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Arsenic is a metalloid that generates various biological effects
on cells and tissues. Depending on the specific tissue exposed
and the time and degree of exposure, diverse responses can be
observed. In humans, prolonged and/or high dose exposure to
arsenic can have a variety of outcomes, including the develop-
ment of malignancies, severe gastrointestinal toxicities, diabe-
tes, cardiac arrhythmias, and death. On the other hand, one
arsenic derivative, arsenic trioxide (As,0;), has important anti-
tumor properties. This agent is a potent inducer of antileukemic
responses, and it is now approved by the Food and Drug Admin-
istration for the treatment of acute promyelocytic leukemia in
humans. The promise and therapeutic potential of arsenic and
its various derivatives have been exploited for hundreds of years.
Remarkably, research focused on the potential use of arsenic
compounds in the treatment of human diseases remains highly
promising, and it is an area of active investigation. An emerging
approach of interest and therapeutic potential involves efforts
to target and block cellular pathways activated in a negative
feedback manner during treatment of cells with As,O. Such an
approach may ultimately provide the means to selectively
enhance the suppressive effects of this agent on malignant cells
and render normally resistant tumors sensitive to its antineo-
plastic properties.

Arsenic forms complexes with other elements, and it exists in
inorganic and organic forms (1-3). The three major inorganic
forms of arsenic are arsenic trisulfide (As,S,, yellow arsenic),
arsenic disulfide (As,S,, red arsenic), and arsenic trioxide
(As,O,, white arsenic) (1-3). There are two different oxidative
states of arsenic that correlate with its cytotoxic potential,
As(III) and As(V). Among them, As(III) is the most potent form
and primarily accounts for its pro-apoptotic and inhibitory
effects on target cells and tissues (3). The various forms of
arsenic exist in nature primarily in a complex with pyrite (4, 5),
although under certain circumstances, arsenic can dissociate
from soil and enter natural waters (6), providing a contamina-
tion source for humans or animals who ingest such waters. In
fact, most associations between long term exposure to arsenic
and development of malignancies or other health disorders
result from drinking contaminated water, especially in develop-
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ing countries. Interestingly, pollution of the air with arsenic can
also occur under certain circumstances, such as in the case of
emissions from coal burning in China (7), providing an addi-
tional source of human exposure.

The metabolism of arsenic in humans includes reduction to
the trivalent state and oxidative methylation to the pentavalent
state (reviewed in Ref. 2). There is also reduction of arsenic acid
to the arsenous form and subsequent methylation (2). The gen-
eration of inorganic or organic trivalent arsenic forms has
important implications with regard to the toxicity of this agent,
as such compounds are more toxic to the cells and exhibit more
carcinogenic properties (2, 3). Thus, many of the consequences
of exposure to arsenic as discussed below are the result of the
activities and toxicities of the various metabolic products of
arsenic compounds. It should be also noted that arsenic has the
ability to bind to reduced thiols, including sulfthydryl groups in
some proteins (2). Depending on the cellular context, such pro-
tein targeting may explain some of its cellular effects and gen-
eration of its toxicities and/or therapeutic effects.

Biological Consequences of Chronic Arsenic Exposure in
Humans

Chronic exposure to arsenic produces substantial toxicities
and leads to serious and frequently fatal syndromes and disor-
ders. There is evidence that prenatal exposure results in serious
short and long term toxicities (reviewed in Ref. 8). Both inor-
ganic arsenic and its methylated metabolites can cross the pla-
centa, and exposure during pregnancy can result in impaired
fetal growth or even fetal loss (8). Such exposure can also result
in increased post-birth infant mortality, and there is evidence
for serious late effects of early exposure to arsenic, including the
development of certain malignancies (8).

Beyond the strong association between exposure to arsenic
in early life and development of illnesses, there is extensive evi-
dence linking exposure at later stages of life and development of
many different syndromes and diseases. Arsenic is a potent car-
cinogen, and there is a lot of evidence linking arsenic exposure
to various types of solid tumors, including lung, prostate, blad-
der, renal, and skin cancers, as well as other malignancies
(9-15). Notably, there are also studies that have shown that, in
some parts of the world (Denmark), exposure to low levels of
arsenic is not associated with development of malignancies, and
on the contrary, it may decrease the incidence of non-mela-
noma skin cancer (16). Thus, geographical location, genetic fac-
tors, and levels of exposure may play important roles in arsenic-
associated carcinogenesis.

In addition to the development of malignancies, long term
arsenic exposure has been associated with other chronic ill-
nesses and ailments, such as diabetes, hypertension, cardiovas-
cular disease, vascular changes, and neuropathy (17, 18). More-
over, chronic exposure to arsenic can affect long term memory
and modify hormonal regulation (18). Thus, a variety of differ-
ent chronic illnesses and malignancies can be induced by
arsenic exposure, underscoring the diversity of its cellular tar-
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FIGURE 1. Key cellular events associated with induction of arsenic-dependent apoptosis.

gets and its ability to deregulate important and diverse cell
functions.

Antitumor Properties of Arsenic Compounds

Although exposure to arsenic is well documented to lead to
the development of tumors in humans, there is also extensive
evidence indicating that one form of arsenic, As,O;, exhibits
potent antitumor effects in vitro and in vivo (19 -21). As, O3 has
been approved by the Food and Drug Administration in the
United States for the treatment of patients with APL* that is
refractory to ATRA. It is now well established that As,O,
induces complete remissions in ~80-90% of newly diagnosed
patients with APL, as well as in 60-90% of ATRA-refractory
patients (19-21). Combinations of As,O; with ATRA for the
treatment of this leukemia are more potent than each agent
alone (22), underscoring the differences in the mechanisms of
action between the two agents. Although As,O, is very effective
in the treatment of APL, there are associated toxicities with its
use, and appropriate precautions should be in place during its
administration. Such toxicities include leukocytosis, the ATRA
differentiation syndrome, and cardiac arrhythmias associated
with prolonged QT interval (20, 21).

As As,Oj; has potent effects in vitro against different types of
malignant cells beyond APL, there has been substantial interest
in its potential clinical development for the treatment of other
hematologic malignancies, including MDS and multiple
myeloma (23, 24). In addition, As,O; has potent antileukemic
properties against other non-APL subtypes of AML in vitro,
and recent studies have suggested important clinical activity
when administered to elderly patients with AML in combina-
tion with low dose cytarabine (25). There is also an interest in
the clinical development of As,O; for the treatment of various
solid tumors, but such potential applications are restricted by
the requirement of high toxic doses to induce apoptosis in such
cells. It is possible that the spectrum of malignant diseases for

2 The abbreviations used are: APL, acute promyelocytic leukemia; ATRA, all-
trans-retinoic acid; MDS, myelodysplastic syndrome(s); AML, acute mye-
loid leukemia; ROS, reactive oxygen species; JNK, c-Jun N-terminal kinase;
TNF, tumor necrosis factor; STAT, signal transducer and activator of tran-
scription; PML, promyelocytic leukemia; RARe, retinoic acid receptor «;
CML, chronic myelogenous leukemia; MAPK, mitogen-activated protein
kinase; ERK, extracellular signal-regulated kinase; mTOR, mammalian tar-
get of rapamycin.
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that occurs during treatment of tar-
get cells with As,Oj, involves eleva-
tion of ROS (reviewed in Refs. 1, 2, 26, and 27). Such generation
of ROS appears to be regulated, at least in part, by activation of
NADPH oxidase and NO synthase isozymes (32). Also, arsenic-
containing compounds are potent modulators of the thiore-
doxin system that includes thioredoxin, thioredoxin reductase,
and NADPH (reviewed in Refs. 26 and 27). The thioredoxin
system controls, to a large extent, intracellular redox reactions,
regulates apoptosis, and protects cells from stress damage (26,
27), and the ability of arsenic-containing compounds to target
and block thioredoxin reductase may be important in the
induction of its pro-apoptotic effects (26).

Overproduction of ROS is linked to the induction of apopto-
sis by As,O,. Accumulation of hydrogen peroxide (H,O,) leads
to decreases in the mitochondrial membrane potential, result-
ing in cytochrome c release and activation of the caspase cas-
cade (27). This appears to be a common mechanism of induc-
tion of cell death in diverse cellular backgrounds. There is
extensive evidence implicating arsenic-dependent, ROS-medi-
ated activation of caspases in various types of malignant cells.
These include cells of APL origin (26), human T cell lympho-
trophic virus I-infected T cell lines and primary adult T cell
leukemia cells (28), multiple myeloma cells (24), and different
types of solid tumor cells (30, 31). However, caspase-independ-
ent death pathways have been also reported to be activated by
arsenic in myeloma cells and may mediate pro-apoptotic sig-
nals (32). Other recent work has implicated the JNK kinase as
an essential component of As,O;-dependent apoptosis (Fig. 1)
(33). It was demonstrated that activation of JNK occurs in an
As,O;-inducible manner in cells of APL origin and that As,O,
resistance correlates with defective activation of the JNK path-
way (33). Notably, in these studies, it was also shown that phar-
macological inhibition of JNK significantly decreases As,O,-
dependent growth inhibition and apoptosis, but it does not
protect cells from the effects of chemotherapy (doxorubicin)
(33).

As,O; also activates the pro-apoptotic Bcl-2 family member
Bax and induces its translocation from the cytosol to the mito-
chondria (34). Such Bax engagement plays an important role in
apoptosis, whereas its activation is suppressed by the anti-apo-
ptotic protein Bcl-2 via inhibition of mitochondrial ROS gen-
eration (34). As,O; also up-regulates expression of other pro-
apoptotic proteins, including the BH3 (Bcl-2 homology domain
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3)-only proteins Noxa, Bmf, and Bim (35). On the other hand, it
down-regulates Bcl-2 (36, 37) and other anti-apoptotic pro-
teins, including Bcl-1, Bcl-x;, and Mcl-1 (36, 38). An additional
mechanism that appears to participate in the induction of apo-
ptosis and/or antitumor effects is down-regulation of NF-«B
activity (39), an event that appears to reflect inhibition of the
IkB kinase (39). Interestingly, the generation of the effects of
arsenite on melanoma cells and the induction of an apoptotic
response have been shown to correlate with low nuclear NF-«B
activity and endogenous expression of TNFa (40).

There is also evidence that arsenic inhibits the JAK-STAT
pathway. Previous studies demonstrated that sodium arsenite
inhibits interleukin-6-dependent tyrosine phosphorylation of
STATS3 in HepG2 cells via direct suppression of the tyrosine
kinase JAK1 (41). Other studies have shown that As,O5 sup-
presses activation of STAT1, STAT3, and STAT5 in AML cells
and inhibits activation of JAK1 and JAK2, which phosphorylate
STATs (42), whereas there is also evidence for a synergism
between As,O; and Hsp90 inhibitors in STAT3 activity (43).

It should be also noted that there is evidence that As,O,
enhances the sensitivity of cancer cells to death receptor-in-
duced apoptosis. It was recently shown that As,O, sensitizes
human glioma cells to TRAIL (TNF-related apoptosis-inducing
ligand)-induced apoptosis via DR5 up-regulation (44), whereas
other studies had shown that As,O, sensitizes promyelocytic
leukemia cell lines to TNFa-induced apoptosis (45).

Cell Type-specific Targets of As,0;

Beyond regulation of common cellular pathways in different
types of tumors cells, arsenic compounds frequently target ele-
ments and oncogenes selectively expressed in certain malig-
nancies. Previous work has demonstrated that As,O5 induces
degradation of the PML-RARa fusion protein in APL cells (27).
Interestingly, very recent studies have directly implicated PML-
RARa as a mediator of the sensitivity of APL cells to As,O, via
its ability to impair cAMP signaling, resulting in NADPH oxi-
dase activation and enhanced ROS generation (46). These stud-
ies strongly suggest that the elevated basal ROS levels in arsen-
ic-sensitive cells result from PML-RAR« expression (46) and
suggest a mechanism for the unusual sensitivity of APL cells to
As,O,. Another recently identified malignancy-specific target
of As,O, is the AML1/MDS1/EVI1 oncoprotein, a product of a
fusion gene resulting from the t(3;21)(q26;q22) translocation,
which is found in some patients with MDS, AML, or the blast
phase of CML (47). Cells expressing AML1/MDS1/EVI1 are
sensitive to As,O; and degraded at therapeutic concentrations,
raising the possibility that As,O; may be effective in the treat-
ment of hematologic malignancies expressing this oncoprotein
(47).

Other studies have shown that expression of the BCR-ABL
oncoprotein confers sensitivity to As,O; (48), whereas a recent
study demonstrated that the combination of imatinib mesylate
and arsenic sulfide exerts more potent antileukemic effects in a
BCR-ABL-positive mouse model of CML than each agent alone
(49). In that study, evidence was also provided that arsenic tar-
gets BCR-ABL via ubiquitination of key lysine residues, leading
to its proteasomal degradation (49). Interestingly, As,O;-in-
ducible suppression of PML expression may prove to be of ther-
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apeutic relevance in CML, as a recent study demonstrated that
PML targeting eradicates BCR-ABL-expressing leukemia-initi-
ating stem cells (50). Moreover, follow-up work subsequently
demonstrated that retinoic acid and As,O, eradicate in a simi-
lar manner leukemia-initiating cells in APL via PML-RAR«
degradation (51). Interestingly, although PML-RAR« degrada-
tion is not essential for leukemic cell differentiation, it is
required for leukemic precursor clearance (51). It remains to be
seen whether similar populations of malignant stem cells can be
eradicated in other tumors via PML targeting and whether
combined use of As,O, with other agents would be of value for
that purpose.

Cellular Pathways and Systems That Negatively Regulate
As,0; Responses

As,O5 has major activity in the treatment of APL, as it can
induce differentiation and cell death of APL cells at low con-
centrations. However, to induce apoptosis of other types of can-
cer cells, higher toxic concentrations are required. That has
been a major limiting factor for its use in other malignancies, as
higher doses are associated with dose-limiting toxicities. Such
issues have triggered studies aimed at identifying cellular pro-
tective mechanisms that limit the induction of arsenic-depend-
ent apoptosis in malignant cells and at designing approaches to
target them to overcome resistance.

As generation of ROS and, in particular, H,O, is of high
relevance in the induction of arsenic-mediated cell death,
approaches to enhance such ROS production have been
explored. GSH in cells has the ability to conjugate arsenic in the
form of As(GS); complexes or to sequester the ROS induced by
arsenic (27), and sensitivity to arsenic correlates with reduced
glutathione levels in cells (52). Moreover, depletion of intracel-
lular GSH stores by treatment of cells with ascorbic acid (53) or
buthionine sulfoximine (54) has been shown to promote the
antitumor effects of As,Oj; in vitro. On the other hand, when
malignant cells are pretreated with N-acetylcysteine, cellular
GSH levels are increased, and the effects of As,O; are reversed
(53). Thus, targeting cellular glutathione stores may be an effec-
tive way to enhance the antitumor effects of arsenic trioxide.

There has been also evidence that activation of the p38
MAPK during treatment of malignant cells with As,O, nega-
tively controls generation of As,O, responses in APL cells and
other malignant hematopoietic and solid tumor cells. It was
originally shown that p38 MAPK is activated during As,O4
treatment of cell lines of diverse origin (55). Paradoxically,
pharmacological or molecular inhibition of p38 was found to
enhance As,O;-dependent leukemic cell differentiation of APL
cells and/or generation of growth inhibitory and pro-apoptotic
responses (55). These initial studies suggested that the p38
pathway acts as a negative feedback regulator system to control
induction of As,O; responses in malignant cells. Subsequent
work led to the identification of Mkk3 and Mkké6 as upstream
kinases that regulate arsenic-dependent engagement of p38
and established that different pharmacological inhibitors of p38
enhance the suppressive effects of As,O, on leukemic granulo-
cyte/macrophage colony-forming unit progenitors from CML
patients (56). Other work also demonstrated that pharmacolog-
ical targeting of p38 promotes As,O;-dependent apoptosis in
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multiple myeloma cells (57), whereas here has been evidence
that pharmacological inhibition of the MEK (mitogen-acti-
vated protein kinase/extracellular signal-regulated kinase
kinase)-ERK pathway also enhances arsenic-induced malignant
cell death (58).

Altogether, it appears that both the p38 and ERK pathways
negatively control generation of antitumor responses by As,Os.
Efforts to identify specific downstream MAPK-induced signals
that suppress As,O; responses are therefore of interest and may
lead to the ultimate development of specific less toxic drug
inhibitors that could be used in combination with As,O,. MSK1
(mitogen- and stress-activated kinase 1) is a common effector
kinase for the p38 and ERK MAPK pathways and mediates
immediate-early gene expression in response to stress. This
kinase is activated in response to As,O; treatment of leukemic
cells (59), whereas its pharmacological inhibition enhances
antileukemic responses (59). Two other downstream effectors
of the p38 MAPK, the kinases Mnk1 and Mnk2, are also acti-
vated in an As,O;-inducible manner and regulate phosphoryl-
ation of eukaryotic initiation factor 4E at Ser-209 (60). The
engagement of these p38 effectors occurs in a negative feedback
regulatory manner during treatment of cells with As,O,, as
their pharmacological or molecular targeting results in
enhanced As,O;-dependent suppressive responses in leukemic
lines and primary leukemic progenitors from AML patients
(60).

Finally, the Akt-mTOR signaling cascade is also activated
during treatment of different types of leukemic cells with As,O4
(Fig. 2) (61, 62). mTOR-generated signals play critical and
essential roles in the control of mRNA translation in mamma-
lian cells and mediate important biological responses (29, 63).
Recent work demonstrated that Akt, mTOR, and downstream
effectors are activated in As,O;-treated leukemic cells (61, 62).
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Perspectives

The therapeutic uses and poten-
tial of arsenic-containing com-
pounds have been evolving over
centuries, starting with the empiric use of arsenic in ancient
times up to the current Food and Drug Administration
approval of As, O, for the treatment of APL in humans. Despite
the well known toxicities and side effects of arsenic compounds,
the prospects for arsenic use in the treatment of human diseases
remain high. The evolution of our understanding of how
arsenic mediates biological responses over the last decade has
led to new studies aimed at establishing conditions for the
selective enhancement of its antitumor properties in vitro and
in vivo. It is possible that the next phase in the medical use of
arsenic compounds will involve selective applications to malig-
nancies with distinct molecular profiles that define arsenic sen-
sitivity and/or combinations with other agents that target cel-
lular pathways that negatively control arsenic responses. The
usefulness of such approaches remains to be established over
the next several years. Independently of the outcome of such
studies and on the basis of historical considerations and the
ongoing evolution in the field, one can argue with a degree of
certainty that arsenicals will continue to be the focus of intense
research investigations in the near and distant future.
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