm emission. Within-assay CVs were
all between 0.05 and 0.10, and interassay CVs
were between 0.11 and 0.18.

Plasma folate. Plasma folate was analyzed
by radio protein-binding assay (Simul TRAC-S;
MP Biomedicals, Orangeburg, NY, USA). To
determine folate concentrations, we used folic
acid as pteroylglutamic acid for calibration,
and its 125I-labeled analog as the tracer. The
intraassay and interassay CVs were 0.06 and
0.14, respectively.

Calculation of the reduction potential.
The reduction potential (E},) of the thiol/
disulfide GSH/GSSG and Cys/CySS redox
pairs (blood GSH Ej, and plasma Cys Ey,
respectively) were calculated using the
Nernst equation:

Ey, = E, + RTInF In(acceptor/(donor)?,

where £, is the standard potential for the
redox couple, R is the gas constant, 7 is the
absolute temperature, 7 = 2 for the number of
electrons transferred, and F is Faraday’s con-
stant (Jones et al. 2002). For GSH and GSSG,
the equation simplifies to

E, (mV) = -264 + 30 log[(GSSG)/(GSH?)],

where (GSH) and (GSSG) are molar concen-
trations, and the £, value assumes a physio-
logic pH of 7.4. A more positive E}, value
indicates a more oxidized redox state.

Statistical methods. We calculated descrip-
tive statistics for characteristics of the study
sample, As exposure variables (wAs, uAs, and
bAs), and outcome variables (blood GSH
and GSSG, plasma Cys and CySS), both for
the total sample and by sex. Bivariate asso-
ciations were examined using scatter plots and
Spearman’s correlation coefficients. To exam-
ine the bivariate associations between dichoto-
mous covariates and As exposure variables or
continuous outcome variables we used #tests
or the nonparametric Wilcoxon rank sum test.

We used linear regression models to fur-
ther examine the associations between As
exposure variables, as continuous variables,
and the outcome variables, with and with-
out adjustment for potential confounders.
Age and sex were included in all covariate-
adjusted regression models. Other covariates
considered for inclusion in the regression
models were variables reported to be associ-
ated with the exposures or outcomes based on
previous publications and/or variables associ-
ated with the exposure and outcome vari-
ables in the present study population. These
variables included television ownership (as a
surrogate for socioeconomic status), cigarette
smoking, body mass index (BMI), urinary
creatinine, and plasma folate. We adjusted for
GSH laboratory batch (as a categorical vari-
able) in order to reduce extraneous variation
in the outcome variables. We also calculated
the change in R? between models for each
outcome that included covariates only and
corresponding models that included both the
covariates and As exposure.

To facilitate comparisons among the dif-
ferent measures of exposure (wAs, uAs, and
bAs), we report the estimated change in the
mean value of blood GSH, blood GSH E,,
plasma CySS, and plasma Cys Ej, associated
with an interquartile range (IQR) increase
in each exposure. For outcome variables that
were natural log-transformed (blood GSSG
and plasma Cys) we report the ratio of esti-
mated geometric means for an IQR change in
As exposure.

To examine possible nonlinear relation-
ships, we also created quintiles of As exposure
variables and computed covariate-adjusted
mean values of the outcome variables for
categories of As exposure; plots of quintile-
specific adjusted mean values were exam-
ined to determine if the association was
approximately linear.

We ran separate linear regression models
to examine the covariate-adjusted associa-
tions between As exposure and the outcome
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variables stratified by sex or by folate status.
We then used a Wald test to detect differ-
ences in the covariate-adjusted associations
between As exposure and outcome variables
by sex or by folate status. All analyses were
performed using SAS (version 9.2; SAS
Institute Inc., Cary, NC, USA); all statisti-
cal tests were two-sided with a significance
level of 0.05.

Results

The general characteristics of the study sam-
ple are shown in Table 1. The median age
was 42 years, approximately half of the study
participants were female, and the median BMI
was 19.7. wAs exposure ranged from 0.4 to
700 pg/L; by design, nearly 80% of the par-
ticipants had wAs concentrations above the
World Health Organization (WHO) standard
of 10 pg/L for drinking water (WHO 2004).
As we have observed previously (Gamble et al.
2005), males and females differed on the fol-
lowing characteristics: Males ) had more
years of formal education (median: males, 4;
females, 1; p = 0.001); b) were more likely
to report being ever-smokers (males, 69%;
females, 5.7%; p < 0.0001); ¢) were more
likely to have a BMI < 18.5 (males, 40.8%;
females, 26.4%; p = 0.003); 4) were more
likely to have plasma folate concentrations
< 9 nmol/L (males, 38.8%; females, 20.6%;
2 < 0.0001), which is indicative of marginal
folate status; and ) were more likely to have
total homocysteine concentrations above
the cutoff for hyperhomocysteinemia of
13 pmol/L (males, 25.5%; females, 7.2%;
2 =0.0001). We observed other differences
between the sexes that were specific to the
present study sample: The males were older

Table S2). Males had higher blood GSH and
lower plasma Cys and blood GSH Ej, (indi-
cating a less oxidized redox state) than did
females. Ever-smokers also had significantly
higher bAs than never-smokers. Contrary to
expectation, ever-smokers had higher blood
GSH concentrations and lower blood GSH
Ej, than never-smokers. However, most smok-
ers were males, and after stratification by sex,
there were no statistically significant difference
in blood GSH and blood GSH E;, by smok-
ing status (data not shown). Participants who
owned a television had lower wAs and uAs
concentrations and higher blood GSH, blood
GSSG, and plasma CySS concentrations than
participants who did not own a television.

In the models in which we computed
covariate-adjusted mean values of the outcome
variables for each quintile of As exposure,
we did not detect any substantial departures
from linearity (data not shown). In models
using continuous As exposure variables,
all three markers of As exposure were nega-
tively associated with blood GSH [estimated
changes in mean blood GSH associated with
an IQR increase in exposure from covariate-
adjusted models were —25.4 pmol/L (95% CI:
—45.3,-5.31), p = 0.01 for wAs; —=54.0 pmol/L
(95% CI: =90.8, —17.2), p = 0.004 for uAs;
and -33.4 pmol/L (95% CI: -62.8, -3.9),
p = 0.03 for bAs] and positively—but not
always significantly—associated with blood
GSH Ej, [change in the estimated mean with
an IQR increase in exposure from covariate-
adjusted models: 1.19 (95% CI: -0.25, 2.62),
p = 0.10 for wAs; 2.72 (95% CI: 0.10, 5.35),
p = 0.04 for uAs, and 1.73 (95% CI: -0.37,
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3.83), p = 0.11 for bAs] (Table 2). The change
in R? values for blood GSH models were
1.3% for wAs, 1.8% for uAs, and 1.1% for
bAs; these values can be interpreted as the pro-
portion of the variance in blood GSH that is
accounted for by each As exposure variable
after controlling for covariates. We observed
no significant associations between As exposure
and blood GSSG concentrations (Table 2). In
unadjusted models, wAs and bAs were signifi-
cantly negatively associated with plasma Cys.
However, associations were positive (although
not statistically significant) after adjustment
for covariates. All three markers of As exposure
were negatively associated with plasma CySS
in both covariate-unadjusted and covariate-
adjusted models [estimated changes in mean
plasma CySS associated with an IQR increase
in exposure from covariate-adjusted models
were —3.00 pmol/L (95% CI: —4.61, —1.40;
p = 0.0002) for wAs; —3.56 pmol/L
(95% CI: —6.47, —0.66; p = 0.02) for uAs,
and —3.09 pmol/L (95% CI: -5.40, —0.79;
p = 0.009) for bAs] and negatively associ-
ated with plasma Cys Ej, [estimated changes
in mean plasma Cys Ej, associated with an
IQR increase in exposure from covariate-
adjusted models were —2.05 pmol/L (95% CI:
-3.89, -0.21; p = 0.03) for wAs; —4.04 pmol/L
(95% CI: —7.34, —0.74; p = 0.02) for uAs;
and -2.01 pmol/L (95% CI: —4.65, 0.64;
p = 0.14) for bAs], indicating that As expo-
sure is associated with a more reduced extra-
cellular environment. The change in & values
for plasma CySS models with adjustment for
As exposure (compared with covariates alone)
were 2.7% for wAs, 1.2% for uAs, and 1.4%

Table 1. Characteristics of the study sample, for all participants and by sex.?

than the females (median: males, 44.0 years; ~ Characteristic Total sample (n=378) Females (n=194) Males (n=184)
females, 40.0 years; p = 0.001) and had  Age (years) 42.0(13.0) 40.0(13.0) 44.0(14.0)
higher bAs concentrations (median: males: ~ Education (years) 30(5.0) 1.0(50) 40(6.0)
12.3 pg/L; females, 10.3 ng/L; p = 0.009). Bl\/II(kg/mZ)D 19.7(5.0) 20.7 (5.0 19.0(4.2)
Blood GSH E;, and plasma Cys E;, also dif- E\xlr;:\glfe(r@) ggg 22171 ggg
. ) . - (] . . .

fered significantly by sex; m.edlan blood Ever betel nut use (%) 126 12 40
GSH Ej, values for females indicated a more  gjayision ownership (%) 582 572 59.2
oxidized intracellular redox state compared  was (ug/L) 114.0(190.3) 113.1(186.9) 114.1(2152)
with males (median: males, —203.2; females, ~ wAs> 10 pg/L (%) 79.9 80.4 79.4
-197.4; p < 0.0001), whereas median plasma ~ wAs > 50 pg/L (%) 68.3 68.6 67.9
Cys Ey, values for males indicated a more ~ UAs(ug/l) 1225(223.0) 119.0(217.0) 126.0(218.0)
oxidized extracellular redox state compared Urinary creqtlmne (mg/dL) 40.3 (57.0) 36.2 (49.8) 44.0(57.1)
with females (median: males, —46.1; females, uAs/g creatinine 329.5(454.0) 360.0 (465.0) 307.5(392.0)
—49.4; = 0.03) bAs (ug/L) 10.9(13.3) 10.3(12.4) 12.3(14.3)

< p=0.00) ) ) Plasma folate (nmol/L) 11.1(6.5) 125(6.9) 9.7(5.1)

Several covariates were associated with As  Fo|ate deficient, < 9 nmol/L (%) 29.4 206 188
exposure variables and/or outcome variables.  Homocysteine (umol/L) 90(4.3) 7.7(3.5) 107 (5.1)
All three measures of As exposure were nega-  Hyperhomocysteinemia, > 13 pmol/L (%) 16.1 7.2 25.5
tively associated with BMI (see Supplemental ~ Blood GSH (umol/L) 494.6 (227.3) 436.6 (212.0) 529.7 (209.7)
Mateial, Table S1). Plsma folace was posi- 8000 S50 il 3@y s sl
: : . 00 h -199.9(14. ~197.4(12. -203.2 (12.
“"Zly Tssocm}e‘} Vt"“h bloo‘lil GSSS' Aige’ BM.Ij Plasma Cys (mol/L) 32(28) 35(2.5) 29(29)
and plasma folate were all posItvely assocl=  paama ¢ySS (umol/L) 555(19.0) 536(19.7) 56.2(19.0)
ated with plasma CySS; age was also nega-  pjasma cys £, —485(226) ~49.4(193) —46.1(24.0)

tively associated with plasma Cys. We also
observed differences by sex, smoking, and tele-
vision ownership (see Supplemental Material,

Abbreviations: bAs, blood As; Cys, cysteine; CySS, cystine; Ey,, reduction potential; GSH, glutathione; GSSG, glutathione
disulfide; uAs, urinary As; wAs, water As.
a\/alues are median (interquartile range) unless otherwise noted.
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for bAs. Given that males and females in this
study population differed substantially on
several characteristics, all regression models
were also run stratified by sex; the directions
of associations in males and females were the
same as in the overall sample, but in some cases
did not reach statistical significance because
of the smaller sample sizes (data not shown).
We also examined the possibility that asso-
ciations might differ by folate status (deficient:
< 9 nmol/L, sufficient: 2 9 nmol/L) given
the influence of folate on As methylation
(Gamble et al. 2006). We observed no statisti-
cally significant differences in the associations
between blood As and any of the outcome
variables by folate status (see Supplemental

Material, Table S3).

Discussion

In this cross-sectional study of Bangladeshi
adults chronically exposed to a wide range
of As concentrations in drinking water, we
observed that three different measures of As
exposure (wAs, uAs, and bAs) were all nega-
tively associated with blood GSH. Contrary
to our primary a priori hypothesis, As
exposure was not positively associated with
blood GSSG, the oxidized form of GSH.
Also, contrary to our secondary hypotheses,
we observed no association between As and

plasma Cys, and we saw a negative—rather
than positive—association with plasma CySS.

To our knowledge, only one other
population-based study has examined the
association between As exposure and GSH
concentrations. Xu et al. (2008) recruited
208 participants with high wAs exposure
(90 pg/L or 160 pg/L) and 59 participants
with low wAs exposure (20 pg/L) from
three villages in Inner Mongolia, China.
Participants with high wAs exposure had
significantly lower blood total non-protein
sulthydryl concentrations (NPSH, primarily
GSH) than those with low wAs exposure.
Xu et al. (2008) did not report findings for
blood GSSG.

Our findings and those of Xu et al. (2008)
are generally consistent with rodent studies
showing that high-dose As exposure depletes
GSH (Maiti and Chatterjee 2001; Santra
et al. 2000). Santra et al. (2000) reported that
mice administered As through drinking water
(3,200 pg/L) ad libitum had elevated hepatic
GSH after 2 months and decreased hepatic
GSH after 4 months compared with mice
administered As-free water. In male Wistar
rats, Maiti and Chatterjee (2001) found that
a single intraperitoneal dose of sodium arse-
nite (15,860 pg/kg body weight) resulted in a
significant reduction in hepatic GSH.

Despite the evidence suggesting that As
exposure is associated with reductions in
GSH, the question of whether or not chronic
exposure—at doses relevant to human popula-
tions—results in oxidative stress per se remains
unclear. Some in vitro and animal model
studies have reported that As exposure led to
an increase in the production of ROS and a
decline in GSH (Flora et al. 2012; Thompson
and Franklin 2010; Zhang et al. 2011).
However, these studies used high doses of
As, doses that are often not relevant to actual
human exposures. For example, Flora et al.
(2012) administered an As dose of 50 ppm
in drinking water (-~ 50,000 pg/L) to mice.
We would not expect very high doses to pro-
duce the same effects as the doses to which
our study participants were exposed (median,
114 pg/L). In addition, there are well known
species differences in both As metabolism
and susceptibility to As-induced health effects
(Drobn4 et al. 2010).

The negative associations between As
exposure and blood GSH and plasma CySS,
although statistically significant, accounted
for a small proportion of the estimated vari-
ance in blood GSH (1.1-1.8%) and plasma
CySS (1.2-2.7%). Our findings, as well as the
inconsistent findings from other population-
based studies examining associations between

Table 2. Covariate-unadjusted and -adjusted effect size estimates for associations between measures of As exposure and GSH, GSSG, Cys, and CySS.

wAs (pg/L) uAs (ug/L) bAs (ug/L)
Unadjusted Adjusted? Unadjusted Adjusted? Unadjusted Adjusted?

Blood GSH (pmol/L)

Mean change (95% Cl)¢ —33.8(-49.3,-18.0) -25.4(-453,-5.31)  —59.6 (-84.0,-35.3) —-54.0(-90.8,-17.2) —-46.6(-72.3,-21.1)  -33.4(-62.8,-3.9)

pValue <0.0001 0.01 <0.0001 0.004 0.0004 0.03

R? 46 235 58 248 33 233

AR? 1.3 1.8 1.1
Blood GSSG (umol/L)

Mean ratio (95% Cl)¢ 1.00(0.95, 1.04) 0.98(0.95, 1.02) 1.07(0.99, 1.14) 0.95(0.88, 1.05) 0.99(0.92, 1.08) 0.98(0.91, 1.04)

p-Value 0.88 0.42 0.07 0.31 0.63 0.43

R? 0.0 47.8 0.8 48.0 0.06 47.8

AR? 0.1 0.2 0.1

Blood GSH Ej, (mV)®

Mean change (95% CI) 1.92(0.74,3.11) 1.19(-0.25, 2.62) 4.51(2.67,6.35) 2.72(0.10, 5.35) 2.64(0.70, 4.58) 1.73(-0.37, 3.83)

pValue 0.002 0.10 <0.0001 0.04 0.008 0.1

R? 26 31.1 5.8 322 1.9 31.1

AR? 05 0.8 05
Plasma Cys (umol/L)

Mean ratio (95% CI)? 0.93(0.88,0.98) 1.06(0.98, 1.14) 0.98(0.89, 1.09) 1.12(0.99, 1.28) 0.90(0.81, 0.99) 1.05(0.95, 1.16)

p-Value 0.01 0.14 0.73 0.06 0.03 0.34

R? 1.7 394 0.0 406 1.3 392

AR? 0.3 0.6 0.1
Plasma CySS (umol/L)

Mean change (95% Cl)° —2.94(-4.19,-169) -3.00(-4.61,-1.40)  —1.78(-3.80, 0.25) —3.56 (-6.47, -0.66) -411(-6.17,-2.06)  -3.09(-5.40,-0.79)

pValue <0.0001 0.0002 0.08 0.02 0.0001 0.009

RZ 5.3 298 0.8 28.8 40 285

AR? 2.7 1.2 14
Plasma Cys E;, (mV)f

Mean change (95% Cl)¢ 1.38(-0.21,2.98) -2.05(-3.89,-0.21)  -0.007 (-2.51, 2.49) —4.04 (-7.34,-0.74) 1.90 (-0.67, 4.48) —2.01(-4.65, 0.64)

p-Value 0.09 0.03 0.99 0.02 0.15 0.14

R? 0.8 383 0.0 391 0.6 378

AR? 0.9 1.0 04

Abbreviations: bAs, blood As; Cys, cysteine; CySS, cystine; Ey, reduction potential; GSH, glutathione; GSSG, glutathione disulfide; uAs, urinary As; wAs, water As.

aAdjusted for log-transformed age, sex, television ownership (yes/no), smoking (ever/never), log-transformed BMI and plasma folate, and GSH/Cys laboratory batch. PAlso adjusted for
log urinary creatinine. “Represents the mean change in the outcome for a change in the exposure from the 25th to the 75th percentile. “Represents the ratio of the geometric mean in
the outcome for a change in the exposure from the 25th to the 75th percentile. ®Reduction potential of the GSH/GSSG redox pair. Reduction potential of the Cys/CySS redox pair.
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As exposure and blood markers of oxidative
damage (Burgess et al. 2007; Engstrom et al.
2010a, 2010b; Pi et al. 2002), raise the pos-
sibility that, despite reductions in GSH, As
may not induce substantial, sustained oxida-
tive stress that is measurable in blood using
these biomarkers at environmentally relevant
As exposures. We cannot determine from
this study what the functional effects of the
observed reduction in blood GSH might be;
however, alterations in GSH have been linked
to the development and/or progression of
numerous diseases (Ballatori et al. 2009).

Research by Waalkes and colleagues sug-
gests that human cells can adapt to low-level
As exposure through alterations in the one-
carbon metabolic pathway (Coppin et al.
2008). Exposure of human prostate epithelial
RWPE-1 cells (which do not methylate As)
to 5 pM sodium arsenite for up to 16 weeks
resulted in reductions in SAM and increases
in S-adenosylhomocysteine and homo-
cysteine. In addition, As exposure increased
the expression of cystathionine -synthase,
the enzyme that catalyzes the first step in
GSH production via the transsulfuration
pathway, and increased cellular reduced GSH
by 5-fold (Coppin et al. 2008). Collectively,
these findings suggest that in RWPE-1 cells,
low-level As exposure increases shunting of
homocysteine to the transsulfuration path-
way to increase GSH production, resulting
in decreased remethylation of homocysteine
to SAM. Exposure to As also resulted in
increased expression of the ATP-binding cas-
sette protein C1 (ABBC1) and increased efflux
of As from RWPE-1cells (Coppin et al. 2008).
Given that ABBCI encodes a protein involved
in the efflux of a triglutathione-arsenical
complex (Leslie et al. 2004), the findings of
Coppin et al. (2008) suggest that As may exert
a strong influence on GSH concentrations
through this mechanism.

We observed a negative association
between As exposure and blood GSH but no
association with blood GSSG, a finding that
is most consistent with the hypothesis that
As may reduce GSH through binding and
irreversible loss in bile and/or possibly in urine
(Kala et al. 2004). This finding also suggests
that other proposed As-mediated mecha-
nisms [specifically, GSH depletion during the
detoxification of ROS; GSH depletion dur-
ing the reduction of AsY to As"™ (Scott et al.
1993); or As-mediated glutathione reductase
inhibition resulting in reduced regeneration of
GSH from GSSG (Styblo et al. 1997)] did not
strongly influence GSH status in our chroni-
cally exposed Bangladeshi study population.
Associations between the IQR increases in
wAs and bAs and the outcomes were gener-
ally quite similar (Table 2). For blood GSH,
blood GSH Ej, plasma CySS, and plasma Cys
Ej,, the magnitudes of the associations were

somewhat stronger for an IQR increase in uAs
compared with IQR increases in wAs and bAs.

A secondary hypothesis of the pres-
ent study was that As would be negatively
associated with Cys because Cys is required
for GSH synthesis. However, our findings
showed a positive but not statistically sig-
nificant association with plasma Cys and a
negative association with CySS. The lack of
a statistically significant association with Cys
may potentially be explained by the fact that
free Cys is extremely unstable extracellularly
and rapidly oxidizes to CySS (Lu 2009). In
fact, one of the functions of GSH is to serve as
a storage form of Cys through the y-glutamyl
cycle (Meister and Anderson 1983). Given
that Cys is constantly in flux, the measure-
ment of plasma Cys may reflect one snap-
shot of Cys concentrations rather than the
overall Cys status of an individual. In a study
designed to examine the long-term stability
of blood glutathione and cyst(e)ine (i.e., cys-
teine + cystine) measurements, Richie et al.
(1996) reported low interindividual variability
in cyst(e)ine, which suggests that measures of
Cys and/or CySS in whole blood or plasma
may not be as useful as a biomarker of long-
term cyst(e)ine status.

A number of factors influence GSH con-
centrations (including age, smoking, physi-
cal activity, and diet), and an individual’s
response to As might depend on their back-
ground level of oxidative stress. A mathe-
matical model of one-carbon metabolism
developed by Reed et al. (2008) predicted that
changes in GSH and Cys with oxidative stress
depend on the severity of the oxidative stress.
For example, with moderate overall oxidative
stress, blood and cytosolic GSH and cyto-
solic Cys increase while blood Cys decreases.
‘This initial increase in GSH results from the
stimulation of enzymes involved in GSH syn-
thesis. With severe oxidative stress, values of
all four metabolites decrease sharply (Reed
et al. 2008). In our statistical analysis, we
did not find evidence of nonlinear relation-
ships between As exposure and the outcome
variables (data not shown). In addition, we
controlled for several potential confounding
factors. However, we were unable to adjust for
physical activity, a variable previously shown
to be associated with GSH (Rundle et al.
2005), and uncontrolled confounding by this
or other unmeasured factors is possible.

Conclusions

We observed that As exposure was negatively
associated with blood GSH and plasma CySS
in a population chronically exposed to a
wide range of As concentrations in drinking
water. These findings, and the lack of asso-
ciation between As exposure and blood GSSG
or plasma Cys, suggest that As may exert its
greatest influence on GSH through binding
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and irreversible loss in bile and/or possibly in
urine. Our findings do not lend strong sup-
port to the hypothesis that As induces levels
of oxidative stress that are measurable in blood
using these biomarkers and at these environ-
mentally relevant exposures. However, our
findings cannot rule out the possibility of
As-induced oxidative stress in tissue or cellular
compartments that we were unable to measure
in healthy human volunteers.

CORRECTION

In the manuscript originally published
online, Abu B. Siddique’s name was listed
incorrectly. It has been corrected here.

REFERENCES

Argos M, Kalra T, Rathouz PJ, Chen Y, Pierce B, Parvez F, et al.
2010. Arsenic exposure from drinking water, and all-cause
and chronic-disease mortalities in Bangladesh (HEALS): a
prospective cohort study. Lancet 376:252-258.

Ballatori N, Krance SM, Notenboom S, Shi S, Tieu K,
Hammond CL. 2009. Glutathione dysregulation and the
etiology and progression of human diseases. Biol Chem
390:191-214.

Burgess JL, Meza MM, Josyula AB, Poplin GS, Kopplin MJ,
McClellen HE, et al. 2007. Environmental arsenic exposure
and urinary 8-OHdG in Arizona and Sonora. Clin Toxicol
(Phila) 45:490-498.

Chen Y, Graziano JH, Parvez F, Liu M, Slavkovich V, Kalra T,
et al. 2011. Arsenic exposure from drinking water and
mortality from cardiovascular disease in Bangladesh:
prospective cohort study. BMJ 342:d2431; doi:10.1136/
bm;j.d2431.

Chen Y, van Geen A, Graziano JH, Pfaff A, Madajewicz M,
Parvez F, et al. 2007. Reduction in urinary arsenic levels
in response to arsenic mitigation efforts in Araihazar,
Bangladesh. Environ Health Perspect 115:917-923;
doi:10.1289/ehp.9833.

Cheng Z, Zheng Y, Mortlock R, van Geen A. 2004. Rapid multi-
element analysis of groundwater by high-resolution induc-
tively coupled plasma mass spectrometry. Anal Bioanal
Chem 379:512-518.

Coppin JF, Qu W, Waalkes MP. 2008. Interplay between cellu-
lar methyl metabolism and adaptive efflux during onco-
genic transformation from chronic arsenic exposure in
human cells. J Biol Chem 283:19342-19350.

Drobna Z, Walton FS, Harmon AW, Thomas DJ, Styblo M.
2010. Interspecies differences in metabolism of arsenic
by cultured primary hepatocytes. Toxicol Appl Pharmacol
245:47-56.

Engstrom KS, Vahter M, Johansson G, Lindh CH, Teichert F,
Singh R, et al. 2010a. Chronic exposure to cadmium and
arsenic strongly influences concentrations of 8-oxo-7,8-
dihydro-2"-deoxyguanosine in urine. Free Radic Biol Med
48:1211-1217.

Engstrém KS, Vahter M, Lindh C, Teichert F, Singh R, Concha G,
et al. 2010b. Low 8-o0xo-7,8-dihydro-2"-deoxyguanosine
levels and influence of genetic background in an Andean
population exposed to high levels of arsenic. Mutat Res
683:98—105.

Flora SJ, Mittal M, Pachauri V, Dwivedi N. 2012. A possible
mechanism for combined arsenic and fluoride induced
cellular and DNA damage in mice. Metallomics 4:78-90.

Forman HJ, Zhang H, Rinna A. 2009. Glutathione: overview of
its protective roles, measurement, and biosynthesis. Mol
Aspects Med 30:1-12.

Gamble MV, Ahsan H, Liu X, Factor-Litvak P, llievski V,
Slavkovich V, et al. 2005. Folate and cobalamin deficien-
cies and hyperhomocysteinemia in Bangladesh. Am J Clin
Nutr 81(6):1372-1377.

Gamble MV, Liu X, Ahsan H, Pilsner JR, llievski V, Slavkovich V,
et al. 2006. Folate and arsenic metabolism: a double-blind,
placebo-controlled folic acid-supplementation trial in
Bangladesh. Am J Clin Nutr 84:1093-1101.

Hall M, Chen Y, Ahsan H, Slavkovich V, van Geen A, Parvez F,

1073




Hall et al.

et al. 2006. Blood arsenic as a biomarker of arsenic
exposure: results from a prospective study. Toxicology
225:225-233.

International Agency for Research on Cancer. 2004. Arsenic
in drinking water. IARC Monogr Eval Carcinog Risk Hum
84:39-267. Available: http://monographs.iarc.fr/ENG/
Monographs/vol84/mono84.pdf [accessed 29 July 2013].

Jomova K, Jenisova Z, Feszterova M, Baros S, Liska J,
Hudecova D, et al. 2011. Arsenic: toxicity, oxidative stress
and human disease. J Appl Toxicol 31(2):95-107.

Jones DP. 2002. Redox potential of GSH/GSSG couple: assay
and biological significance. Methods Enzymol 348:93-112.

Jones DP, Carlson JL, Samiec PS, Sternberg P Jr, Mody VC Jr,
Reed RL, et al. 1998. Glutathione measurement in human
plasma. Evaluation of sample collection, storage and
derivatization conditions for analysis of dansyl derivatives
by HPLC. Clin Chim Acta 275:175-184.

Jones DP, Mody VC Jr, Carlson JL, Lynn MJ, Sternberg P Jr.
2002. Redox analysis of human plasma allows separation
of pro-oxidant events of aging from decline in antioxidant
defenses. Free Radic Biol Med 33:1290-1300.

Kala SV, Kala G, Prater Cl, Sartorelli AC, Lieberman MW. 2004.
Formation and urinary excretion of arsenic triglutathione and
methylarsenic diglutathione. Chem Res Toxicol 17:243-249.

Kinniburgh DG, Smedley PL, eds. 2001. Arsenic Contamination
of Groundwater in Bangladesh. Vol 2: Final Report. BGS
Technical Report WC/00/19. Keyworth, UK:British Geological
Survey. Available: http://www.bgs.ac.uk/research/
groundwater/health/arsenic/Bangladesh/reports.html|
[accessed 31 July 2013].

Leslie EM, Haimeur A, Waalkes MP. 2004. Arsenic transport by
the human multidrug resistance protein 1 (MRP;/ABCC;).
Evidence that a tri-glutathione conjugate is required. J Biol
Chem 279:32700-32708.

Lu SC. 1999. Regulation of hepatic glutathione synthesis: current
concepts and controversies. FASEB J 13:1169-1183.

Lu SC. 2009. Regulation of glutathione synthesis. Mol Aspects
Med 30:42-59.

Maiti S, Chatterjee AK. 2001. Effects on levels of glutathione and
some related enzymes in tissues after an acute arsenic
exposure in rats and their relationship to dietary protein
deficiency. Arch Toxicol 75:531-537.

Massey V, Williams CH Jr. 1965. On the reaction mechanism of
yeast glutathione reductase. J Biol Chem 240:4470-4480.

Meister A, Anderson ME. 1983. Glutathione. Annu Rev Biochem
52:711-760.

Nixon DE, Mussmann GV, Eckdahl SJ, Moyer TP. 1991. Total

arsenic in urine: palladium-persulfate vs nickel as a matrix
modifier for graphite furnace atomic absorption spectro-
photometry. Clin Chem 37:1575-1579.

Parvez F, Chen Y, Brandt-Rauf PW, Bernard A, Dumont X,
Slavkovich V, et al. 2008. Nonmalignant respiratory effects
of chronic arsenic exposure from drinking water among
never-smokers in Bangladesh. Environ Health Perspect
116:190-195; doi:10.1289/ehp.9507.

Parvez F, Chen Y, Brandt-Rauf PW, Slavkovich V, Islam T,
Ahmed A, et al. 2010. A prospective study of respiratory
symptoms associated with chronic arsenic exposure in
Bangladesh: findings from the Health Effects of Arsenic
Longitudinal Study (HEALS). Thorax 65:528-533.

Pi J, Yamauchi H, Kumagai Y, Sun G, Yoshida T, Aikawa H, et al.
2002. Evidence for induction of oxidative stress caused by
chronic exposure of Chinese residents to arsenic contained
in drinking water. Environ Health Perspect 110:331-336.

Reed MC, Thomas RL, Pavisic J, James SJ, Ulrich CM,
Nijhout HF. 2008. A mathematical model of glutathione
metabolism. Theor Biol Med Model 5:8; doi:10.1186/1742-
4682-5-8.

Richie JP Jr, Abraham P, Leutzinger Y. 1996. Long-term stability
of blood glutathione and cysteine in humans. Clin Chem
42:1100-1105.

Rundle AG, Orjuela M, Mooney L, Tang D, Kim M, Calcagnotto A,
et al. 2005. Preliminary studies on the effect of moderate
physical activity on blood levels of glutathione. Biomarkers
10:390-400.

Santra A, Maiti A, Chowdhury A, Mazumder DN. 2000. Oxidative
stress in liver of mice exposed to arsenic-contaminated
water. Indian J Gastroenterol 19:112-115.

Schafer FQ, Buettner GR. 2001. Redox environment of the cell as
viewed through the redox state of the glutathione disulfide/
glutathione couple. Free Radic Biol Med 30:1191-1212.

Scott N, Hatlelid KM, MacKenzie NE, Carter DE. 1993. Reactions
of arsenic(lll) and arsenic(V) species with glutathione.
Chem Res Toxicol 6:102—106.

Slot C. 1965. Plasma creatinine determination. A new and specific
Jaffe reaction method. Scand J Clin Lab Invest 17:381-387.

Smith CV, Jones DP, Guenthner TM, Lash LH, Lauterburg BH.
1996. Compartmentation of glutathione: implications for
the study of toxicity and disease. Toxicol Appl Pharmacol
140:1-12.

States JC, Srivastava S, Chen Y, Barchowsky A. 2009. Arsenic
and cardiovascular disease. Toxicol Sci 107:312-323.
Steinmaus C, Yuan Y, Kalman D, Rey OA, Skibola CF, Dauphine D,

et al. 2010. Individual differences in arsenic metabolism and

lung cancer in a case-control study in Cordoba, Argentina.
Toxicol Appl Pharmacol 247:138-145.

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.

Styblo M, Thomas DJ. 1995. /n vitro inhibition of glutathione
reductase by arsenotriglutathione. Biochem Pharmacol
49:971-977.

Thomas DJ. 2009. Unraveling arsenic—glutathione connections.
Toxicol Sci 107:309-311.

Thompson JA, Franklin CC. 2010. Enhanced glutathione bio-
synthetic capacity promotes resistance to As%*-induced
apoptosis. Toxicol Lett 193:33-40.

van Geen A, Ahsan H, Horneman AH, Dhar RK, Zheng Y,
Hussain |, et al. 2002. Promotion of well-switching to miti-
gate the current arsenic crisis in Bangladesh. Bull World
Health Organ 80:732-737.

van Geen A, Cheng Z, Jia Q, Seddique AA, Rahman MW,
Rahman MM, et al. 2007. Monitoring 51 community wells
in Araihazar, Bangladesh, for up to 5 years: implications
for arsenic mitigation. J Environ Sci Health A Tox Hazard
Subst Environ Eng 42:1729-1740.

van Geen A, Cheng Z, Seddique AA, Hoque MA, Gelman A,
Graziano JH, et al. 2005. Reliability of a commercial kit to
test groundwater for arsenic in Bangladesh. Environ Sci
Technol 39:299-303.

WHO (World Health Organization). 2004. Guidelines for
Drinking Water Quality, Vol 1: Recommendations. 3rd ed.
Geneva:WHO. Available: http://www.who.int/water_
sanitation_health/dwq/GDWQ2004web.pdf [accessed
7 August 2013].

World Bank. 2005. Towards a More Effective Operational
Response: Arsenic Contamination of Groundwater in
South and East Asian Countries. Volume1: Policy Report.
Report no. 31303. Available: http://documents.worldbank.
org/curated/en/2012/01/16552531/towards-more-effective-
operational-response-arsenic-contamination-groundwater-
south-east-asian-countries [accessed 7 August 2013].

XuY,Wang Y, Zheng Q, Li X, Li B, Jin Y, et al. 2008. Association
of oxidative stress with arsenic methylation in chronic
arsenic-exposed children and adults. Toxicol Appl
Pharmacol 232:142-149.

Zhang Z, Wang X, Cheng S, Sun L, Son YO, Yao H, et al. 2011.
Reactive oxygen species mediate arsenic induced cell
transformation and tumorigenesis through Wnt/B-catenin
pathway in human colorectal adenocarcinoma DLD1 cells.
Toxicol Appl Pharmacol 256:114-121.

1074

vOLUME 121 | NumBER 9 | September 2013 - Environmental Health Perspectives


http://monographs.iarc.fr/ENG/Monographs/vol84/mono84.pdf
http://monographs.iarc.fr/ENG/Monographs/vol84/mono84.pdf
http://www.bgs.ac.uk/research/groundwater/health/arsenic/Bangladesh/reports.html
http://www.bgs.ac.uk/research/groundwater/health/arsenic/Bangladesh/reports.html
http://www.who.int/water_sanitation_health/dwq/GDWQ2004web.pdf
http://www.who.int/water_sanitation_health/dwq/GDWQ2004web.pdf
http://documents.worldbank.org/curated/en/2012/01/16552531/towards-more-effective-operational-response-arsenic-contamination-groundwater-south-east-asian-countries
http://documents.worldbank.org/curated/en/2012/01/16552531/towards-more-effective-operational-response-arsenic-contamination-groundwater-south-east-asian-countries

