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Inorganic arsenic shows great promise in human cancer chemothe-
rapy, although hepatotoxicity is a major limiting side-effect. O2-Vinyl
1-[2-(Carboxylato)pyrrolidin-1-yl]diazen-1-ium-1,2-diolate (V-PROLI/
NO) [Correction added after publication 19 December 2008: 1-[2-
(Carboxylato)pyrrolidin-1-yl]diazen-1-ium-1,2-diolate (V-PROLI/NO)
was corrected to O2-Vinyl 1-[2-(Carboxylato)pyrrolidin-1-yl]diazen-1-ium-
1,2-diolate (V-PROLI/NO)] is a nitric oxide (NO) donor prodrug that is
metabolized by liver cytochromes P450 to release NO. Other NO-
releasing agents have been shown to mitigate arsenic toxicity. Thus,
the effects of V-PROLI/NO pretreatment on the toxicity of inorganic
arsenic (as NaAsO2) were studied in vitro in a human liver (HepG2)
cell line. HepG2 cells acted upon the prodrug to release NO, as
assessed by nitrite levels, in a dose- and time-dependent fashion to
maximal levels of 57-fold above control levels. In cells pretreated
with V-PROLI/NO (200 μM, 24 h) then exposed to arsenic for an additional
24 h, arsenic was much less toxic (LC50 = 151.9 ± 5.9 mM) than in
control cells (LC50 = 90.5 ± 6.5 mM) and the reduced cytolethality
was directly related to the level of NO produced. V-PROLI/NO also
increased CYP2E1 transcriptional expression in a dose-dependent
manner and CYP2E1 expression was directly related to the level of
NO produced and the reduction in arsenic cytotoxicity. V-PROLI/NO
pretreatment markedly reduced arsenic-induced apoptosis as
measured by DNA fragmentation. Pretreatment with V-PROLI/NO
suppressed phosphorylation of JNK1/2 after arsenic exposure. Arsenic
increased metallothionein, a metal-binding protein important in
arsenic tolerance, and V-PROLI/NO pretreatment caused additional
increases in metallothionein levels. Thus, the prodrug, V-PROLI/NO,
protects against arsenic toxicity in cultured human liver cells,
reducing cytolethality, apoptosis and dysregulation of mitogen-
activated protein kinases, through generation of NO formed after
metabolism by liver cell enzymes, possibly including CYP2E1.
(Cancer Sci 2009; 100: 382–388)

Arsenicals have shown great promise in the chemotherapy
of certain types of human cancers.(1,2) In particular, arsenic

trioxide treatment has proven to be curative of acute promye-
locytic leukemia (APL) and markedly improves the clinical
outcome of even refractory or relapsed APL.(3) Arsenicals are now
being tested against a variety of other tumors, including solid
tumors.(4) However, arsenicals can be quite toxic and concern
about serious side-effects has been raised, such as the potential for
fatal hepatotoxicity in patients undergoing arsenical chemotherapy
for cancer.(5) The liver is a major organ for arsenic toxicity and
metabolism.(6) Individual variation in susceptibility to arsenic-
induced toxicity clearly occurs and is probably related to genetic
polymorphisms associated with altered capacity for methylation
of inorganic arsenic.(5) Thus, adjuvant pharmacological agents
that effectively and specifically limit arsenical hepatotoxicity
could potentially increase arsenical therapeutic utility.

Nitric oxide (NO) is a signaling mediator produced by cells
involved in numerous critical functions.(7) Recently, several
novel NO-donating compounds have shown promising features
related to their pharmacological use in cancer chemotherapy.(7)

Indeed, the production of site-specific and/or novel NO-donating

agents is an important trend in the development of agents with
therapeutic and chemo-preventive potential.(8) For instance, our
work indicates that O2-vinyl 1-(pyrrolidin-1-yl)diazen-1-ium-1,2
diolate (V-PYRRO/NO) mitigates the hepatotoxicity of various
compounds both in vivo and in vitro, including the potentially
hepatotoxic chemotherapeutic metalloid, arsenic.(9–11) Another
NO prodrug, O2-Vinyl 1-[2-(carboxylato)pyrrolidin-1-yl]diazen-1-
ium-1,2-diolate (V-PROLI/NO) [Correction added after publication 19
December 2008: 1-[2-(Carboxylato)pyrrolidin-1-yl]diazen-1-ium-
1,2-diolate (V-PROLI/NO) was corrected to O2-Vinyl 1-[2-
(Carboxylato)pyrrolidin-1-yl]diazen-1-ium-1,2-diolate (V-PROLI/
NO)] is structurally similar to V-PYRRO/NO, but has an addi-
tional carboxylic acid and appears to have liver specificity, as it
is metabolized to release NO by cytochrome P450,(12) the most
important of which appears to be CYP2E1.(13) The major limiting
effects of arsenical chemotherapy would be hepatotoxicity.(14)

However, whether V-PROLI/NO is protective against arsenic
toxicity in liver or liver cells has not been defined.

Metallothionein (MT) is a small, soluble, cysteine-rich, metal-
binding protein that helps detoxicate various metals and metal-
loids.(15) In fact, a recent study showed that human populations
poorly expressing MT may be more sensitive to chronic arsenic
intoxication.(16) Furthermore, arsenic induces MT expression
both in vitro and in vivo,(17–19) and arsenic or its methylated
metabolites interacted with MT in a stoichiometric fashion.(17)

Taken together, these data suggest that MT can decrease arsenic
toxicity. In this regard, V-PYRRO/NO pretreatment greatly
enhances arsenic induction of MT probably as part of its mech-
anism in reducing arsenic toxicity.(11) NO released from NO-
donating compounds increases MT levels, at least indirectly.(20)

Mitogen-activated protein kinases (MAPK) are a family of
serine/threonine phosphorylating proteins which can mediate
signal transduction pathways from a variety of extracellular sig-
nals to regulate the expression of specific genes. The major
MAPK, the extracellular signal-regulated kinases (ERK), trans-
duce growth factor signals inducing cell proliferation or differ-
entiation. In contrast, stress signals like cytokines activate the
c-Jun NH2-terminal kinases (JNK), causing stress responses,
growth arrest and/or apoptosis.(21) The levels of phosphorylated
JNK1/2 and JNK kinase activity are markedly decreased in cells
chronically exposed to arsenic.(21) Activation of the JNK path-
way can be critical to apoptosis and pretreatment with V-
PYRRO/NO suppresses arsenic-induced JNK activation in liver
cells,(11) indicating that NO has the capacity to alter the adverse
effects of arsenic with regard to apoptotic signaling.

Thus, the purpose of this study was to define if V-PROLI/NO
acts as a potential liver NO-prodrug by blocking arsenic-induced
toxicity and apoptosis in a human liver cell line as a potential
prelude to its use as an adjuvant in arsenical chemotherapy
of cancer. Because CYP2E1 appears to play a critical role in
livermetabolism and other NO-releasing prodrugs,(11) its potential
role with V-PROLI/NO was also studied in detail.
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Materials and Methods

Chemicals. Sodium arsenite was purchased from Sigma Chemical
Company (St Louis, MO, USA). V-PROLI/NO was synthesized
as previously described.(12) The chemical structure of V-PROLI/
NO and its metabolism are shown in Figure 1. Anti-phospho-
JNK, antiphospho-ERK, antiphospho-p38 and anti-JNK1/2
antibodies were purchased from New England Biolabs (Beverly,
MA, USA).

Cell culture. The HepG2 human liver cells were purchased
from the American Type Culture Collection (Manassas, VA,
USA). The cells were maintained at 37°C in a humidified 5%
CO2 atmosphere and cultured as monolayers in modified Eagle’s
minimal essential medium (DMEM; pH 7.4), supplemented
with 1X nonessential amino acids, 2 mM glutamine, 100 μg/mL
streptomycin sulfate, 100 units/mL penicillin G and 10% (v/v)
fetal bovine serum.

Metabolic integrity assay. The Promega Cell Titer 96 Non-
Radioactive Cell Proliferation Assay kit (Promega, Madison, WI,
USA) was used to determine acute cytotoxicity of arsenic in
cells as defined by metabolic integrity. This assay measures the
amount of formazan produced by metabolic conversion of Owen’s
reagent (3-[4,5-dimethylthiazol-2-yl]-5-[3-carboxymethoxyphenyl]-
2-[4-sulfophenyl]-2H-tetrazolium, inner salt, MTS) by dehydro-
genase enzymes found in the mitochondria of metabolically
active cells. The quantity of formazan product, as measured by
absorbance at 490 nm, is directly proportional to the number of
living cells. A minimum of four replicates of 10 000 cells/well
were plated in 96-well plates and allowed to adhere to the plate
for 24 h, at which time the media were removed and replaced
with fresh media with or without V-PROLI/NO (100 or 200 μM).
These levels of V-PROLI/NO were selected because a preliminary
study showed them to be non-toxic. At the end of this period
arsenic was added in fresh media. Cells were then incubated for
an additional 24 h and cell viability was determined. The LC50
values were determined from analysis of the linear portion of
four separately derived metabolic integrity curves.

Nitrite measurement. A Griess reagent-based system (Promega)
was used to determine nitrite concentration in cell culture
medium as an indication of NO generated from V-PROLI/NO.
A minimum of four replicates of 10 000 cells/well were plated
in 96-well plates and allowed to adhere to the plate for 24 h.
Cells were pretreated with V-PROLI/NO for 24 h. Extracellular
media were collected and nitrite was measured.

Quantification of apoptosis. DNA fragmentation, as an indication
of apoptotic cell death, was assessed by determination of

cytoplasmic histone-DNA fragments using the Cell Death
Detection ELISA kit (Roche, Indianapolis, IN, USA). In all
cases, cells were seeded in 96-well plates at 10 000 cells/well in
200 μL medium and treatments were initiated 24 h after plating.
To examine the effects of V-PROLI/NO on arsenite-induced
apoptosis, cells were pretreated with V-PROLI/NO for 24 h and
then incubated with arsenic for an additional 24 h. Apoptosis
was evaluated in both floating and adherent cells.

CYP2E1 expression. Total RNA was isolated from HepG2 cells
using TRIzol (Gibco/BRL Life Technologies) followed by the
cleanup using RNeasy Mini kit (Qiagen, Valencia, CA, USA).
The resultant DNA-free RNA was quantitated by ultraviolet
spectroscopy at 260 nm and stored in RNase-free H2O at –70°C.
Quantitative real-time reverse transcription polymerase chain
reaction (RT-PCR) was conducted. Briefly, total RNA from each
sample was reverse transcribed with MuLV reverse transcriptase
(Applied Biosystems, Foster City, CA, USA) and Oligo d(T)
primers. The SYBR Green PCR master mix (Applied Biosystems)
was used for quantitative real-time RT-PCR analysis. The human
primers were designed using Primer Express software (Applied
Biosystems) and listed here: CYP2E1, forward 5′-ACA GTG
CAG AGC GCT TGT ACA C-3′ and reverse, 5′-GTC TCT
GTC CCC GCA AAG AA-3′; and β-actin, forward 5′-GTC
CAC CTT CCA GCA GAT GTG-3′ and reverse, 5′-GCA TTT
GCG GTG GAC GAT-3′. Relative differences in gene
expression between groups were expressed using cycle time (Ct)
values; these values were first normalized with that of β-actin
in the same sample and expressed as arbitrary units. Real-
time fluorescence detection was carried out using a MyiQ
Single-Color Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA).

Western blot analysis. Protein samples (30 μg) derived from the
various cell preparations were subjected to sodium dodecylsulfate
polyacrylamide gel electrophoresis and transferred onto nitro-
cellulose membranes. The membranes were blocked with 5%
non-fat dry milk in Tris-buffered saline containing 0.05%
Tween 20 (TBST) and probed with phospho-specific antibodies
against JNK1/2, ERK1/2 and p38 MAPK. After incubation with
secondary antibodies, immunoblots were visualized with the
LumiGlo detection method (New England Biolabs).

MT quantitation. Cellular MT concentrations were measured
by the Cd-hemoglobin radioassay method.(22) Values were
adjusted to cell number and are expressed as nanograms of MT
per 106 cells.

Statistical analysis. Data are expressed as mean ± SEM. Student’s
t-test or ANOVA with subsequent Dunnett’s test were used as

Fig. 1. Chemical structure of V-PROLI/NO and its metabolic pathway.
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appropriate. Linear (Pearson’s) correlations were used to determine
statistical significance of correlations between V-PROLI/NO
concentration or NO production and LC50 for arsenic; correla-
tions between V-PROLI/NO concentration or NO production
and CYP2E1 transcript; correlations between CYP2E1 transcript
and LC50 for arsenic. Values are derived from three or more
replications. Differences were considered significant at a level
of P < 0.05.

Results

Nitrite formation after V-PROLI/NO exposure in HepG2 cells. To
show that V-PROLI/NO was acted upon by liver HepG2 cells
to release NO, cells were exposed to V-PROLI/NO at various
concentrations for 24 h (Fig. 2A) or at various time points
(Fig. 2B) with the same concentration (200 μM) and nitrite was
measured in extracellular fluid as an indirect measurement of
NO production. HepG2 cells clearly acted upon the prodrug
to release NO, producing nitrite in a concentration and time-
dependent manner. Addition of V-PROLI/NO to medium in the
absence of cells did not generate nitrite (data not shown).

V-PROLI/NO-induced arsenic tolerance. HepG2 cells were pretreated
with V-PROLI/NO for 24 h and then exposed to arsenic for an
additional 24 h at which point LC50 values were determined
from cytotoxicity curves. The V-PROLI/NO pretreatment
significantly reduced arsenic-induced cytotoxicity (Fig. 3). The
LC50 value for arsenic in 200 μM V-PROLI/NO pretreated cells
was approximately 70% higher than in control cells. The V-
PROLI/NO pretreatment alone was not cytotoxic at the levels
used (not shown).

Correlation between V-PROLI/NO concentration or nitrite
production and LC50 for arsenic. Cells were first treated with various
levels of V-PROLI/NO for 24 h followed by arsenic for 24 h. In
cells pretreated with V-PROLI/NO, analysis revealed a highly
significant correlation between increasing LC50 for arsenic and
the pretreatment level of V-PROLI/NO (Fig. 4A). The relationship
between reduced arsenic cytolethality and NO production after
V-PROLI/NO treatment was also assessed by measurement of
nitrite products. The results showed again that increasing NO
production was also highly correlated with increases in LC50 for
arsenic (Fig. 4B). These strong correlations suggest mechanistic
significance indicating that when exposed to V-PROLI/NO,

HepG2 cells produce NO which in turn protects against arsenic-
induced cytolethality.

Correlations between V-PROLI/NO concentrations, nitrite production,
CYP2E1 transcript levels and arsenite cytotoxicity. HepG2 cells were
treated with various levels of V-PROLI/NO for 24 h to determine
CYP2E1 levels and NO production, or additionally treated with
arsenic for 24 h to determine cytotoxicity. CYP2E1 transcript

Fig. 2. Concentration and time-dependent nitrite
formation after V-PROLI/NO exposure. Cells were
exposed to V-PROLI/NO for 24 h at the levels
indicated for the concentration-response curve
(A) or at 200 μM for the time course (B).
Extracellular medium was collected and nitrite
was measured by Griess assay as an indirect index
of nitric oxide production. Results are presented
as the mean ± standard error of the mean of four
separate determinations. Note log scale in (A).

Fig. 3. V-PROLI/NO-induced tolerance to arsenic-induced cytotoxicity.
HepG2 cells were pretreated with V-PROLI/NO for 24 h or left
untreated. Cells were then incubated with various levels of arsenic for
an additional 24 h and LC50 values were measured by the MTS assay.
Results are presented as the mean ± standard error of the mean of
four separate determinations. *Significantly different (P < 0.05) from
untreated control.
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levels were clearly correlated with V-PROLI/NO concentration
(Fig. 5A) and nitrite production (as an indication of NO
production; Fig. 5B). A very strong correlation was observed
between CYP2E1 transcript levels and increasing LC50 for
arsenic (Fig. 5C). These strong correlations suggest that V-PROLI/
NO is metabolized to release NO by CYP2E1 in HepG2 cells
which then protects against arsenic. Thus, it appears V-PROLI/NO
is metabolized by, at least in part, and induces, CYP2E1.

Effect of V-PROLI/NO pretreatment on arsenic-induced apoptosis
and apoptotic signaling. Cells were pretreated with V-PROLI/NO
for 24 h then arsenic-induced apoptosis at the cellular level was
measured (Fig. 6). V-PROLI/NO was able to block arsenic-induced
apoptosis in a fashion related to V-PROLI/NO pretreatment

concentration. The levels of phosphorylated JNK1/2 or total
JNK1/2, key factors in apoptosis, were also determined
(Fig. 7). V-PROLI/NO blocked the activation of JNK1/2 by
phosphorylation induced by arsenic. This is likely an important
factor in reducing apoptotic cell death (Fig. 6). The levels of
both phosphorylated ERK1/2 and p38 did not show any
significant differences induced by arsenic or V-PROLI/NO
treatment (data not shown).

Effect of V-PROLI/NO on MT levels. HepG2 cells were treated with
various levels of V-PROLI/NO for 24 h followed by arsenic
treatment and MT levels were measured (Fig. 8). Arsenic alone
increased MT, while the higher pretreatment concentration
of V-PROLI/NO facilitated an additional increase in MT levels

Fig. 4. Correlations between V-PROLI/NO concen-
trations or nitrite production and LC50 for arsenic.
Cells were first treated with various levels of V-
PROLI/NO for 24 h followed by arsenic for 24 h.
LC50 values were determined and correlated with
V-PROLI/NO concentrations (A) or nitric oxide
(NO) production (B) using Pearson’s r correlation.
Results are presented as the mean ± standard error
of the mean of four separate determinations.
Arsenic LC50 values were significantly correlated with
V-PYRRO/NO concentration or NO production.

Fig. 5. Correlations between V-PROLI/NO concentrations, nitrite production, CYP2E1 transcript levels and arsenite cytotoxicity. Cells were treated
with various levels of V-PROLI/NO for 24 h. CYP2E1 transcript levels were then determined by real-time polymerase chain reaction. Nitrite produced
after V-PROLI/NO treatment as an indication of NO production was measured. CYP2E1 transcript levels were then correlated with V-PROLI/NO
concentration (A) or nitrite production (B) or arsenic LC50 (C) using Pearson’s r correlation. Results are presented as the mean ± standard error of
the mean of four separate determinations. CYP2E1 transcript levels were significantly correlated with V-PYRRO/NO concentration, nitric oxide
production or LC50.
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after subsequent arsenic exposure. Although significant, the
additional increase in MT brought about by 200 μM V-PROLI/
NO pretreatment prior to arsenic was relatively small (~28%)
compared to arsenic alone.

Discussion

Arsenic trioxide is a relatively new, yet highly successful,
therapy for APL(23) which has now been recommended as a
first-line treatment, even in patients with multiple relapses.(1,2,4,5)

Although arsenic has shown its greatest efficacy against APL,
and shows promise for a variety of other cancers,(4) the concerns
of potentially fatal hepatotoxicity in patients undergoing
arsenical cancer chemotherapy have been raised.(5,6) Because
liver is a key target tissue of arsenic toxicity, this may limit its
chemotherapeutic efficacy. Thus, it is very important to develop
agents to limit arsenical hepatotoxicity without altering its
chemotherapeutic effects. NO is one of the simplest biological
molecules in nature and is now accepted as a fundamental
signaling molecule in a wide variety of critical cellular
functions.(24) For instance, NO affects tumor angiogenesis, blood
flow, immune surveillance, apoptosis, cell cycle, invasion and
metastasis.(24) Many NO donor prodrugs have been designed that
have pharmacological potential.(8) V-PROLI/NO is a relatively new
NO donor prodrug whose p450-induced NO-donating metabolite
PROLI/NO has vasodilatory and antithrombotic effects.(25–27)

These can be localized to the pulmonary vasculature or the site
of a vascular surgery procedure without inducing systemic
hypotension.(28) The present study investigated the effects of
V-PROLI/NO pretreatment on arsenic-induced toxicity in human
liver cells in vitro. Results indicate that V-PROLI/NO releases
NO apparently, at least in part, via metabolism by CYP2E1 in
human liver cells, confirming prior work with metabolism of

V-PROLI/NO by microsomes enriched in human CYP2E1.(12) V-
PROLI/NO-induced tolerance to arsenic was clearly related to
NO release, likely by the metabolic action of the liver cells on
the NO prodrug. V-PROLI/NO protected against the adverse
effects of arsenic directly within HepG2 cells, including
cytotoxicity, apoptosis and JNK pathway downregulation. Thus,
at least in vitro, V-PROLI/NO acts to reduce arsenic toxicity in
a key cell site for limiting side-effects. Although the release
of NO from V-PROLI/NO would produce other metabolites
(Fig. 1), these would probably not be the primary cause of
arsenic tolerance because, in several cases, other NO-releasing
prodrugs induce metal tolerance, including tolerance to arsenic
toxicity, both in vivo and in vitro, but would produce dissimilar
metabolites other than NO,(11,29,30) indicating that NO is the
primary active compound.

Mitogen-activated protein kinases comprise a family of serine/
threonine phosphorylating proteins that mediate a variety of signal
transduction pathways.(21,31) Activation of JNK is associated with
the induction of apoptosis.(27) Arsenic can induce activity of JNKs
in various cells and activation of JNK by arsenic contributes to
apoptosis.(32,33) Interestingly, we previously demonstrated that
arsenic-transformed cells become highly resistant to arsenic-induced
apoptosis by perturbation of JNK1/2 activity.(21) Recently, we
showed that V-PYRRO/NO, a liver-selective NO-producing
prodrug, protects against arsenic-induced cytotoxicity and
apoptosis at the cellular level in cultured rat liver cells.(11) This
protection is apparently through generation of NO and the con-
current blockade of arsenic-activation of the apoptosis-related

Fig. 6. Effect of V-PROLI/NO pretreatment on arsenic-induced apoptosis.
Cells were pretreated with V-PROLI/NO (24 h) then arsenic (70 μM;
24 h) and apoptosis was measured by enzyme-linked immunosorbent
assay. Data are expressed as a percent of control (no V-PROLI/NO or
arsenic) ± standard error of the mean of four separate determinations.
*Significantly different (P < 0.05) from untreated (no arsenic and no V-
PROLI/NO) control. †Significantly different (P < 0.05) from the arsenic-alone
control (no V-PROLI/NO).

Fig. 7. Effect of V-PROLI/NO on level of phosphorylated JNK1/2 induced
by arsenic. Cells were pretreated with V-PROLI/NO (24 h) followed by
arsenic treatment (70 μM; 24 h). The levels of phosphorylated JNK1/2
were determined by western blot analysis (top). After development,
the membranes were stripped and reprobed with regular antibodies
against JNK1/2 (middle). Blots represent a typical result of three
independent experiments. The phosphorylated JNK1/2 protein immunoblots
were analyzed by scanning densitometry (bottom) and values were
then standardized to untreated control as 1. Results are presented as the
mean ± standard error of the mean of three separate determinations.
*Significantly different (P < 0.05) from untreated control (no arsenic and
no V-PROLI/NO). †Significantly different (P < 0.05) from the arsenite-alone
control (no V-PROLI/NO).



Qu et al. Cancer Sci | March 2009 | vol. 100 | no. 3 | 387
This article is US government work and is in the public domain in the USA

JNK pathway. The present results indicate that V-PROLI/NO
generates NO within human liver cells and downregulates levels
of phosphorylated JNK1/2 induced by arsenic, an event likely
related to reduction of arsenic-induced apoptosis. Thus, the
release of NO from both V-PYRRO/NO and V-PROLI/NO

appears to be related to a reduction in arsenic-induced apoptosis
by reducing the rate approximately 50%, potentially via perturbed
signaling events. It has been reported that NO can function as an
intracellular signaling regulator(34) and, in particular, can impact
JNK signaling.(35,36) NO is a thiol-reactive molecule and JNK has
a cysteine residue that is sensitive to thiol-modifying agents
and endogenously-produced NO negatively regulates the JNK
pathway by means of a thiol-redox mechanism.(34)

Metallothionein can be induced by several inorganics and arsenic
has been shown to induce MT both in vitro and in vivo,(18,19,37)

probably through sequestrational binding, and arsenic binds
readily to thiols within MT.(38) The binding stoichiometry indicates
that each MT molecule binds with up to six inorganic arsenic
molecules.(17) MT-I/II double knock-out (MT-null) mice are
more sensitive than wild-type mice to chronic arsenic-induced
hepatotoxicity.(39) Humans that poorly express MT are also most
sensitive to arsenic.(16) The present study showed that arsenic
alone increased MT levels directly in human liver cells, while
only the highest concentration of V-PROLI/NO caused additional
increases in MT levels after subsequent arsenic exposure. Thus,
the protective effect of V-PROLI/NO might in part be a result of
increased MT levels facilitating sequestration of arsenic,
although this appeared only at the highest dose of V-PROLI/NO
and was limited.

In summary, the present work shows that exposure of human
liver cells to the NO-releasing prodrug, V-PROLI/NO, protects
against the adverse effects of arsenic including cytotoxicity,
apoptosis and JNK pathway activation, apparently by generation
of NO possibly via CYP2E1 as well as other enzymes. Because
hepatotoxicity is a limiting side-effect of arsenical chemotherapy,
the potential of V-PROLI/NO as an adjuvant in arsenic chemo-
therapy should be explored in vivo.
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