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Inorganic arsenic (iAs), a known human carcinogen, acts as a
tumor promoter in part by inducing a rapid burst of reactive
oxygen species (ROS) in mammalian cells. This causes oxidative
stress and a subsequent increase in the level of cellular glutathione
(GSH). Glutathione, a ubiquitous reducing sulfhydryl tripeptide,
is involved in ROS detoxification and its increase may be part of
an adaptive response to the oxidative stress. Glutathione related
enzymes including glutathione reductase (GR) and glutathione
S-transferase (GST) also play key roles in these processes. In this
study the regulatory effects of inorganic arsenite (AsIII) on the
activities of GSH-related enzymes were investigated in cultured
human keratinocytes. Substantial increases in GR enzyme activity
and mRNA levels were shown in keratinocytes and other human
cell lines after exposure to low, subtoxic, micromolar concentra-
tions of AsIII for 24 h. Upregulation of GSH synthesis paralleled
the upregulation of GR as shown by increases in glutamate-
cysteine lyase (GCL) enzyme activity and mRNA levels, cystine
uptake, and intracellular GSH levels. Glutathione S-transferase
activity was also shown to increase slightly in keratinocytes, but
not in fibroblasts or breast tumor cells. Overall the results show
that sublethal arsenic induces a multicomponent response in hu-
man keratinocytes that involves upregulation of parts, but not all
of the GSH system and counteracts the acute toxic effects of iAs.
The upregulation of GR has not previously been shown to be an
integral part of this response, although GR is critical for main-
taining levels of reduced GSH.
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Chronic exposure to inorganic arsenic causes cancer and
other debilitating diseases such as peripheral vascular disease
(Mazumderet al., 2000; Tsenget al., 1996). However the
actual molecular events resulting in vascular disease and car-
cinogenesis from exposure toiAs remain unclear. Exposure to
sub- and low-micromolariAs affects various cellular processes

including cell signaling and DNA repair (Barchowskyet al.,
1999b; Kitchin, 2001; Parrishet al., 1999; Snowet al., 1999).
Comparable concentrations ofiAs also trigger a burst of reac-
tive oxygen species (ROS) in mammalian cells at very short
times after exposure (Barchowskyet al., 1999b). Increased
ROS formation is implicated in various pathologies including
carcinogenesis and is likely to be critical iniAs-induced geno-
toxicity and cytoxicity (Liu et al., 2001; Matsuiet al., 1999;
Wang et al., 1996). Barchowsky and associates (1999b) pro-
vided evidence that an increase in ROS mediatesiAs-induced
cell signaling and transcriptional activation. Chronic alteration
of signal transduction pathways due to changes in cellular
redox levels may also play an important role iniAs-induced
oncogenesis (Huet al., 2002; Huanget al., 1999).

Regulation of cellular redox status by low doseiAs may
therefore play a critical role in its pathology. The single most
abundant reducing agent within cells is the sulfhydryl tripep-
tide glutathione. Glutathione is synthesized from its three con-
stituent amino acids by the combined activities of glutamate-
cysteine lyase (GCL; also known as,�-glutamylcysteine
synthetase [�-GCS]) and glutathione synthetase. Glutathione
and enzymes related to GSH synthesis comprise a system that
maintains the intracellular reducing environment and acts as a
primary defense against excessive generation of harmful ROS
(Moraleset al., 1998; Ochiet al., 1994). The oxygen radical
scavenging activity of reduced GSH directly facilitates ROS
detoxification and the repair of ROS-induced damage. Indi-
rectly, reduced GSH acts as a substrate for glutathione perox-
idase (GPx) and glutathioneS transferase (GST), enzymes
involved in other ROS detoxification reactions. Glutathione
reductase (GR) also plays a critical role by regenerating re-
duced GSH from the oxidized form (GSSG or GSH disulfide).

The GSH system would also seem to play a large role in
protecting cells against exposure toiAs. This is supported by
studies showing that resistance toiAs in mammalian cells is
correlated with higher levels of intracellular GSH and higher
activities of GSH-related enzymes (Lee and Ho, 1995; Leeet
al., 1989). Apart from improving the redox balance of cells,
GSH would be in direct competition with protein thiols to form
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complexes with sulfhydryl-binding arsenic(III) species. Protein
thiols are susceptible to oxidation by trivalent arsenicals, and
may be critical targets in arsenic poisoning (Lin et al., 1999;
Styblo et al., 1997).

Acute exposure to iAs is known to induce a cellular stress
response in mammalian cells that involves increases in heat-
shock proteins, heme-oxygenase, and GSH (Deaton et al.,
1990; Lee and Ho, 1995; Ochi, 1997). Depending on the
species involved, an increase in the synthesis of GSH in
mammalian cells exposed to arsenic could either be due to an
increase in the rate of cystine uptake or to an increase in the
enzyme activity of GCL (Ochi, 1997). It is still unclear what
regulatory mechanisms are associated with increased levels of
GSH in human cells exposed to iAs. Also, very little is known
about the effects of iAs on the activities of other GSH related
enzymes in vivo. The activities and gene expression of GCL,
GR, and GST were assessed in this study that examines the
response of the GSH system in human cells exposed to suble-
thal concentrations of AsIII. AG06 and HaCaT human keratin-
ocyte cell lines were primarily utilized in this study because
skin is one of the most susceptible organs to chronic arsenic
exposure. WI-38 fibroblast and PMC42 breast tumor cell lines
were also included to evaluate tissue specificity. This study is
novel in that AsIII modulation of the GCL and GR was assessed
at an enzymatic and pretranslational level.

MATERIALS AND METHODS

Caution: Inorganic arsenic is toxic and classified as a human carcinogen. It
must be handled with appropriate care and caution.

Materials and chemicals. Sodium arsenite (NaAsO2), reduced GSH, ox-
idized GSH (GSSG), baker’s yeast GR, �-nicotinamide adenine dinucleotide
phosphate (NADPH) tetrasodium salt, sulfosalicylic acid, 5,5�-dithio-bis(2-
nitrobenzoic acid; DTNB), 1-chloro-2,4-dinitrobenzene (CDNB), neutral red
(NR), L-buthioninesulfoximine (BSO), L-cystine, monoclonal anti �-actin
IgG, and oligonucleotide primers for polymerase chain reaction (PCR) were
obtained from Sigma. Anti-GR polyclonal antibodies were kindly provided by
R. H. Schirmer (University of Heidelberg, Germany), whereas anti-rabbit and
mouse IgG horseradish peroxidase (HRP) conjugated secondary antibodies
(raised in sheep) were obtained from Silenus. Media and sera for cell culture
were obtained from Trace Elements (Australia). Hybond-N nylon membranes
and Hybond-P PVDF membranes were obtained from Amersham. [35S]-Cys-
tine and �[32P]-dCTP were supplied by NEN research products (DuPont)
and Amersham respectively. 2-Vinylpyridine was obtained from Aldrich
Chemical Co.

Cell culture. The SV40 transformed AG06 and immortalized HaCaT
(Henseleit et al., 1996) keratinocyte cell lines were obtained from Dr. Mark
Steinberg (City College of NY) and Prof. Nobert E. Fusenig (German Cancer
Research Centre, Germany), respectively. Initial experiments were done using
AG06 cells; however, later experiments used the analogous HaCaT cells due
to lack of continuing availability of the AG06 cell line. Our results showed that
there was minimal difference between these two keratinocyte cell lines with
respect to their response to arsenic. Normal diploid WI-38 and immortalized
GM847 human fibroblasts were obtained from CSL (Geelong, Australia) and
the Murdoch Institute (Melbourne, Australia), respectively. PMC42 breast
tumor cells were obtained from Dr. Leigh Ackland (Deakin University, Aus-
tralia). Cells were maintained in either basal medium Eagle’s (WI-38), Dul-
becco’s modified Eagle’s medium with high sodium bicarbonate content
(AG06 and HaCaT cells) or RPMI medium supplemented with 10% v/v FBS

(for PMC42 cells), 2 mM glutamate, 100 Units-penicillin and 100 �g/ml
streptomycin at 37°C. For cystine uptake studies, cystine-free medium was
used. Keratinocyte and breast tumor cell lines were maintained in a humidified
atmosphere of 5% CO2. The fibroblasts were routinely split at a 1:4 ratio
whereas the other cell lines were split at a 1:6 ratio. Sodium arsenite in PBS
(103-fold concentrated preparations) was added to medium of preconfluent
cultures in the logarithmic phase of growth 24 h after seeding. In toxicity
experiments where cells were pretreated with BSO and chloroethanol (CHE),
AsIII was added 48 h after seeding.

Neutral red assay. The viability of cells grown in 96 well microtiter plates
was assessed by the uptake of NR dye according to the protocol of Babich and
Borenfreund (1987). Immediately after AsIII treatment, cells were maintained
for 3 h in 0.2 ml complete medium containing NR (50 �g/ml). The wells were
then washed with a solution of 1% v/v formaldehyde, 1% w/v CaCl2 (0.2 ml)
before a 50% v/v ethanol, 1% v/v acetic acid solution (0.2 ml) was added. After
a further 30 min, the plates were placed in a Bio-Rad microplate reader and
shaken vigorously before absorbance values at 540 nm were determined.

Glutathione assays. The total intracellular GSH content of AsIII treated
cells grown in microtiter plates was determined using the protocol described by
Clarke et al. (1996). Briefly, treated cells were washed with phosphate buffered
saline (PBS) immediately before the addition of 25 �l 5% w/v sulfosalicylic
acid. Microtiter plates were then subjected to two freeze-thawing steps. A 10
�l aliquot from each well was transferred to a clean well of another microtiter
plate with 165 �l of 0.1 M sodium phosphate buffer (pH 7.5) containing 0.2
mM NADPH (final concentration), 0.52 mM DTNB, and 0.15 mM EDTA.
After incubation at 37°C for 15 min, 40 �l of baker’s yeast GR (0.56 U/well)
was added. The plates were then immediately shaken for 10 s before OD values
at 405 nm were determined at fixed time intervals. The GSH content of
samples was determined using standard curves generated with known amounts
of GSH. For the determination of GSSG, 2-vinylpyridine (final concentration
of 25 mM) was added to wells to bind any inactive reduced GSH before the
addition of GR (Davies et al., 1984).

Enzyme assays. Cells grown in 6 well plates or 25 cm2 tissue culture flasks
were harvested then homogenized in PBS using a Labsonic U (B. Braum)
microtip sonicator. Sonicates were centrifuged at 12,000 � g (4°C) for 30 min
before the supernates (cell lysates) were transferred and kept on ice until
assayed. Aliquots of cell lysate were stored at –20°C for protein determination
using the DC protein assay kit (Bio-Rad). The GST enzyme assay was based
on that described by Lee et al. (1989). Reactions, conducted at room temper-
ature, were initiated by adding 50 �l of cell lysate to 950 �l of 0.1 M sodium
phosphate buffer (pH 6.8) with 1 mM EDTA, 1 mM reduced GSH, and 1 mM
CDNB. The formation of conjugates of GSH and CDNB were monitored
spectrophotometrically at 340 nm. The GR enzyme assay was based on that
described previously by Styblo and associates (1997), and involved monitoring
the reduction in NADPH absorbance at 340 nm. Cell extracts were preincu-
bated in 0.15 M sodium phosphate buffer (pH 7) containing 6 mM EDTA and
0.1 mM oxidised GSH at 37°C. Reactions were initiated by the addition of 0.23
mM NADPH. The enzyme activity of GCL (�GCS) was measured by HPLC,
as previously described (Yan and Huxtable, 1995).

Cystine uptake. Cystine uptake was measured as described by Ochi
(1997). Briefly, AsIII treated cells maintained in six-well plates were washed
twice with cold PBS and incubated in medium containing 12.7 �M [35S]
L-cystine for 30 min. Cells were then washed twice with cold PBS, collected
by trypsin-EDTA, and incubated at 37°C for 10 min. The radioactivity in the
cells was measured by scintillation counting using a Beckman LS-9800.

Northern blot probes. The DNA probes utilized for Northern analysis
were PCR amplified regions of human cDNA. The sequences of the oligonu-
cleotide primers for GR and the catalytic heavy chain of GCL (GCLC) are
described below (Table 1), whereas the sequences for the glyceraldehyde-3-
phosphate dehydrogenase (GADPH) primers have been published elsewhere
(Tan et al., 1999). Amplification of WI-38 cDNA was performed in a Corbett
Research PC-960G thermal gradient cycler, using Taq DNA polymerase
(Roche).
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Sizes of PCR products were confirmed by comparison to DNA molecular
weight markers (Roche) after being resolved on 1.5% w/v agarose gels. Bands
representing PCR products were extracted from agarose gel using gel extrac-
tion kits (QIAGEN). When tested on Northern blots, each probe was shown to
hybridize to a defined mRNA band of the expected size.

Northern analysis. Total cellular RNA was isolated from harvested cells
using the QIAGEN RNeasy kit according to the manufacturer’s instructions.
The procedures for the fractionation of RNA samples/RNA molecular weight
markers (Promega) using agarose-formaldehyde gels and blot transfer using
nylon membranes were adapted from Sambrook et al. (1989). After blotting,
transfer of total RNA was visualized by staining with Blot Stain Blue Revers-
ible Northern Blot Staining Solution (Sigma). PCR probes used to detect
mRNA fixed to oven baked membranes were labeled with radioactive �[32P]-
dCTP using random oligonucleotides as primers. Random primed DNA label-
ing, obtained using High Prime kits, and the purification of radiolabeled
nucleic acids using Mini Quick Spin columns were conducted according to the
manufacturer’s instructions (Roche). Probe hybridization and post hybridiza-
tion washes were essentially the same as those described by Sambrook et al.
(1989). Hybridized blots were exposed to X-ray film kept at –70°C. After
exposure, blots were stripped by treatment with boiling 0.5% w/v SDS, and
then rehybridized with a PCR probe for GADPH. GADPH is encoded by a
housekeeping gene, and was used as a loading control. All values for mRNA
concentrations were calculated relative to the amount of GAPDH in the same
lane. Developed X-ray films were scanned using a Bio-Rad G710 densitom-
eter, and analyzed using Bio-Rad Quantity One software.

Statistical analysis. Results are expressed as the mean and SEM of at least
3 separate experiments. Statistical analyses were performed using the Student’s
t-test. Values of p � 0.05 were considered to represent statistically significant
differences.

RESULTS

Cell Viability

The pleiotropic effects of AsIII are primarily dependent on
cell type and concentration. Lower concentrations of AsIII are
more likely to promote carcinogenesis by producing heritable
changes in viable cells, whereas higher concentrations are
lethal. The NR assay has previously been used in this labora-
tory to assess the short-term viability of human cells after
treatment with AsIII (Hu et al., 2002; Snow et al., 1999, 2001).
Figure 1 shows the effect of graded concentrations of AsIII on
NR dye uptake in cultured HaCaT keratinocytes after 24, 48,
and 72 h exposure. The range of concentrations utilized in this
study (0.1 to 10 �M) is also indicated in the figure. The IC50

values for dye uptake by HaCaT keratinocyte and WI-38
fibroblast cells treated with AsIII indicate maximal toxicity
occurs between 24–48 h exposure (Table 2). The IC50 values

for both these cell lines, unlike those observed for the PMC42
breast tumor cells, did not change greatly with increasing time
after 48 h. The NR assay data also shows the relative resistance
of the different human cell types to AsIII. Both fibroblast and
keratinocyte cell types were quite sensitive to iAs having IC50

values for dye uptake of between 8–14 �M after 48 h exposure
to AsIII (AG06 data not shown). Relatively higher concentra-
tions of AsIII were required to cause a 50% reduction in NR
uptake in the breast tumor cells compared to the other cell
lines. The IC50 value for the PMC42 cell line after 48 h was
�41 �M.

Glutathione Levels

As we (Snow et al., 1999) and others (Lee and Ho, 1995;
Lee et al., 1989) have shown, the sulfhydryl tripeptide GSH

TABLE 1
PCR Primers for GR and GCL

Probe Primer sequence
NCBI

accession no.
Length of

product (bp)

GR Forward: gagccgcctgaatgaatgccatctat x15722 297
Reverse: aggatccctgccatctccacag

GCL Forward: aactctgcaagagaagggggaa m90656 559
Reverse: ggcctcagatatactgcaggct

FIG. 1. Arsenite toxicity in human cells, as measured by NR dye uptake.
The viability of cultured HaCaT keratinocytes exposed to graded doses of AsIII

for 24, 48, and 72 h was measured by the uptake of NR dye. The concentration
range of AsIII used to treat cells in this study is highlighted. Six separate
experiments were conducted, with measurements done in triplicate. Data are
expressed as percent of untreated control, which is set at 100%. Results are
presented as the mean � SEM. Where not visible, the SEM is less than the
diameter of the symbol.

TABLE 2
IC50 Values for HaCaT Keratinocytes, WI-38 Fibroblasts,

and PMC42 Breast Tumor Cells

24 h 48 h 72 h

HaCaT keratinocytes 20.62 � 0.52* 11.62 � 0.95* 13.85 � 1.00
WI-38 fibroblasts 51.28 � 9.43* 11.23 � 1.96* 12.52 � 1.91
PMC42 tumor cells 102.18 � 8.64 40.78 � 2.08 23.56 � 2.17

Note. Values given are for exposure to AsIII for 24, 48, or 72 h. Cytotoxicity
was measured by the uptake of NR dye. The IC50 values were obtained from
a least squares fit of log transformed data for the log-linear portions of NR
toxicity curves (e.g., Fig. 1). Data are expressed as the mean � SEM for 3
replicates of 3–6 experiments.
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has a protective effect in cells exposed to AsIII. However, the
relative resistance to AsIII of the cell lines used in this study
does not appear to be strongly correlated with intracellular
GSH content. The basal level of GSH in PMC42 cells was
determined to be substantially higher than that of WI-38 fibro-
blasts (112.8 � 14.6 vs. 39.1 � 6.7 nmol/mg protein), but is
only slightly higher than the basal level recorded for the AG06
keratinocytes (82.7 � 2.8 nmol/mg protein). The intracellular
GSH content of these cell lines after 24 h treatment with graded
concentrations of AsIII was also determined (Fig. 2A). In agree-
ment with previous studies using human fibroblasts and Chi-
nese hamster ovary cells (Lee and Ho, 1995; Ochi, 1997),
exposure to AsIII produced significant increases in the levels of
GSH in all cell types examined. For both keratinocyte and
fibroblast cell types, significant increases in the levels of total
cellular GSH were observed at sublethal concentrations of AsIII

as low as 1 �M. The level of GSH in AG06 cells peaked at
�100% above the basal level after exposure to 10 �M AsIII. In
WI-38 cells, a comparable increase in the level of GSH oc-
curred after exposure to only 3 �M AsIII. The PMC42 cells
required relatively higher concentrations of AsIII to induce an
increase in the level of GSH above the basal level (Fig. 2A).
Significant increases for this cell line were only observed at
concentrations of AsIII equal to or greater than 10 �M (data for
doses greater than 10 �M AsIII are not shown). The majority of
total GSH in AG06 cells before and after AsIII treatment was
maintained in the reduced form (Figs. 2B and 2C). Treatment
with 3 �M AsIII for 24 or 48 h did not significantly affect the
concentration of oxidized GSH (GSSG or GSH disulfide) in
AG06 cells even though total GSH levels were shown to have
increased.

Glutathione Synthesis

The glutamate-cysteine lyase reaction catalyzed by GCL is
the rate-limiting step in the de novo synthesis of GSH. The
enzyme activity of GCL was shown to be significantly higher
in AG06 keratinocytes exposed to AsIII for 24 h than in un-
treated cells (Fig. 3). This is in agreement with the increase in
intracellular GSH concentration observed in AG06 keratino-
cytes exposure to AsIII. The enzyme activity of GCL in the
keratinocytes peaked at �140% of the basal level (19.6 � 2.7
�mol/min/mg protein) after treatment with 1 and 3 �M AsIII

for 24 h. The enzyme activity of GCL in the same cell line
treated with 3 �M AsIII for 48 h was almost two times greater
than that in untreated cells (data not shown). The levels of GCL
mRNA were assayed in HaCaT keratinocytes to determine
whether AsIII upregulation of GCL occurs at a genomic level.
The level of GCL mRNA in keratinocytes exposed to AsIII for
24 h was also shown to increase in a dose dependent manner
(Fig. 3). The level of GCL mRNA peaked at �165% of the
basal level after exposure to 3 �M AsIII.

The other major factor limiting the synthesis of GSH is the
availability of cysteine. The uptake of cystine was higher in AG06
keratinocytes exposed to sublethal AsIII for 24 h compared to
untreated cells (Fig. 4). The rate of cystine uptake peaked to a
maximum of �125% of the basal rate (102 � 11 nmol/min/mg
protein) at the highest concentration of AsIII examined (3 �M).
This increase was statistically significant (p � 0.05).

Glutathione S-transferase

Glutathione S-transferase (GST) consists of a large family of
GSH-utilizing enzymes that have an important role in ROS and

FIG. 2. The effect of AsIII on GSH levels. (A) Total intracellular GSH concentrations in human AG06 keratinocytes, WI-38 fibroblasts, and PMC42 breast
tumor cells incubated with 0.1 to 10 �M AsIII for 24 h. (B and C) Total and oxidized GSH (GSSG) levels in AG06 cells treated with 3 �M AsIII for 24 and 48 h,
respectively. The treatment conditions were as described in the Methods section. Four separate experiments were conducted and performed in duplicate or
triplicate. Data are expressed as percent of untreated control, which is set at 100%. Results are presented as the mean � SEM. Asterisks indicate significant
differences between control and AsIII treated cultures (*p � 0.05; **p � 0.01).
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xenobiotic detoxification. In this study, low dose AsIII treat-
ment was shown to have a small but significant effect on
nonspecific GST enzyme activity in cultured keratinocytes as
measured by CDNB conjugation (Fig. 5). A slight increase in
GST enzyme activity (�25% greater than the controls) was
observed for HaCaT cells exposed to 10 �M AsIII for 24 h. A

comparable increase was also observed in AG06 keratinocyte
cells at the equivalent concentration (data not shown). No
significant changes in GST enzyme activity were observed for
either WI-38 or PMC42 cells treated with 0.1 to 10 �M AsIII

for 24 h. The effect of AsIII on the mRNA levels of the multiple
isoforms of GST were not determined. This was in part due to
our interest in cellular responses by lower physiologically
relevant concentrations of AsIII (i.e., noncytotoxic doses). But
also the many isoforms of GST would make a comprehensive
study of the effect of iAs on GST gene expression difficult.

Glutathione Reductase

Glutathione reductase (GR) has the critical role of reducing
GSSG in order to maintain high intracellular GSH. The effects
of AsIII on GR enzyme activity and the levels of GR protein
and mRNA were assessed in cultured human keratinocytes
after a 24 h exposure period. Significant increases in the
enzyme activity of GR of up to 100% above the basal rate were
observed in WI-38 fibroblasts and HaCaT keratinocytes treated
with 1, 3, and 10 �M AsIII (Fig. 6A).

Comparable increases in GR enzyme activity were also
observed in the AG06 keratinocytes exposed to the same
concentrations of AsIII (data not shown). The basal level of GR
activity was significantly higher in the PMC42 tumor cells
(79 � 8 nmol/min/mg protein) than in the other cell types.
GM847 and WI-38 fibroblasts both exhibited a basal activity of
�44 � 8 nmol GR activity/min/mg protein and the GR activity
in HaCaT keratinocytes was only 18 � 2 nmol/min/mg protein.
Perhaps because of this higher basal activity, the PMC42 cells
did not show a significant increase in GR activity at doses of
�10 �M AsIII. The levels of GR mRNA in WI-38 and HaCaT

FIG. 3. The effect of AsIII on GCL. GCL enzyme activity was measured
in AG06 keratinocytes and GCL mRNA levels relative to GAPDH were
determined in HaCaT cells. Both cell types were treated with 0 to 3 �M AsIII

for 24 h. The GCL activity was measured as described in the Methods. The
inset shows representative autoradiographs of the Northern blots displaying the
relative levels of GCL and GADPH mRNA in the HaCaT cells. Northern
analysis was performed using PCR generated products of the GCL and
GADPH genes respectively. Data are expressed as percent of untreated control.
Each point represents the mean of 4 separate experiments � SEM, as indicated
by the bars. Asterisks indicate significant differences between control and AsIII

treated cultures (*p � 0.05; **p � 0.01).

FIG. 4. The effect of AsIII on cystine uptake. The rate of cystine uptake
was measured in AG06 keratinocytes treated with 0 to 3 �M AsIII for 24 h. The
treatment conditions were as described in the Methods section. Data are
expressed as percent of untreated control and each point represents the mean
of 4 separate experiments � SEM, as indicated by the bars. Asterisks indicate
significant differences between control and AsIII treated cultures (*p � 0.05).

FIG. 5. The effect of AsIII on glutathione S-transferase (GST). The en-
zyme activity of GST was measured in HaCaT keratinocytes, WI-38 fibroblasts
and PMC42 breast tumor cells exposed to 0 to 10 �M AsIII for 24 h. Results
are presented as the mean � SEM of a minimum of three experiments.
Asterisks indicate significant differences between control and AsIII treated
cultures (*p � 0.05).
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cells treated with 1 and 3 �M AsIII were also significantly
higher than the basal level by at least �170% (Figs. 6B and
6C). Western analysis of protein extracts obtained from AG06
(Snow et al., 2001), HaCaT keratinocytes (not shown), and
GM847 fibroblasts treated with graded concentrations of AsIII

show increases in GR protein expression that parallel increases
in the enzyme activity and the levels of GR mRNA (Fig. 7).
The AsIII-dependent upregulation of GR enzyme activity and
mRNA levels in fibroblasts was greater than that observed in
keratinocytes exposed to AsIII for an equal period of time (Figs.
6A and 6C). Both GR enzyme activity and the level of GR
mRNA were shown to increase after exposure to concentra-
tions of AsIII as low as 0.25 �M in WI-38 fibroblasts. Increases
of greater than 100% in GR enzyme activity and 200% in the
level of GR mRNA were observed in WI-38 cells exposed to
10 �M AsIII. The PMC42 breast tumor cells also showed
significant increases in GR enzyme activity and in the levels of
GR mRNA after exposure to micromolar AsIII for 24 h. Like
the keratinocyte cells, these increases were not as large as those
observed for the fibroblasts.

DISCUSSION

Epidemiological studies have provided evidence that
chronic exposure to inorganic arsenic is linked with various

forms of disease including skin, lung, and bladder cancer in
humans (Byrd et al., 1996; Chen et al., 1985, 1988; Kitchin,
2001; Tseng et al., 1968). A present concern to world health
bodies is the high incidence of peripheral vascular disease and
skin cancer in human populations of developing countries with

FIG. 6. The effect of AsIII on glutathione reductase (GR). (A) The enzyme activity of GR in HaCaT keratinocytes, WI-38 fibroblasts, and PMC42 breast
tumor cells exposed to 0 to 10 �M AsIII for 24 h. (B) Representative autoradiographs of Northern blots displaying GR (Top) and GAPDH (Bottom) mRNA levels
in HaCaT, WI-38, and PMC42 cells. The Northern analyses were performed on total mRNA extracts of AsIII-treated cells using 32P-labelled PCR probes specific
for GR and GAPDH, respectively. (C) The relative expression of GR mRNA in HaCaT, WI-38 and PMC42 cells treated with AsIII for 24 h. Results are pre-
sented as the mean � SEM of a minimum of four experiments. Asterisks indicate significant differences between control and AsIII treated cultures (*p � 0.05;
**p � 0.01).

FIG. 7. Relative expression of glutathione reductase (GR) mRNA, pro-
tein, and enzyme activity in human fibroblasts after 24 h exposure to arsenite.
The results of Northern blot, Western blot, and enzyme analysis after exposure
of GM847 cells to 0 to 25 �M AsIII show that all three measures of gene
expression are upregulated in parallel.
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elevated levels of iAs in drinking water (Mazumder et al.,
2000; Tseng et al., 1996). Early signs of arsenic poisoning in
such regions include changes in pigmentation and hyperkera-
tosis of the palms of hands, and soles of feet (Wong et al.,
1998). The susceptibility of certain organs including skin tissue
to iAs may reflect differences in arsenic metabolism and de-
toxification that include absorption, distribution, biotransfor-
mation, and excretion factors (Chan and Huff, 1997). It may
also reflect tissue-specific differences in cellular response to
low dose arsenic. Although it has been hard to evaluate exactly
how much arsenic gets to target tissues of people suffering
from chronic arsenicism due to an insufficiency of relevant
tissue dosimetry data, arsenic related disease is clearly the
result of chronic exposure to sublethal concentrations of iAs
that invoke persistent cellular stress responses.

This study shows that the expression of various components
of the GSH system are significantly upregulated in cultured
human fibroblast and keratinocyte cell lines by treatment with
sublethal concentrations of iAs. In agreement with previous
studies utilizing other mammalian cell lines, treatment of ker-
atinocytes with AsIII induced an increase in the level of intra-
cellular GSH (Lee and Ho, 1995; Ochi, 1997). The increase in
GSH levels in PMC42 breast cells after exposure to AsIII is
much less pronounced. Higher GSH levels in the keratinocytes
were primarily attributed to an increase in the enzyme activity
of GCL. The upregulation of GCL enzyme activity by AsIII

parallels a corresponding increase in the level of GCL mRNA.
However, only the mRNA levels for the catalytic subunit of
GCL (GCLC) were assayed. It remains to be determined
whether both the catalytic and regulatory subunits are upregu-
lated by arsenic, as has been seen with other forms of oxidative
stress (Tian et al., 1997). In Chinese hamster ovary cells, a
significant increase in the enzyme activity of GCL has been
shown to occur upon exposure to dimethyl arsenic acid
(DMA), but not AsIII (Ochi, 1997). An increase in the rate of
cystine uptake also occurs (Fig. 4), but does not appear to be a
major contributing factor to the higher levels of GSH observed
in keratinocyte cells after treatment with AsIII. The relative
ratio of reduced GSH to oxidized GSSG is unchanged despite
the large rise in GSH levels, presumably due a combination of
increased oxidative stress and a concomitant rise in glutathione
reductase activity, as noted below.

Our experiments, using low dose arsenic treatment for a
period of 24 to 48 h, resulted a dose dependent increase in GSH
levels in all (epithelial) cell types examined. Thomas et al.
(2001) have reported transient down regulation of GSH levels
in primary rat hepatocyte cells after a short (30 min) exposure
to arsenic. Other investigators (Liu et al., 2000; Maiti and
Chatterjee, 2000; Santra et al., 2000) have also reported down
regulation of GSH after acute and chronic in vivo exposures to
fairly high dose arsenic. It has been our experience that the
effects of arsenic are quite tissue specific and also dose depen-
dent. High doses of iAs and long-term exposures often cause a
down-regulation of genes that we find to be upregulated after

short-term (6 to 48 h) exposure to subtoxic As. This dual
response is typical of transcription factor activity as well as
gene expression (Hu et al., 2002). The response seen by
Thomas et al. (2001), although seen with As concentrations
similar to those we have used, is not typical of the response we
see in other cell types and may be limited to very short
exposure times or may be specific for rat hepatocytes.

In addition to an increase in GSH levels, exposure to sub-
toxic AsIII also upregulates the activity of glutathione reductase
in all cell types examined, especially fibroblasts. Northern
analysis indicated that AsIII-induced upregulation of GR en-
zyme activity, as with GCL, occurs predominantly at the level
of increased mRNA. In contrast, the enzyme activity of GST,
another important component of the GSH system, was only
upregulated in the keratinocyte cell lines and only at concen-
trations of AsIII higher than those required to upregulate GR
and GCL. Although GST species have been found to be up-
regulated by arsenic and other forms of oxidative stress in
some cell types, such as Chinese hamster ovary cells (Vallis
and Wolf, 1996) and hepatocytes (Tchounwou et al., 2001),
this is not necessarily a characteristic of all cell types.

There is a variety of evidence showing that intracellular
GSH and GSH-related enzyme activities protect mammalian
cells against acute exposure to iAs (Lee and Ho, 1995; Ochi,
1997; Wang et al., 1996). The cytoprotective effect of GSH
would in part be attributable to its antioxidant properties as
exposure to iAs induces a rapid burst in harmful ROS (Bar-
chowsky et al., 1999a; Liu et al., 2001). More specifically,
reduced GSH is involved in the metabolism and maintenance
of the thiol moieties of proteins that may otherwise be suscep-
tible to oxidation by trivalent arsenic (Anderson, 1998). Glu-
tathione may also play a role in the metabolic processing of iAs
by methylation in the liver (Styblo et al., 1996). However, both
keratinocytes and fibroblasts exhibit very low levels of arsenic
methyltransferase activity compared to the liver (Styblo et al.,
1999). The presence of monomethyl arsenic acid and dimethyl
arsenic acid in the skin (Yu et al., 2000) is therefore, likely due
to initial methylation in the liver and subsequent transport of
the methylated derivatives in the blood. The recent discovery
that trivalent forms of organic, arsenic monomethyl arsenous
acid (MMAsIII) or dimethyl arsenous acid (DMAsIII), can be
more toxic than iAsIII (Styblo et al., 2001) is not relevant here
because arsenic methylation does not appreciably occur in
these cell types (Styblo et al., 2001). Changes in GSH levels in
keratinocytes and fibroblasts are probably not related to any
increase in metabolic detoxification, or toxification, of iAs by
methylation.

It is likely that increases in GSH and the activities of related
enzymes are part of a multifaceted adaptive response offering
cells protection against the acute toxic effects of iAs and that
cellular responses to sublethal concentrations of iAs are medi-
ated by redox sensitive signaling events and not by the stoi-
chiometric chemical interactions that can occur between triva-
lent arsenicals and other nonprotein and protein sulfhydryls
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such as glutathione (GSH) or certain enzymes. However, long-
term changes to the GSH system resulting from chronic expo-
sure to iAs may dysregulate redox-sensitive cell signaling
events, having important consequences for tumor growth and
progression. Alterations in the levels of GSH and GSH-related
enzymes have been observed to occur at different stages of
tumor development (Lusini et al., 2001; Perquin et al., 2001).
It has been proposed that increased expression of GSH and the
activities of related enzymes, including GR, improve malignant
cell resistance to oxidative stress, facilitating cell proliferation
and aggressiveness (Perquin et al., 2001).

The mechanism by which iAs regulates the activities of the
GCL and GR enzymes in vivo remains unclear. Previous stud-
ies have shown iAsIII does not affect yeast GR (nor equine
GST) enzyme activity in cell free systems at the low physio-
logically relevant concentrations that were utilized in this study
(Chouchane and Snow, 2001; Styblo et al., 1997). However, it
remains to be determined if critical cysteine residues in GR or
GCL are influenced by redox changes affected by iAs in vivo.
Further investigations are also required to determine if ROS
mediates the changes in the expression of GR and GCL after
exposure to iAs. Previous studies have shown that gene ex-
pression of GSH-related enzymes in human cells is increased
under conditions of oxidative stress (Bergelson et al., 1994; Shi
et al., 1994). For instance, increased ROS mediates the up-
regulation of GCL in HepG2 cells by UVA irradiation (Mo-
rales et al., 1998). A 5� upstream AP-1 consensus binding site
in the GCL promoter is primarily involved in this process. In
hepatoma cells, there is a correlation between quinone-medi-
ated production of harmful ROS, the induction of AP-1 binding
activity, and GST-Ya gene expression (Pinkus et al., 1996).
Arsenite has also been shown to modulate the expression of the
GST-Ya gene by an increase in AP-1 binding activity at a 5�
upstream regulatory element within the GST-Ya promoter
(Pinkus et al., 1996). Other studies have shown that iAsIII

induces AP-1 activation, although there is conflicting evidence
about which mitogen activated protein (MAP) kinase pathway
is involved (Barchowsky et al., 1999b; Huang et al., 1999;
Parrish et al., 1999). We have recently shown that short expo-
sures (24 h or less) to very low dose iAs can significantly
upregulate both AP-1 and nuclear factor-�B (NF-�B) DNA
binding activity in GM847 fibroblasts (Hu et al., 2002). This
increased DNA binding activity is due in part to an increase in
the relative amounts of the cJun and cFos proteins, but with no
significant increase in mRNA levels. Perhaps more impor-
tantly, these low levels of AsIII also upregulate two key redox
activators of AP-1 and NF-�B, Ref-1 and thioredoxin (Hu et
al., 2002). Barchowsky et al. have shown that low dose AsIII

also induces AP-1 activation in porcine endothelial cells (Bar-
chowsky et al., 1999b). Both NF-�B and AP-1 are implicated
in the inducible expression of a wide variety of genes involved
in oxidative stress and cellular response mechanisms (Allen
and Tresini, 2000).

Overall this investigation shows that iAs, a known human

carcinogen, upregulates the activities of multiple GSH-related
enzymes in human keratinocyte and fibroblast cells. This
would have to be considered a protective response, as acute
exposure to iAs induces a rapid, but transient, burst in harmful
ROS. The upregulation of the GSH-related enzyme activities
by iAs observed in this study produces higher GSH levels (i.e.,
by induction of GCL) and promotes the antioxidant properties
of GSH (i.e., through increased GR and GST). These increases
in GCL and GR activity are mediated by increased steady-state
mRNA levels and are produced by nonlethal concentrations of
iAs that are likely to be relevant to arsenic-related diseases
such as skin cancer. As we have found with respect to changes
in transcription factor binding (Hu et al., 2002), long-term
modulation of the GSH system by chronic exposure to suble-
thal iAs may not be the same as the acute changes we have
noted here, but may also have a strong influence on cellular
redox signaling events. In particular, this might play an impor-
tant role in arsenic carcinogenesis.

ACKNOWLEDGMENTS

We acknowledge the excellent technical and analytical support of Dr. C. C.
Yan. This work was supported in part by the U.S. Environmental Protection
Agency’s Science to Achieve Results (STAR) program, the Electric Power
Research Institute (Agreement No. WO3370-22), the New York University
School of Medicine’s NIEHS Center (ES00260), NYU Medical Center’s
Kaplan Comprehensive Cancer Center, and the Centre for Cellular and Mo-
lecular Biology, School of Biological and Chemical Sciences, Deakin Univer-
sity, Australia.

REFERENCES

Allen, R. G., and Tresini, M. (2000). Oxidative stress and gene regulation.
Free Radical Biol. Med. 28, 463–499.

Anderson, M. E. (1998). Glutathione: An overview of biosynthesis and mod-
ulation. Chem. Biol. Interact. 111–112, 1–14.

Babich, H., and Borenfreund, E. (1987). Structure activity relationship (SAR)
model established in vitro with the neutral red cytotoxicity assay. Toxicol. in
Vitro 1, 3–9.

Barchowsky, A., Klei, L. R., Dudek, E. J., Swartz, H. M., and James, P. E.
(1999a). Stimulation of reactive oxygen, but not reactive nitrogen species, in
vascular endothelial cells exposed to low levels of arsenite. Free Radical
Biol. Med. 27, 1405–1412.

Barchowsky, A., Roussel, R. R., Klei, L. R., James, P. E., Ganju, N., Smith,
K. R., and Dudek, E. J. (1999b). Low levels of arsenic trioxide stimulate
proliferative signals in primary vascular cells without activating stress
effector pathways. Toxicol. Appl. Pharmacol. 159, 65–75.

Bergelson, S., Pinkus, R., and Daniel, V. (1994). Intracellular glutathione
levels regulate Fos/Jun induction and activation of glutathione S-transferase
gene expression. Cancer Res. 54, 36–40.

Byrd, D. M., Roegner, M. L., Griffiths, J. C., Lamm, S. H., Grumski, K. S.,
Wilson, R., and Lai, S. (1996). Carcinogenic risks of inorganic arsenic in
perspective. Int. Arch. Occup. Environ. Health 68, 484–494.

Chan, P. C., and Huff, J. (1997). Arsenic carcinogenesis in animals and in
humans: Mechanistic, experimental, and epidemiological evidence. Environ.
Carcinog. Ecotoxicol. Rev. 15, 83–122.

Chen, C. J., Chuang, Y. C., Lin, T. M., and Wu, H. Y. (1985). Malignant

190 SCHULIGA, CHOUCHANE, AND SNOW



neoplasms among residents of a blackfoot disease-endemic area in Taiwan:
High-arsenic artesian well water and cancers. Cancer Res. 45, 5895–5899.

Chen, C. J., Wu, M. M., Lee, S. S., Wang, J. D., Cheng, S. H., and Wu, H. Y.
(1988). Atherogenicity and carcinogenicity of high-arsenic artesian well
water. Multiple risk factors and related malignant neoplasms of blackfoot
disease. Arteriosclerosis 8, 452–460.

Chouchane, S., and Snow, E. T. (2001). In vitro effect of arsenical compounds
on glutathione-related enzymes. Chem. Res. Toxicol. 14, 517–522.

Clarke, J. B., Fortes, M. A., Giovanni, A., and Brewster, D. W. (1996).
Modification of an enzymatic glutathione assay for the microtiter plate and
the determination of glutathione in rat primary cortical cells. Toxicol. Meth.
6, 223–230.

Davies, M. H., Birt, D. F., and Schnell, R. C. (1984). Direct enzymatic assay
for reduced and oxidized glutathione. J. Pharmacol. Methods 12, 191–194.

Deaton, M. A., Bowman, P. D., Jones, G. P., and Powanda, M. C. (1990).
Stress protein synthesis in human keratinocytes treated with sodium arsenite,
phenyldichloroarsine, and nitrogen mustard. Fundam. Appl. Toxicol. 14,
471–476.

Henseleit, U., Rosenbach, T., and Kolde, G. (1996). Induction of apoptosis in
human HaCaT keratinocytes. Arch. Dermatol. Res. 288, 676–683.

Hu, Y., Jin, X., and Snow, E. T. (2002). Effect of arsenic on transcription
factor AP-1 and NF-kappaB DNA binding activity and related gene expres-
sion. Toxicol. Lett. 133, 33–45.

Huang, C., Ma, W. Y., Li, J., Goranson, A., and Dong, Z. (1999). Requirement
of Erk, but not JNK, for arsenite-induced cell transformation. J. Biol. Chem.
274, 14595–14601.

Kitchin, K. T. (2001). Recent advances in arsenic carcinogenesis: Modes of
action, animal model systems, and methylated arsenic metabolites. Toxicol.
Appl. Pharmacol. 172, 249–261.

Lee, T. C., and Ho, I. C. (1995). Modulation of cellular antioxidant defense
activities by sodium arsenite in human fibroblasts. Arch. Toxicol. 69, 498–
504.

Lee, T. C., Wei, M. L., Chang, W. J., Ho, I. C., Lo, J. F., Jan, K. Y., and Huang,
H. (1989). Elevation of glutathione levels and glutathione S-transferase
activity in arsenic-resistant Chinese hamster ovary cells. In Vitro Cell. Dev.
Biol. 25, 442–448.

Lin, S., Cullen, W. R., and Thomas, D. J. (1999). Methylarsenicals and
arsinothiols are potent inhibitors of mouse liver thioredoxin reductase.
Chem. Res. Toxicol. 12, 924–930.

Liu, J., Liu, Y., Goyer, R. A., Achanzar, W., and Waalkes, M. P. (2000).
Metallothionein-I/II null mice are more sensitive than wild-type mice to the
hepatotoxic and nephrotoxic effects of chronic oval or injected inorganic
arsenicals. Toxicol. Sci. 55, 460–467.

Liu, S. X., Athar, M., Lippai, I., Waldren, C., and Hei, T. K. (2001). Induction
of oxyradicals by arsenic: Implication for mechanism of genotoxicity. Proc.
Natl. Acad. Sci. U.S.A. 98, 1643–1648.

Lusini, L., Tripodi, S. A., Rossi, R., Giannerini, F., Giustarini, D., del Vecchio,
M. T., Barbanti, G., Cintorino, M., Tosi, P., and Di Simplicio, P. (2001).
Altered glutathione anti-oxidant metabolism during tumor progression in
human renal-cell carcinoma. Int. J. Cancer 91, 55–59.

Maiti, S., and Chatterjee, A. K. (2000). Differential response of cellular antioxidant
mechanism of liver and kidney to arsenic exposure and its relation to dietary
protein deficiency. Environ. Toxicol. Pharmacol. 8, 227–235.

Matsui, M., Nishigori, C., Toyokuni, S., Takada, J., Akaboshi, M., Ishikawa, M.,
Imamura, S., and Miyachi, Y. (1999). The role of oxidative DNA damage in
human arsenic carcinogenesis: Detection of 8-hydroxy-2�-deoxyguanosine in
arsenic-related Bowen�s disease. J. Invest. Dermatol. 113, 26–31.

Mazumder, D. N., Haque, R., Ghosh, N., De, B. K., Santra, A., Chakraborti,
D., and Smith, A. H. (2000). Arsenic in drinking water and the prevalence
of respiratory effects in West Bengal, India. Int. J. Epidemiol. 29, 1047–
1052.

Morales, A., Miranda, M., Sanchez-Reyes, A., Colell, A., Biete, A., and
Fernandez-Checa, J. C. (1998). Transcriptional regulation of the heavy
subunit chain of �-glutamylcysteine synthetase by ionizing radiation. FEBS
Lett. 427, 15–20.

Ochi, T. (1997). Arsenic compound-induced increases in glutathione levels in
cultured Chinese hamster V79 cells and mechanisms associated with
changes in �-glutamylcysteine synthetase activity, cystine uptake and utili-
zation of cysteine. Arch. Toxicol. 71, 730–740.

Ochi, T., Kaise, T., and Oya-Ohta, Y. (1994). Glutathione plays different roles
in the induction of the cytotoxic effects of inorganic and organic arsenic
compounds in cultured BALB/c 3T3 cells. Experientia 50, 115–120.

Parrish, A. R., Zheng, X. H., Turney, K. D., Younis, H. S., and Gandolfi, A. J.
(1999). Enhanced transcription factor DNA binding and gene expression
induced by arsenite or arsenate in renal slices. Toxicol. Sci. 50, 98–105.

Perquin, M., Oster, T., Maul, A., Froment, N., Untereiner, M., and Bagrel, D.
(2001). The glutathione-related detoxification system is increased in human
breast cancer in correlation with clinical and histopathological features. J.
Cancer Res. Clin. Oncol. 127, 368–74.

Pinkus, R., Weiner, L., and Daniel, V. (1996). Role of oxidants and antioxi-
dants in the induction of AP-1, NF-kappaB, and glutathione S-transferase
gene expression. J. Biol. Chem. 271, 13422–13429.

Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989). Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor Laboratory, Cold Spring Harbor,
NY.

Santra, A., Maiti, A., Das, S., Lahiri, S., Charkaborty, S. K., and Mazumder,
D. N. (2000). Hepatic damage caused by chronic arsenic toxicity in exper-
imental animals. J. Toxicol. Clin. Toxicol. 38, 395–405.

Shi, M. M., Kugelman, A., Iwamoto, T., Tian, L., and Forman, H. J. (1994).
Quinone-induced oxidative stress elevates glutathione and induces �-glu-
tamylcysteine synthetase activity in rat lung epithelial L2 cells. J. Biol.
Chem. 269, 26512–26517.

Snow, E., Hu, Y., Yan, C., and Chouchane, S. (1999). Modulation of DNA
repair and glutathione levels in human keratinocytes by micromolar arsenite.
In Arsenic Exposure and Health Effects: Proceedings of the Third Interna-
tional Conference on Arsenic Exposure and Health Effects, July 12–15,
1998 (W. R. Chappell, C. O. Abernathy, and R. L. Calderon, Eds.), pp.
243–251. Elsevier Science, Oxford, UK.

Snow, E. T., Schuliga, M., Chouchane, S., and Hu, Y. (2001). Sub-toxic
arsenite induces a multi-component protective response against oxidative
stress in human cells. In Proceedings of 4th International Conference on
Arsenic Exposure and Health Effects (W. R. Chappel, C. O. Abernathy, and
R. Calderon, Eds.), pp. 265–275. Elsevier Science, San Diego, CA.

Styblo, M., Delnomdedieu, M., and Thomas, D. J. (1996). Mono- and di-
methylation of arsenic in rat liver cytosol in vitro. Chem. Biol. Interact. 99,
147–164.

Styblo, M., Lin, S., Del Razo, L., and Thomas, D. (2001). Trivalent methylated
arsenicals: Toxic products of the metabolism of inorganic arsenic. In Arsenic
Exposure and Health Effects IV (W. R. Chappell, C. O. Abernathy, and R. L.
Calderon, Eds.), pp. 325–337. Elsevier Science, London.

Styblo, M., Serves, S. V., Cullen, W. R., and Thomas, D. J. (1997). Compar-
ative inhibition of yeast glutathione reductase by arsenicals and arsenothiols.
Chem. Res. Toxicol. 10, 27–33.

Styblo, M., Vega, L., Germolec, D., Luster, M., Maria Del Razo, L., Wang, C.,
Cullen, W., and Thomas, D. (1999). Metabolism and toxicity of arsenicals
in cultured cells. In Arsenic Exposure and Health Effects: Proceedings of the
Third International Conference on Arsenic Exposure and Health Effects,
July 12–15, 1998 (W. Chappell, C. Abernathy, and R. Calderon, Eds.), pp.
311–323. Elsevier Science, Oxford, U.K.

Tan, M., Li., S., Swaroop, M., Guan, K., Oberley, L. W., and Sun, Y. (1999).
Transcriptional activation of the human glutathione peroxidase promoter by
p53. J. Biol. Chem. 274, 12061–12066.

191REGULATION OF GLUTATHIONE STATUS BY ARSENIC



Tchounwou, P. B., Wilson, B. A., Ishaque, A. B., and Schneider, J. (2001).
Atrazine potentiation of arsenic trioxide-induced cytotoxicity and gene
expression in human liver carcinoma cells (HepG2). Mol. Cell. Biochem.
222, 49–59.

Thomas, D. J., Styblo, M., and Lin, S. (2001). The cellular metabolism and
systemic toxicity of arsenic. Toxicol. Appl. Pharmacol. 176, 127–144.

Tian, K., Norris, A., Lin, C. L., and Li, E. (1997). The isolation and charac-
terization of purified heterocomplexes of recombinant retinoic acid receptor
and retinoid X receptor ligand binding domains. Biochemistry 36, 5669–
5676.

Tseng, C. H., Chong, C. K., Chen, C. J., and Tai, T. Y. (1996). Dose-response
relationship between peripheral vascular disease and ingested inorganic
arsenic among residents in blackfoot disease endemic villages in Taiwan.
Atherosclerosis 120, 125–133.

Tseng, W. P., Chu, H. M., How, S. W., Fong, J. M., Lin, C. S., and Yeh, S.
(1968). Prevalence of skin cancer in an endemic area of chronic arsenicism
in Taiwan. J. Natl. Cancer Inst. 40, 453–463.

Vallis, K. A., and Wolf, C. R. (1996). Relationship between the adaptive
response to oxidants and stable menadione-resistance in Chinese hamster
ovary cell lines. Carcinogenesis 17, 649–654.

Wang, T. S., Kuo, C. F., Jan, K. Y., and Huang, H. (1996). Arsenite induces
apoptosis in Chinese hamster ovary cells by generation of reactive oxygen
species. J. Cell. Physiol. 169, 256–268.

Wong, S. S., Tan, K. C., and Goh, C. L. (1998). Cutaneous manifestations of
chronic arsenicism: Review of seventeen cases. J. Am. Acad. Dermatol. 38,
179–185.

Yan, C. C., and Huxtable, R. J. (1995). Fluorimetric determination of mono-
bromobimane and o-phthalaldehyde adducts of �-glutamylcysteine and glu-
tathione: Application to assay of �-glutamylcysteinyl synthetase activity and
glutathione concentration in liver. J. Chromatog. B Biomed. Appl. 672,
217–224.

Yu, R. C., Hsu, K. H., Chen, C. J., and Froines, J. R. (2000). Arsenic
methylation capacity and skin cancer. Cancer Epidemiol. Biomark. Prev. 9,
1259–1262.

192 SCHULIGA, CHOUCHANE, AND SNOW


