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Abstract

Arsenic is a naturally occurring metalloid that causes oxidative stress.
Exposure of humans, experimental animals, and cultured cells to ar-
senic results in a variety of diverse health effects, dysfunction of crit-
ical enzymes, and cell damage. In this context, one area of arsenic
study has been the role of its metabolism. Like organic chemicals,
arsenic undergoes reduction, methylation, and glutathione conjuga-
tion to yield polar metabolites that are substrates for transporters.
These events suggest that transcription factor(s) controlling the up-
regulation of antioxidant proteins, Phase II xenobiotic-metabolizing
enzymes, and Phase III transporters should affect arsenic-mediated
oxidative stress and the steady-state level of arsenic in the cells. In
this review, we summarize recent progress in arsenic toxicity in terms
of disrupted signal transduction cascades, the transcription factors
involved, and arsenic biotransformation, including a novel pathway.

243



Annu. Rev. Pharmacol. Toxicol. 2007.47:243-262.

244

INTRODUCTION

Arsenic is ubiquitously distributed in nature throughout Earth’s crust. This metal-
loid forms a complex with pyrite, for which it has a strong affinity (1). Under certain
conditions (e.g., pH, redox conditions, temperature, solution composition, etc.), how-
ever, arsenic is readily dissociated from the complex and enters the groundwater (2).
For this reason, the major source of exposure to arsenic for the general population
is naturally polluted drinking water from wells. In East Asia, including Bangladesh,
West Bengal, India, Vietnam, Thailand, and China, more than 30 million people are
chronically exposed to arsenic (1). The arsenic limit set for drinking water in China is
50 pg/l, in spite of the present World Health Organization drinking water guideline
value of 10 pg/l, and numerous adverse effects, such as skin lesions, hypertension,
Raynaud’s phenomenon, ischemic heart disease, peripheral vascular disorders such
as blackfoot disease, severe arteriosclerosis, neuropathy, and/or cancer, have been
attributed to chronic arsenic exposure (3-7).

A recent topic of arsenic toxicity is the role of biotransformation; methylation of
inorganic arsenic species has been thought of as a detoxification process, but methy-
lated arsenites are much more toxic than inorganic arsenic. To elucidate the molecular
basis for these manifestations of arsenic toxicity observed in humans, extensive studies
with different cultured cells have been conducted over the past decade. The current
consensus in studies with cultured cells, experimental animals, and humans is that
arsenic is a metalloid that causes oxidative stress through the generation of reactive
oxygen species (8-11). Increased reactive oxygen species levels in the body would
influence the steady-state level of biomolecules, such as nitric oxide (NO), that re-
act rapidly with reactive oxygen species, such as superoxide, leading to substantial
reduction of NO production. Consistent with this notion, exposing humans, rab-
bits, and rats to arsenic causes decreased NO levels in the body (11-13), thereby
diminishing NO-dependent vascular tone (13). On the other hand, reactive oxygen
species—triggered protein phosphorylation plays a critical role in cellular signal trans-
duction and disruption of these signal transduction pathways by arsenic is thought
to be associated with pathophysiological alterations, resulting in deleterious effects.
There is no doubt that arsenic affects signaling cascades, thereby activating (or in-
activating) transcription factors that control expression of downstream genes. Some
of the gene products upregulated by arsenic exposure act as antioxidant proteins,
Phase II xenobiotic-metabolizing enzymes, or Phase III transporters. Indeed, this
phenomenon accounts for an adaptive response of the cells to arsenic. In this chapter,
we review arsenic-mediated signal transduction pathways associated with pathophys-
iological alterations and discuss the role of the transcription factor, Nrf2, in the
suppression of oxidative stress and cellular accumulation during arsenic exposure.

PRODUCTION OF REACTIVE OXYGEN SPECIES

A major cause of oxidative stress during arsenic exposure seems to be generation of
reactive oxygen species. Flavin enzymes such as NAD(P)H oxidase and NO syn-
thase isozymes have been proposed to be involved in the generation of reactive
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Arsenic-mediated reduction of NO level, signal transduction cascades, and alteration in
transcription factors. iAsIII, inorganic arsenite; MMeAsIII, monomethylarsenous acid; NO,
nitric oxide; ROS, reactive oxygen species; PTPs, protein tyrosine phosphatases; PTKs,
protein tyrosine kinases; MAPKs, mitogen-activated protein kinases; IKK, IkB kinase; PI3K,
phosphoinositide 3-kinase; AP-1, activator protein-1; NF-kB, nuclear factor-«B; Nrf2,
nuclear factor-erythroid 2-related factor 2; Keap1, Kelch-like ECH-associated protein 1.

oxygen species associated with arsenic exposure. Arsenic upregulates NAD(P)H ox-
idase at different levels, e.g., gene expression of p22Ph°* (14) and translocation of
Racl (15) in cultured cells, and thus enhances superoxide production. It has recently
been found that arsenic activates NADPH oxidase through cdc42 activation in mouse
SVEC4-10 endothelial cells (16) (Figure 1). NO synthase isozymes generate high
levels of NO, with minimal superoxide from their substrate, L-arginine, under normal
conditions. However, uncoupling of NO synthase isozymes, resulting in decreased
NO production and concomitant reduction of molecular oxygen to superoxide, does
occur under unusual circumstances [e.g., decrease in substrate or cofactor 5,6,7,8-
tetrahydrobiopterin (BHy)] (17, 18). Interestingly, significant reduction of BHy lev-
els, but not of L-arginine, is seen following prolonged exposure of rabbits to inorganic
arsenate (1AsV) (11). The arsenic-mediated loss of BH4 could be due to its destruction
by superoxide (19), generated through the upregulation of NAD(P)H oxidase.
During an arsenic-induced state of oxidative stress, the reaction of NO with re-
active oxygen species should be considered because this metalloid is found to decline
systemic NO level in vivo (11-13). NO has a half-life of several seconds in biological
systems. Superoxide can react with NO rapidly with a rate constant of 4.3-19 x 10?
M1 S7! (20-22). Therefore, this reactive oxygen species is recognized as a molecule
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that determines the half-life of NO. Because the reaction between NO and superox-
ide to form peroxynitrite was shown to be increased in atherosclerosis (23, 24), such a
reactive nitrogen species production might be expected during the course of arsenic
exposure. Consistent with this notion, peroxynitrite generation, as determined by
increased nitrotyrosine production, and exacerbation of atherosclerosis, as evaluated
by atherosclerotic plaque formation, have been observed in ApoE and LDL receptor
double knockout mice given inorganic arsenite (1AsIII, 10 pg/ml) (25). Overall, it is
likely that arsenic is a naturally occurring metalloid that enhances reactive oxygen
species production and suppresses NO levels via multiple mechanisms. For example,
monomethylarsonous acid (MMeAsIII) produced from iAsIII as described below co-
valently binds to reactive thiols of endothelial NO synthase, resulting in reduction of
its enzyme activity (26) (Figure 1). Because oxidative stress and decreased NO bioac-
tivity are known to exacerbate cardiovascular dysfunction, arsenic-mediated vascular
disease may occur through these pathways.

DISRUPTION OF SIGNAL TRANSDUCTION

Itis well recognized that reactive oxygen species play a critical role in signal transduc-
tion pathways and transcription factor regulation (27). Several lines of evidence have
indicated that arsenic affects some signal transduction cascades, and thus activates (or
inactivates) transcription factors. Epidermal growth factor receptor (EGFR) is one
of the protein tyrosine kinases (PTKs), activated in response to EGF binding. EGFR
transactivation is negatively regulated by protein tyrosine phosphatases (PTPs). Be-
cause PTPs have a preserved thiol group with a pKa value of less than 6, it is among
the numerous species involved in dephosphorylation activity (28). Thus, if the thiol
groups of PTPs undergo oxidation by reactive oxygen species, transactivation of
EGFR without EGF binding occurs because of a transient inactivation of PTPs.
Subsequently, activated EGFR causes the phosphorylation of the mitogen-activated
protein kinases (MAPKs) signal transduction pathway, which consists of three sub-
groups: extracellular signal-regulated kinasel/2 (ERK1/2), stress-activated protein
kinase/Jun-N-terminal protein kinase (SAPK/JNK), and p38 MAPK (29). The
ERK1/2 signaling pathway plays an important role in cellular growth and differenti-
ation. The SAPK/JNK signaling pathway and p38 MAPK that are activated by envi-
ronmental stresses such as UV irradiation, endotoxin, inflammation, oxidative stress,
and tumor necrosis factor (TINF) appear to regulate mitochondrial-dependent apop-
tosis in the proapoptotic direction (30, 31). The activated SAPK/JNK can translocate
to the nucleus and regulate activation of the transcription factor activator protein-1
(AP-1). In contrast, phosphoinositide 3-kinase (PI3K), which catalyzes the forma-
tion of phosphatidylinositol 3,4,5-triphosphate (PIP3) from phosphatidylinositol 4,5-
diphosphate [PI(4,5)P2], has been linked with cell survival through the inhibition of
the proapoptotic pathway, and with regulation of cell cycle and cell growth. Once acti-
vated by receptor tyrosine kinase or G protein—coupled receptors, the generated PIP3
strongly activates PIP3-dependent protein kinase (PDK), leading to activation of Akt.

Figure 1 shows the effects of iAsIII on the alterations in signal transduction path-
ways and transcription factors in a variety of cells. Arsenic-mediated activation of
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MAPK signaling through the EGFR/MEK, EGFR/Ras/MEK or Src/EGFR cascade
has been identified in BEAS-2B cells, HaCaT cells, mouse epidermal JB6 cells, PC12
cells, Ratl cells, and UROtsa cells (32-37). This phenomenon was also seen during
exposure to iAsV (35, 38, 39) because iAsV incorporated into the cells undergoes
reduction by arsenate reductase to iAslII (40). The MAPKs phosphorylation caused
by 1AsIII is, at least in part, attributable to reactive oxygen species during arsenic
exposure. However, it should be noted that arsenic-mediated activation of transcrip-
tion factors occurs through different MAPK signaling pathways and thus influences
distinct downstream gene expression. For example, in the HaCaT cells, stimula-
tion of p38 MAPK and Akt phosphorylation by iAsIII exposure resulted in eNOS
phosphorylation, without EGFR activation (41). Upregulation of HIF-1 caused by
iAsIII is dependent on p38 MAPK, but not the ERK1/2, SAPK/JNK, and Akt path-
ways (42, 43). Growth factor/Ras is involved in iAsIII-induced ERK1/2 activation
(32). In UROtsa cells, iAsIII as well as the MMeAsIII and dimethylarsinous acid
(DMeAslIII)-activated ERK1/2 pathway were involved in activation of the transcrip-
tion factor AP-1, which is composed of Jun-Jun homodimer or Jun-Fos heterodimer
(44). Alternatively, it was also reported that not only ERK but also protein kinase C
(PKC) participate in the activation of AP-1 caused by inorganic arsenic compounds
(35). Overall, these observations suggest that arsenic causes AP-1 activation through
predominantly MAPK signaling, resulting in apoptosis.

Transcription factor NF-«B is involved in cellular responses to endotoxin, inflam-
mation, and viral infection. In the absence of environmental stress, resting NF-«B is
maintained in the cytoplasm through the interaction with inhibitory-«B (IkB) protein.
Once activated, IkB kinase (IKK) phosphorylates IkB protein, leading to dissociation,
and NF-kB moves into the nucleus. The translocated-NF-«B binds to a kB binding
site on the promoter region and stimulates gene expression of cytokines, chemokines,
transcriptional factors, and adhesion molecules. TNF« is used as a NF-«B stimulator
in various cells. If a reactive thiol (Cys179) of IKK undergoes modification by reac-
tive oxygen species or electrophiles, translocation of constitutive NF-«B into nuclei
is suppressed, thereby disrupting the role of NF-«B as an antiapoptotic factor.

In A549, BEAS-2B, and HEK293 cells, arsenite is shown to inhibit TNFx-induced
NF-«B activation through action on IKK (45, 46). Arsenite-mediated suppression of
NF-«B activation has been attributed to the inhibition of IKK activity through cova-
lent binding to Cys179 in the activation loop of IKK (47). Suppression of constitutive
activation of NF-«kB during exposure of Hodgkin/Reed-Sternberg (HRS) cells to
iAsIII contributes to the induction of apoptosis because constitutive NF-kB activa-
tion is essential for cell growth and proliferation (48-50). This finding raises the
possibility that arsenite-induced apoptosis through the inhibition of NF-«B in HRS
cells might be an effective therapy against Hodgkin lymphoma (50). Inhibition of
PI3K/Akt signaling by arsenite accounts for substantial induction of apoptosis as well
(51-53). Nevertheless, attention should be paid to the report that iAsIIT also acts as an
activator of NF-kB through reactive oxygen species (54-56), suggesting an initial re-
sponse against possibly apoptosis caused by arsenic. Such controversial observations,
perhaps reflecting a cell-specificity, make it difficult to understand arsenic-mediated
effects on cell signaling and cell death.
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ACTIVATION OF Ngrr2

As described above, arsenic-mediated activation (or inactivation) of signal transduc-
tion pathways leading to alterations in transcription factors associated with cell growth
and apoptosis has been identified. On the one hand, arsenic causes oxidative stress, as
determined by 8-OHdG formation (57, 58), lipid peroxide production (59) through
reactive oxygen species generation, reduction of glutathione (GSH) content (10, 60),
and increased levels of antioxidant proteins such as heme oxygenase-1 (HO-1), A170,
and peroxiredoxin 1 (PrxI) (61). On the other hand, arsenic-mediated cytotoxicity
is thought to be due to high accumulation of this metalloid in the cells. Thus, it is
likely that mammals, including humans, would possess some transcription factor(s)
regulating proteins that play a critical role in the cellular defense against oxidative
stress and the cellular accumulation of arsenic.

Nouclear factor—erythroid 2-related factor 2 (Nrf2) is a basic-leucine zipper tran-
scription factor that activates the antioxidant responsive element (ARE) and elec-
trophilic responsive element (EpRE), thereby upregulating the expression of a variety
of downstream genes (62). Under basal conditions, Nrf2 is bound to Kelch-like ECH-
associated protein 1 (Keapl) in an inactive complex (63). It has been reported that
Keap1 stimulates Nrf2 degradation though the activation of Cul3-dependent ubiq-
uitination (64). However, once Keapl is modified by electrophiles or chemicals that
generate reactive oxygen species, Nrf2 is readily dissociated from Keapl, leading to
its translocation from the cytoplasm to the nucleus (65). Then, the heterodimer of
Nrf2 and small Maf protein binds to the ARE on the promoter region and stimulates
gene expression of downstream proteins, including antioxidant proteins, Phase II
xenobiotic-metabolizing enzymes, and Phase III transporters. A point we would like
to emphasize here is thatalterations in transcription factors such as activation of AP-1,
inhibition of NF-kB, and activation of Nrf2 during arsenic exposure could occur
through (#) reactive oxygen species production and/or (4) an electrophilic metabolite
of arsenic (e.g., MMeAsIII) that reacts readily with the reactive thiols of Keapl (see
Figure 1).

In early work on arsenic-dependent gene expression, it was reported that multiple
basic-leucine zipper transcription factors, including Nrf2, participate in the gene ex-
pression of HO-1 (66, 67). With Nrf2 knockout mice, Ishii and his associates found
that Nrf2 deletion suppresses induction of the antioxidant proteins, HO-1 and PrxI,
caused by arsenite in mouse macrophages (68). Subsequently, we reported that ex-
posure to inorganic arsenic activates Nrf2 in MC-3T3E osteoblast cells and HaCaT
cells, resulting in the upregulation of HO-1, PrxI, A170, NAD(P)H-quinone oxidore-
ductase 1 (NQOI), and y-glutamylcysteine synthase (yGCS) (61, 69). Experiments
with scavenging agents for reactive oxygen species revealed that Nrf2 activation in
HaCaT cells caused by arsenite is, at least in part, due to excess reactive oxygen
species, especially hydrogen peroxide during arsenic exposure (69). Figure 2 sum-
marizes (2) arsenic accumulation, (b) activation of Nrf2, (¢) upregulation of antioxidant
proteins, and (d, e) luciferase activity through ARE in mouse macrophage RAW 264.7
cells following arsenite exposure (Y. Shinkai & D. Sumi, unpublished data). In RAW
264.7 cells, iAsIII stimulates Nrf2 translocation to the nucleus as shown by nuclear
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Figure 2

Arsenic activates Nrf2, leading to upregulation of antioxidant protein expression in RAW
264.7 cell. () Arsenic uptake into the cells by incubation with 1 uM iAsIII (red points) or

10 uM iASIII (blue points) for the indicated times. (b)) Western blot analysis was done on total
lysate or nuclear fraction with anti-Nrf2 antibody, and the gel shift mobility shift assay was
done with HO-1 ARE probe (67). () Western blot analysis was done with anti-HO-1 or
YGCS;y, antibody. (d) Luciferase reporter plasmid containing the GSTA1 promoter construct
was transiently transfected into RAW 264.7 cell, and the luciferase activities were measured
after treatment with 1 or 10 uM iAsIII for 3 (yellow bars), 6 (orange bars), or 12 h (red bars).
Luciferase activities were normalized by cotransfecting Renilla luciferase control vectors. Each
value represents the means £SD (n = 3). *P < 0.05, ** P < 0.01 versus control. (¢) Luciferase
activities were measured in the presence of iAsIII (10 uM, red bar) or MMeAsIII 2 uM, gray
bar) for 6 h. Each value represents the means £SD (n = 3). *P < 0.05, ** P < 0.01 versus
control.

accumulation of Nrf2 protein, followed by binding to the ARE, induction of HO-1,
YGCSy, and A170 protein in a concentration- and time-dependent manner. Slight
activation of ARE and negligible changes in Nrf2 and downstream protein levels were
seen after exposure to MMeAslII, suggesting that reactive oxygen species—mediated
oxidation of reactive thiols of Keapl rather than a nucleophilic attack of MMeAsIII
to the Keapl thiols is required for Nrf2 activation in these cells. In contrast, mini-
mal activation of Nrf2, resulting in upregulation of antioxidant proteins, is detected
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after arsenite exposure at toxic concentrations (>100 uM) (data not shown). This
observation implies a breakdown of cellular defenses against this metalloid. Although
modification of reactive cysteine in Keap1 is required for Nrf2 activation, some inves-
tigators have reported that a different signaling pathway such as PKC is involved in
Nrf2 activation (70). Consistent with this notion, arsenate-mediated Nrf2 activation
and PrxI induction are dependent on PKC § (71).

ROLE OF METABOLISM IN TOXICITY

Figure 3 shows the biological fate of inorganic arsenic in the body. In mammalian
systems, iAsIII is taken up into cells through aquaporin isozyme 7 or 9 (AQP7/9), a
member of aquaglyceroporins (72-74). In the case of iAsV, however, phosphate trans-
porters are thought to act to incorporate arsenate into cells (75). To date, two possible
metabolic pathways of inorganic arsenic have been proposed: A classical pathway is
reduction and oxidative methylation (76, 77) and a novel pathway is GSH conjuga-
tion of 1AsIII to form arsenite triglutathione [As(SG);], and subsequent methylation
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Figure 3

Biotransformation of inorganic arsenic. The blue arrow and red arrow indicate classical and
novel pathways of arsenic, respectively. iAsV, inorganic arsenate; iAslIl, inorganic arsenite;
MMeAsV, monomethylarsonate; MMeAsIII, monomethylarsonous acid; DMeAsV,
dimethylarsinic acid; DMeAslII, dimethylarsinous acid; As(SG)3, arsenite triglutathione;
MMeAs(SG);, monomethylarsonic diglutathione; DMeAs(SG), dimethylarsinic glutathione;
PNP, purine nucleoside phosphorylase; Cyt19, arsenic methyltransferase; GSTO, glutathione
S-transferase omega; GSH, glutathione.
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to yield a monomethylarsonic diglutathione [MMeAs(SG);] followed by dimethy-
larsinic glutathione [DMeAs(SG)] (78). In the former pathway, arsenate reductases,
such as the omega isoform of GSH S-transferase (GSTomega) (79-81) and purine
nucleoside phosphorylase (PNP) (82, 83), catalyze the reduction of arsenate species,
including organic arsenicals to arsenite, and arsenite/MMeAsIII methyltransferase
(84-86) and Cyt19 (87) catalyze the methylation of iAsIII and MMeAsIII. Because
arsenite species are more toxic than arsenates, variation in the enzyme activity of
GSTomega isoform 1, which is identical to monomethylarsonate (MMeAsV) reduc-
tase, could influence arsenic toxicity, as suggested by Aposhian and his associates
(88). Interestingly, for example, MMeAs(SG), produced in the latter pathway (78)
undergoes (#) spontaneous degradation to form MMeAsIII, followed by MMeAsV
via an unidentified oxidation process, or (b) further methylation by Cyt19 to produce
DMeAs(SG), followed by dimethylarsinous acid (DMeAslIII) to dimethylarsinic acid
(DMeAsV), a major metabolite found in urine (89, 90). The enzyme-catalyzed methy-
lation of arsenic requires S-adenosylmethionine as the methyl donor and reducing
agents such as GSH and cysteine (91). This requirement supports the suggestion
by Hayakawa that the iAsIII-thiol adduct is an intermediate for the Cyt19-catalyzed
methylation of arsenic (78). Finally, As(SG); and MMeAs(SG);, but not DMeAs(SG),
are transported out by multidrug-resistance proteins (MRPs) (92, 93), as shown in
Figure 4, so these GSH adducts are found in bile of rats treated with arsenic (94,
95). There is little information on the contribution of MRPs to methylated arseni-
cal efflux. As(SG); and MMeAs(SG), are reported to be unstable in the bile and
readily undergo hydrolysis to iAsIII and MMeAsllI, respectively (96), as shown in
Figure 3. Such a reversible interaction of MMeAsIII with GSH is also suggested
(97). Thus, a possible explanation for this discrepancy is that iAsIII and MMeAslII,

BLOOD BILE
YGCS iASIIT
As(SG)s MRP1/2
AQP9
GSH| GSTs As(SG),
iAsIII ‘ iASITI Cyt19 ‘
MMeAs(SG),
MMeA
Cyttg | MMeAS(SG)
MMeAsIIT
MMeAsII ‘ MMeAsIII
AQP9

Figure 4

Proposed pathways of transporters for uptake and efflux of arsenites and enzymes responsible
for arsenic excretion into extracellular space in hepatocytes. iAsIII, inorganic arsenite;
MMeAsIII, monomethylarsonous acid; As(SG)3, arsenite triglutathione; MMeAs(SG),,
monomethylarsonic diglutathione; Cyt19, arsenic methyltransferase; yGCS,
yglutamyleysteine synthase; GST5, glutathione S-transferases; GSH, glutathione; AQP9,
aquaglyceroporin 9. Proteins (green) are regulated by Nrf2.
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found in the bile as main species after administration of iAsIII to rats (94), may be
the result of spontaneous decomposition of these GSH adducts that were transported
into the bile by MRPs (Figure 4). Although the MRPs responsible for transporting
intracellular (e.g., hepatocytes) arsenic out to the blood stream are poorly under-
stood, Rosen and his associates have recently proposed a model in which AQP9
catalyzes a key step in the uptake of iAsIII and efflux of MMeAsIII (98), as shown in
Figure 4.

The methylation of inorganic arsenicals has long been understood to be a detoxi-
fication process of the metalloid (99). However, a key development was the synthesis
and crystallization of methylated arsenite, which was postulated to be an intermediate
in arsenic metabolism (100). Using the authentic chemicals as standards, methylated
metabolites of arsenic as MMeAsIII and DMeAsIII were found as urinary excre-
tion products after exposure of humans to inorganic arsenic (101-105). Surprisingly,
MMeAsIII and DMeAsIII are more toxic than inorganic arsenic (106). MMeAsIII is a
potent inhibitor of glutathione peroxidase, glutathione reductase (107), pyruvate de-
hydrogenase (108), and thioredoxin reductase (109). We also found that MMeAsIII,
but not MMeAsV or DMeAsV, interacts with endothelial NO synthase (26) and pro-
tein tyrosine phosphatase 1B (N. Iwamoto, unpublished data) under conditions that
are blocked by dithiothreitol, suggesting that this reactive metabolite of arsenic af-
fects endothelial NO synthase and protein tyrosine phosphatase 1B through covalent
attachment to the reactive thiols (see Figure 1). Therefore, this methylation has just
the opposite consequence for arsenic because other methylated arsenics are not toxic
and reactive. Although further study is needed, we speculate that, in spite of their
highly reactive characteristics, methylated arsenites generated from iAsIII appear to
be obligatory intermediates to the end products of arsenic, such as MMeAsV and
DMeAsV. In this context, Wood et al. have recently shown that Cyt19 polymorphism
may be involved in the variation of arsenic metabolism, thereby influencing arsenic
toxicity in humans (110).

When there is a high concentration of arsenite in the cell, GSH is consumed and
YGCS, the rate-limiting enzyme for GSH synthesis, is upregulated. It is probable
that there is not only a chemical process (92, 111) but also an enzymatic reaction,
catalyzed by GST isozymes, that generates As(SG);. The GSH adduct is required to
remove arsenic from the cell through the MRPs (92). Because blockage of yGCS,
GSTs, or MRPs exacerbated iAslIII toxicity in the cells (112, 113), it seems likely
that YGCS, GSTs, and MRPs, controlled by Nrf2, play a critical function in ar-
senic efflux into extracellular space to decrease its toxicity, as shown in Figure 4. As
expected, Nrf2 deletion increases arsenite-mediated cytotoxicity (Y. Shinkai, unpub-
lished data) (Figure 5). In wild-type mice, arsenic upregulates yGCS, GSTALI, and
MRP1 as well (Figure 5). Increased gene expression of MRP2 that is regulated by
Nrf2 during arsenic exposure in vivo is also seen (95, 114). By contrast, pretreatment
with sulforaphane, an Nrf2 activator, diminishes cellular accumulation of arsenic,
thereby reducing its cellular toxicity in primary mouse hepatocytes (113) (Figure 5),
which supports the notion that Nrf2 is a critical transcription factor against arsenic
toxicity.
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Figure 5

Nrf2 plays a protective role against arsenic-induced cytotoxicity. SEN, Sulforaphane. (2)
Arsenic-induced cytotoxicity in primary mouse hepatocytes extracted from wild-type (red
points) or Nrf2 knockout (blue points) mouse. Each value represents the means £5SD (n = 4).
**P < 0.01 versus wild type. () Western blot analysis was done with antibodies against
GSTAL, yGCSy, YGCSy,, MRP1, and actin. Cells extracted from wild-type or Nrf2 knockout
mice [Nrf2(—/—)] were incubated for 24 h in the absence or presence of different
concentrations of iAsIII. (¢) SFN reduced arsenic accumulation in primary mouse hepatocytes.
Cells were incubated with either DMSO (0.1%, yellow bar) or SEN (5 uM, orange bar) for 24 h
prior to exposure with 5 uM iAsIIT for 24 h. Each value represents the means £SD (n = 3). **
P < 0.01 versus DMSO. (d) SEN reduced iAsIII-induced cytotoxicity in primary mouse
hepatocytes. Cells were incubated with either DMSO (red points) or 5 uM SFN (blue points) for
24 h prior to the exposure to the indicated iAsIII concentrations. Each value represents the
means +=SD (n = 6). ** P < 0.01 versus DMSO.
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CONCLUSION

Cellular stress, mediated by an arsenic, leads to an intermediate adaptive response
involving various mechanisms, including the nuclear translocation of redox-sensitive
transcription factor such as Nrf2, which senses chemical dangers and orchestrates
cell defense. In the case of arsenic, Nrf2 genes of immediate significance are the an-
tioxidant proteins, such as HO-1, Prx1, and yGCS; Phase II xenobiotic-metabolizing
enzymes; and Phase III transporters, such as GSTA1 and MRP1. It has been noted
that nuclear translocation occurs at nontoxic concentrations of arsenic and at time-
points before overt toxicity is observed. However, as arsenic concentration increases,
there is a progressive dislocation of nuclear translocation of Nrf2, and gene expression
of proteins overwhelms cell defenses. Arsenic exposure can promote apoptosis by dis-
ruption of signal transduction, activation of AP-1, inactivation of constitutive NF-«B,
and/or suppression of PI3K/Akt signaling. Because upstream proteins that regulate
AP-1, NF-«B, and Nrf2 and NO synthase all have reactive thiols (see Figure 1), their
oxidative modification by reactive oxygen species, generated during arsenic exposure,
may be the critical step mediating cellular responses and toxicity.

An intervention study conducted by us in an endemic area of chronic arsenic poi-
soning in Inner Mongolia suggested that decreased NO levels and peripheral vascular
disease in arsenosis patients can be reversed by exposure cessation (115). There is lit-
tle doubt that arsenic exposure causes adaptive responses against oxidative stress and
arsenic cytotoxicity through Nrf2 activation. In areas where substantial accumulation
of arsenic in the body occurs through the daily intake of well water containing high
concentrations of arsenic, multiple adverse health effects are observed. We suggest
that treatment with an Nrf2 activator such as sulforaphane (113) may be an effective
strategy for the treatment of chronic arsenic poisoning. In the future, a discovery of
a specific inhibitor for AQP9 mediating arsenic uptake into cells would be one of the
important topics for improvement of chronic arsenosis.
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