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Arsenic in cancer therapy
Jiong Hua, Jing Fanga, Yin Donga, Sai Juan Chena and Zhu Chena

Arsenic, a natural substance that has been used as

a drug for over 2000 years, has been revived because

of its remarkable therapeutic efficacy in patients with

acute promyelocytic leukemia (APL). Arsenic exerts a

dose-dependent dual effect: it causes differentiation

at low concentrations and apoptosis at relatively high

concentrations. Specific degradation of the leukemogenic

PML–RARa fusion protein induced by arsenic leads to the

differentiation of leukemia cells. The arsenic-induced

apoptosis occurs through direct effects on mitochondria,

causing the release of apoptotic proteins into the cytosol

and the activation of caspases. Preliminary in vitro studies

have also extended the potential anti-cancer effect of

arsenic to non-APL leukemias, lymphoid malignancies and

other cancers. In vitro and in vivo studies demonstrate

that arsenic exerts a broad spectrum of anti-cancer effects

by induction of apoptosis, inhibition of cell proliferation,

anti-angiogenesis and possible immunomodulation. Phase

I and II clinical trials are underway to evaluate the

feasibility, safety and potential effect of arsenic in various

cancer types. Anti-Cancer Drugs 16:119–127 �c 2005

Lippincott Williams & Wilkins.
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Introduction
Arsenic is a natural substance that has been used as a drug

for over 2000 years in both traditional Chinese medicine

and the Western world. In the 19th century, a solution of

potassium arsenite (Fowler’s solution) was used for a

variety of systemic illnesses including primary treatment

of chronic myelogenous leukemia (CML) until replaced

by radiation and cytotoxic chemotherapy in the middle of

the 20th century [1,2]. Arsenic was rarely used as

medicine since then, partly due to its low effect

compared to modern chemo- and radiotherapy, but mostly

because of concerns about the toxicity and potential

carcinogenicity. For example, arsenic poisoning due to

contamination in drinking water and industrial pollutants

remains a serious public health problem in many parts of

the world [3,4]. This old remedy has now been revived

thanks to the recent discovery in China that it is

specifically effective in the treatment of acute promye-

locytic leukemia (APL) [5]. The accumulated experience

since then has shown that a stable solution of arsenic

trioxide [As2O3 (ATO)] given by i.v. infusion is remark-

ably safe and effective. Subsequent studies have shown

great promise of arsenic as an anti-cancer therapy in

various malignant diseases [6–9].

Arsenic in the treatment of APL
APL is a distinct type of acute leukemia with a

characteristic reciprocal translocation between chromo-

somes 15 and 17 resulting in the chimeric gene encoding

PML–RARa fusion protein [10]. Since 1986, the

incorporation of all-trans retinoic acid (t-RA) in induction

therapy has improved the complete remission rate in

newly diagnosed APL up to 85–90%. Subsequent studies

demonstrated that t-RA induced terminal differentiation

of promyelocytes by specific modulation and degradation

of PML–RARa fusion protein, releasing the dominant

repression on RA signaling. In spite of the high remission

rate with t-RA, prolonged treatment with t-RA as

monotherapy failed to improve the long-term disease-

free survival. Combinations of t-RA with standard

cytotoxic drugs in induction, consolidation or mainte-

nance therapy have led to improved survival in patients

with APL. Although results with t-RA and chemotherapy

were encouraging, a sizable proportion of patients

relapsed, and usually became refractory and resistant to

the t-RA therapy [11–13].

In 1992, a Chinese group from Harbin Medical University

reported the successful application of ATO in the

treatment of APL with i.v. administration of an arsenic-

containing solution (1% of ATO+trace amount of

mercury chloride). Complete remission was achieved in

two-thirds of patients with 5- and 10-year survival at 50

and 18.8%, respectively [5]. In collaboration with the

Harbin group, we reported the clinical efficacy of pure

ATO solution as monotherapy in relapsed APL patients

resistant to t-RA. ATO was given i.v. at a dose of 0.16

mg/kg/day and remission was obtained in 40 out of 47
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relapsed patients after 17–76 (median 31) days. Side-

effects include skin reaction (26.7%), gastrointestinal

disturbances (26.7%), peripheral neuropathy and electro-

cardiographic (ECG) changes, which are moderate and

tolerable in relapse patients. Mild (grade I, 14/47) to

moderate (grade II, 1/47) increases of hepatic enzyme

were observed among 15 out of 47 patients which was

transient and responded well to either dose modification

or concomitant hepatic protection therapy. Pharmacoki-

netic studies showed that plasma arsenic rapidly reached

the peak level with the mean Cpmax at 6.85 mmol/l with

t1/2a and t1/2b at 0.89 and 12.13 h, respectively. A

temporary increase of arsenic in hair and nails was

documented with peak levels at 2.5–2.7 mg/g tissue, and

a decline of arsenic was observed soon after withdrawal of

arsenic therapy [6,7]. In our subsequent cohort of 11

newly diagnosed patients, remission was obtained in eight

(72.7%) patients, while hepatic toxicity was documented

in seven patients [7]. To avoid potential liver toxicity, we

further explored the potential of lower daily dose arsenic

at 0.08mg/kg. Twenty cases of relapsed APL patients

were enrolled for evaluation of clinical efficacy and

pharmacokinetics study. Sixteen out of 20 (80%) patients

achieved remission with mild liver dysfunction in four

patients (20%) without any need of dose modification.

The pharmacokinetics study demonstrated Cpmax of

arsenic at 1.5–2.5 mmol/l during the whole induction

therapy. These results indicated that the low-dose ATO

(0.08mg/kg) is as effective as the standard dose (0.16

mg/kg) and the subsequent clinical trials in newly

diagnosed patients also showed good clinical response to

ATO with acceptable side-effects [14]. More recently,

another Chinese group reported their cohort of 129 APL

patients (19 newly diagnosed APL, seven relapsed and

103 in complete remission) treated with tetra-arsenic

tetra-sulfide (As4S4), an oral formula of arsenic. Remis-

sion was achieved in all 19 newly diagnosed and seven

relapsed patients. Fourteen of 16 evaluable patients with

newly diagnosed disease obtained complete cytogenetic

and molecular response. The estimated disease-free

survival (DFS) rates for 1 and 3 years were 86.1 and

76.6%. As4S4 was given to another of 103 patients in

remission, and the estimated DFS rates for 1 and 6 years

were 96.7 and 87.4%, respectively, with a median follow-

up of 23 months (2–71 months). Treatment with As4S4
was well tolerated with only moderate side-effects,

including asymptomatic prolongation of the corrected

QT interval, transient elevation in liver enzyme levels,

skin rash and mild gastrointestinal discomfort [15].

These clinical results and subsequent laboratory studies

afford important insights into the mechanism of action of

arsenic against APL. The net effect of ATO treatment

is a dose-dependent dual effect in in vitro studies:

ATO triggers apoptosis at relatively high concentrations

(0.5–2.0 mmol/l) and induces partial differentiation at low

concentrations (0.1–0.5 mmol/l) [16]. Degradation of the

fusion protein, PML–RARa, is most likely the mechan-

ism by which ATO induces cell differentiation in APL.

ATO induces degradation of PML–RARa fusion protein

over a wide range of concentrations (0.1–2.0 mmol/l). The

wild-type PML protein is also degraded in ATO-treated

cells, while the wild-type RAR proteins including RARa
are not affected. Indeed, ATO treatment causes PML to

localize to the nuclear matrix, where it becomes

sumoylated and is degraded after recruitment of the

proteasome. Degradation of PML–RARa as well as the

wild-type PML releases the dominant repression effect of

PML–RARa fusion protein on RA pathways and enhances

the acetylation of histone, a process important for the

transcriptional activation of RA targeted genes [16–18].

ATO-induced apoptosis, in contrast, occurs via a variety

of mechanisms. In addition to the degradation of PML–

RARRa and wild-type PML protein, the apoptotic effects

of ATO occur through direct effects on mitochondria.

ATO induces a loss of inner mitochondrial transmem-

brane potential (Dcm), opens mitochondrial permeability

transition (PT), releases cytochrome c and apoptotic

proteins into the cytosol, and ultimately cause caspase

activation, which is considered to be the executive phase

of apoptosis [19]. Zheng et al. [20] further identified the

voltage-dependent anion channel (VDAC) as the biolo-

gical target of arsenic, responsible for eliciting cyto-

chrome c release, since ATO induced Dcm reduction and

cytochrome c release only in VDAC-expressing, but not in

VDAC-deficient, cells. ATO-induced apoptosis is also

thiol dependent and to some extent determined by

intracellular glutathione (GSH) content since multiple

thiol metabolism and/or GSH modulators exert an impact

on the ATO-induced apoptosis. For example, ATO-

induced apoptosis can be blocked by dithiothreitol

(DTT), a disulfide bond-reducing agent, and can be

enhanced by buthionine sulfoximine (BSO), an inhibitor

of a-glutamylcysteine synthetase. In line with GSH

content, the intracellular reactive oxygen species (ROS)

content also plays a determinant role in ATO-induced

apoptosis. ATO increases ROS content through various

mechanisms such as opening of PT to release ROS and

activation of NADPH oxidase to produce ROS. Although

the ATO-induced differentiation is exclusively specific

depending on the degradation of PML–RARa, whereas
normal RA signaling is required, ATO-induced apoptosis,

in contrast, can be independent of the presence of

PML–RARa. A direct effect of ATO on mitochondria and

induction of apoptosis at high concentration was docu-

mented in a variety of leukemia cell lines not expressing

PML–RARa. The ATO-induced apoptosis is also PML

independent because in cultures of murine bone marrow

(BM) progenitor cells in which the PML gene was

inactivated or not expressed, ATO could induce growth

inhibition and apoptosis [21,22]. These data indicate that

ATO-induced apoptosis is not limited to APL cells and

arsenic can be used broadly for the cancer treatment.
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Based on the dual effect of arsenic on APL cells and

involvement of PML–RARa-dependent and -indepen-

dent mechanisms, a potential additive and/or synergetic

effect of arsenic and t-RA has been speculated and tested

both in in vitro and in vivo studies. In leukemia

transplantation and ascites models, it has been shown

that the sequential treatment or combination of ATO and

t-RA demonstrated a significant improvement in disease

control and survival. Recently, we developed a protocol

for newly diagnosed APL with a combination of t-RA and

ATO as front-line therapy followed by consolidation

chemotherapy and maintenance with sequential use of

t-RA, ATO and low-dose chemotherapy [23,24]. A total of

61 patients were randomized into three treatment

groups: t-RA monotherapy, ATO monotherapy and the

t-RA+ATO combination. The primary data showed that

all three groups obtained high remission rates (90% and

above), while the combination of t-RA+ATO achieved

rapid remission, approximately 1–2 weeks earlier than

ATO and t-RA monotherapy, respectively. Evaluation of

molecular response by quantitative real-time RT-PCR for

PML–RARa transcripts demonstrated that the combina-

tion therapy achieved a more profound molecular

response than monotherapy. Moreover, all 20 cases

receiving combination therapy remained in remission,

whereas seven of 37 patients within monotherapy groups

relapsed with a median follow-up at 18 months (8–30

months) (p<0.05) [25].

Arsenic in the treatment of hematological
malignancies other than APL
The successful treatment of APL with arsenic is

associated with the specific degradation of leukemogenic

PML–RARa fusion protein. In more recent studies, the

non-APL-specific induction of apoptosis by arsenic in a

variety of leukemia cell lines and malignant lymphocytes

has demonstrated a substantial growth inhibition and

apoptosis in in vitro studies with a clinically achievable

level of 1–2 mM ATO [26]. Subsequent in vitro and in vivo
studies have been carried out to characterize the

effectiveness of arsenic in various hematological malig-

nancies, and multiple phase I and II clinical trials are

also underway to evaluate its feasibility, safety and

potential effect.

Activity of arsenic against BCR–ABL-positive
leukemia
Solutions containing arsenicals have been used as

therapeutic agents since ancient times for CML and this

suggested that arsenic might have some inhibitory effect

on proliferation of BCR–ABL-expressing cells [1]. Puc-

cetti et al. [27] reported that ATO could induce apoptosis

in BCR–ABL-positive lymphoblasts and CML cells. More

interestingly, the effect of ATO was independent of

BCR–ABL kinase activity because inhibition of tyrosine

kinase by low-dose STI-571 did not affect the sensitivity

of leukemia cells to ATO. In addition, the enforced

expression of BCR–ABL in U937 cells dramatically

increased the sensitivity to ATO. Thus, these data

suggested that the inhibitory effect of ATO is not

simply due to non-specific toxicity to the BCR–ABL

leukemia cells. Instead, ATO-induced apoptosis is

genetically determined by the presence of specific

BCR–ABL fusion gene products, although the mechanism

by which BCR–ABL mediates ATO-induced apoptosis

remains unclear. Perkins et al. reported that following

treatment with ATO of clinically achievable concentra-

tions (0.5–2.0 mmol/l) for 7 days, growth inhibition

(0.8–1.5 mmol/l) and apoptosis (2.0 mmol/l) were observed

in BCR–ABL-positive acute leukemia HL-60/BCR–ABL

and K562 cells. There was a declined expression of BCR–

ABL at the protein level due to the inhibition of

translation of BCR–ABL mediated by inhibition of

ribosomal p70S6 kinase activity and ATO-induced

acetylation of histones H3 and H4 [28].

ATO does not interfere with the constitutive kinase

activity of BCR–ABL and the response to ATO is not

influenced by the abrogation of BCR–ABL kinase activity.

Thus, it seems that ATO and STI-571 can target the

leukemia cell-specific BCR–ABL gene at complimentary,

but different, levels: ATO at the protein level and STI-

571 at the kinase activity, making STI-571+ATO a

reasonable combination for potential treatment. Porosni-

cu et al. [29] demonstrated that the co-treatment with

ATO+STI-571 can induce significant apoptosis of HL-

60/BCR–ABL and K562 cells with a profound reduction in

Bcl-xL, XIAP and Akt at the protein level, and Akt kinase

activity. The synergistic cytotoxicity of ATO and STI-571

was documented also in other BCR–ABL-positive cell

lines [30–32].

As4S4, shown to be effective in the treatment of

APL, may have more advantages than ATO in clinical

practice due to its easy oral intake [15]. Recently,

we demonstrated that As4S4 at 1–3 mM exerted a

synergistic effect with a suboptimal dose of STI-571

at 0.1–0.3 mM on both the K562 cell line and primary

CML cells. As4S4 was able to induce G2/M arrest,

while STI-571 induces G1 arrest. These two drugs also

showed a synergetic effect targeting the BCR–ABL

protein: a more profound reduction of protein level

by Western blot analysis and inhibition of enzymatic

activity levels of BCR–ABL by protein tyrosine kinase

(PTK) activity assay was observed when cells were

treated with As4S4+STI-571 compared to A4S4 and

STI-571 monotherapy (T. Ying, personal communica-

tion). These in vitro data strongly suggested a potential

clinical application of the STI-571/arsenic combination

on BCR–ABL-positive leukemia, and a phase I trial is

underway to evaluate the feasibility and effectiveness of

combination therapy with As4S4+STI-571 (J. M. Li,

personal communication).
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Activity of Arsenic against multiple myeloma
(MM)
Arsenic holds therapeutic promise in the treatment of

MM, with primary data showing growth inhibitory and

apoptotic effects of arsenic in myeloma cell lines and

freshly isolated human myeloma cells [33]. At least two

apoptotic signaling pathways are involved in myeloma

cells. One is mediated by c-Jun NH2-terminal kinases

(JNKs), which are involved in apoptosis induced by

irradiation which is unaffected by interleukin-6 (IL-6). A

second mechanism is associated with the down-regulation

of MAPK and P70 observed in dexamethasone-induced

apoptosis, which is JNK independent and can be

inhibited by IL-6 [34]. In myeloma cells, the ATO-

induced inhibition of proliferation has been associated

with induction of the p21 cyclin-dependent kinase

inhibitor protein and addition of exogenous IL-6 does

not overcome the arsenic-induced growth inhibition

or apoptosis [33,35,36]. This may imply that the

ATO can have a therapeutic effect on dexamethasone-

resistant myeloma cells, and the combination of

ATO with dexamethasone targeting both IL-6-sensitive

and -insensitive apoptosis pathways might have additive

or even synergistic effects.

In in vitro studies, 100% killing by ATO has been

documented in some sensitive myeloma cell lines, but

not all myeloma cells are sensitive to ATO. While the

direct induction of apoptosis occurs mainly through a

mechanism that involves the collapse of the mitochon-

drial transmembrane potential, the down-regulation of

Bcl-2 and activation of caspase-3, the ROS potentiates

the killing induced by arsenic, as demonstrated in

leukemia and myeloma cells in which the critical

modulator of the ROS (GSH) redox system plays an

important role [22,37–39]. Depletion of intracellular

levels of GSH by pretreatment or co-treatment with

BSO and ascorbic acid (AA) enhanced the sensitivity of

myeloma cells to ATO. Resistant cell lines can be

converted into an ATO-sensitive phenotype treated with

ATO+AA [40,41]. Interestingly, ATO-sensitive cells

showed 100% apoptosis at 0.5 mM ATO, while all resistant

cell lines required BSO to achieve 100% killing at the

same concentration of ATO. The pretreatment of BSO for

24 h significantly reduce the intracellular GSH levels in

myeloma cell lines. The intracellular GSH levels before

and after BSO depletion correlated well with the

difference in apoptosis induction following ATO treat-

ment. The BSO- and ATO-induced cytotoxicity was

attributable to the activation of the death signals through

caspases-3, -8 and -9 [42].

In addition to the direct effects of arsenic on the

malignant plasma cell clone, other mechanisms have been

shown to be important for myeloma treatment. For

example, arsenic exerts an anti-angiogenic activity

targeting the BM microenvironment by inhibition of

vascular endothelial growth factor (VEGF) produced in

leukemia cell lines and reduction of capillary tubule

formation of human umbilical vein endothelial cells

[36,43]. In a murine fibrosarcoma model, ATO effectively

causes the vascular shutdown which leads to tumor

necrosis, although the results was observed using ATO at

a higher concentration than is achievable clinically [44].

At clinically achievable doses, arsenic also acts in the BM

microenvironment to decrease myeloma cell binding to

BM stromal cells, inhibits IL-6 secretion induced by

myeloma cell adhesion, and blocks proliferation of MM

cells adherent to BM stromal cells [36]. More recent

studies indicate a potential immunologic effect of ATO

on MM [45]. The exposure of human myeloma-like cell

lines and freshly isolated MM cells to arsenic resulted in

increased killing mediated by lymphokine-activated killer

cells (LAK). Treatment of both LAK cells and target

myeloma cells with ATO selectively up-regulated the

expression of adhesion molecules involved in cell–cell

interactions such as CD38 and CD54, and their ligands

CD31 and CD11a, respectively [45].

These data clearly indicate that arsenic exerts multiple

activities towards the myeloma cells. More importantly,

monotherapy and/or combination therapy of arsenic

with BSO, AA and steroids has the potential to overcome

the resistance of myeloma cells to corticosteroids,

chemotherapy or even arsenic itself. These observations

may have important implications for the treatment of

refractory MM.

Recently, Rousselot et al. [46] documented the effective-

ness of arsenic in the treatment of MM using a SCID

mice transplantation model. In their study, 17 of 52 SCID

mice developed human plasma cell tumor with i.p.

injection of plasma cells from five myeloma patients after

irradiation. Treatment with ATO (10 mg/g, i.p., 5 days/

week) or phosphate-buffered saline as control was started

when a sustained growth of the tumor cells was

demonstrated. A significant decrease in human mono-

clonal immunoglobulin G (HuMIgG) concentration in

mouse serum was observed in three of five mice in the

ATO group, including two that achieved an apparent

complete remission persisting up to 5 months after ATO

discontinuation. A significant difference in survival was

observed between control and ATO treated mice (113

and 158 days, respectively; p=0.01).

Whether these observations of in vitro sensitivity of

myeloma cell lines and in vivo effects of ATO treatment

in mice models will translate into a clinically relevant

effect in myeloma patients is still largely unknown.

However, these data prompted investigations using ATO

in clinical trials [47]. An initial phase II trial reported

activity of ATO (0.15mg/kg daily for 60 days) in 14

relapsed myeloma patients after at least one cycle of

autologous transplantation and refractory to conventional
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salvage therapy prior to the initiation of ATO therapy.

Responses were noted in three patients, with one

achieving 75% reduction in the monoclonal protein and

the other two 50 and 25% reduction, respectively. Stable

disease was observed in another eight patients [48].

Based on these preliminary results, a multicenter phase II

trial in the US has been carried out to confirm the role of

ATO in the management of relapsed or refractory

myeloma with a higher dose and shorter schedule. Eight

relapsed patients and 16 refractory patients were treated

with 0.25mg/kg ATO 5 days/week for 2 weeks followed

by no therapy for 2 weeks in repeated 4-week cycles.

Nine (43%) of 21 evaluable patients had an objective

response as measured by a greater than 25% decrease in

serum M-protein concentrations. One patient with

refractory disease had a 50% decrease in plasmacytoma

size, eight patients had stable disease and four had

progressive disease at the first evaluation visit. Side-

effects such as leukopenia/anemia, fatigue and transient

increases in transaminase levels were observed, but no

patients were withdrawn and no doses modification was

required. These data suggested that ATO as a single

agent demonstrates activity in relapsed and refractory

myeloma, and that it was well tolerated [49]. An NCI/

Cancer Therapy Evaluation Program-sponsored phase

I/II trial of ATO+AA for relapsed/refractory MM is

underway and the phase I component of trial has been

completed. Six patients with stage IIIA relapsed/

refractory myeloma were given 0.25mg/kg/day ATO

+1000mg/day AA for 25 days without any significant

dose-limiting toxicity. The co-administration of AA did

not alter the pharmacokinetics of ATO and elevated AA

levels were associated with decreased intracellular GSH.

Serial in vitro studies demonstrated a continued sensitiv-

ity of patient myeloma cells to ATO+AA. Finally, two

patients (both with thalidomide-refractory disease) had

partial responses and another four patients had stable

disease. The primary data indicate that ATO+AA has

acceptable toxicity and that there is promising evidence

of activity in refractory/relapsed myeloma [40].

Activity of arsenic against lymphoma
The activity of arsenic against lymphoma was initially

demonstrated by Zhu et al. [26] in their study on a panel

of malignant lymphocytes. The therapeutic concentra-

tions of ATO (1–2 mM) induced a substantial growth

inhibition and apoptosis of most malignant lymphocytes

tested, including SKW-3, Molt-4, BJAB, su-DHL-4, Raji,

Nalm-6 and Namalwa. ATO-induced apoptosis was

preceded by DCm collapse, and an inhibitor of glu-

tathione synthesis, BSO-enhanced ATO-induced ATP

depletion, DCm collapse and apoptosis. Subsequent in
vitro studies confirmed the activity of arsenic against

lymphoma cells and more importantly arsenic induces

apoptosis equally in daunorubicin-resistant cells corre-

lated with P-gp expression and non-resistant cells

[50,51]. Primary clinical trials have been done in various

types of lymphoma to explore the potential of ATO

therapy alone or combined with other treatment options

[52,53].

In cutaneous Tcell lymphoma, Michel et al. [53] reported
that ATO displays an apoptotic effect against cutaneous

T cell lymphoma cell lines HuT-78, SeAx and Myla, and

of Sezary cells from patients in a time- and concentration-

dependent manner as demonstrated by Annexin-V staining,

mitochondrial depolarization and DNA fragmentation.

ATO-induced Sezary cell death involves activation of

caspase-3, cleavage of poly ADP-ribose polymerase (PARP)

and cytochrome c release, and was enhanced by the

addition of AA (100mM). ATO was also tested in two

patients with cutaneous Tcell lymphoma and gave a partial

response in one case, whereas stability was observed in the

second patient. These results demonstrate that ATO

synergizes with AA to induce Sezary cell death at clinically

achievable concentrations through a caspase-partially-

independent pathway and provides a rationale for further

in vivo studies on the therapeutic efficacy of ATO in

cutaneous T cell lymphoma.

HTLV-I is the causative agent of adult T cell leukemia/

lymphoma (ATL), which is an aggressive proliferation of

mature activated T cells associated with a poor prognosis

due to its intrinsic resistance to chemotherapy. Although

zidovudine (AZT) and interferon (IFN)-a yield some

responses in ATL patients and improve the prognosis,

alternative therapies are required. Bazarbachi et al.
demonstrated a high synergistic effect between IFN-a
and ATO in ATL-derived cell lines, with a dramatic

inhibition of cell proliferation, G1 arrest and induction of

apoptosis. Similar results were obtained with fresh

leukemia cells derived from an ATL patient [54]. With

more recent gene expression profiling studies, the ATO/

IFN-a combination was shown to reduce HTLV-1 Tax

protein expression and reverse the Tax-induced consti-

tutive NFkB activation. ATO alone can induce a dramatic

stabilization of IkBa and IkBe, without any impact on IkB
kinase (IKK) activity and Tax degradation. The ATO/

IFN-a combination can induced a late and massive down-

regulation of cell cycle-regulated genes, concomitantly

with Tax degradation by the proteasome and the cell

death. These two events likely account for the potent

and specific synergetic effects of ATO and IFN in ATL

[55]. In a subsequent phase II clinical trial with a

combination of ATO and IFN in seven patients with

relapsed/refractory ATL (four acute and three lympho-

ma), four patients exhibited a clear initial response (one

complete and three partial remissions). None of the

seven patients could achieve the initially planned

treatment for 56 days. The treatment was discontinued

after a median of 22 days because of toxicity in three

patients or disease progression in four patients. Although
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six patients eventually died from progressive disease, the

remaining patient is still alive and disease free at 32

months. The clinical data showed that arsenic/IFN-a
treatment is feasible and exhibits an anti-leukemia effect

in very poor prognosis ATL patients. Future studies

should assess the optimization of arsenic therapy to

maintain the anti-leukemia effect while reducing the

toxicity and increasing the tolerability [52].

The effect of arsenic has also been tested in Hodgkin/

Reed-Sternberg (HRS) cell lines L540, HDLM-2 and

L1236 [56]. Arsenite (NaAsO2) at 20 and 200 mM
induced apoptosis of 22 and 70% cells, respectively, after

20 h. Arsenic rapidly down-regulated constitutive IKK as

well as NFkB activity and induced apoptosis in HRS cell

lines containing functional IkB proteins. The apoptosis

was blocked by inhibition of caspase-8- and -3-like

activity. In contrast, HRS cell lines with mutated,

functionally inactive IkB proteins or with a weak

constitutive IKK/NFkB activity showed no alteration of

the NFkB activity, and were resistant to arsenic-induced

apoptosis. In a subsequent mice xenotransplantation

model, treatment of NOD/SCID mice with ATO

(3.75mg/kg) induced a dramatic reduction of xenotrans-

planted L540Cy Hodgkin tumors concomitant with the

inhibition of NFkB activity induced by ATO. Thus, these

data suggested that inhibition of NFkB contributes to

arsenic-induced apoptosis and pharmacologic inhibition

of the IKK/NFkB activity, either by ATO or other

potential agents, and might be a powerful treatment

option for Hodgkin lymphoma.

Arsenic in the treatment of non-hemato-
logical cancer
It has been well documented that arsenic has a direct

apoptotic effect via targeting mitochondria with induc-

tion of loss of the inner mitochondrial transmembrane

potential and release of cytochrome c into the cytosol,

which leads to the activation of caspases in the executive

phase of the apoptosis process. The direct anti-cancer

effect of ATO has been broadly tested and documented

in various human cancer cell lines.

In human pancreatic cancer cells MiaPaCa2 and PANC-1,

ATO induced apoptosis at low and non-toxic concentra-

tions [57]. The mechanism of apoptosis was shown to be

activation of caspase-3, -7 and -9 by ATO together with

cleavage of the downstream caspase-3 target PARP.

Expression of the anti-apoptotic proteins Bcl-2 and

Mcl-1 was decreased, while the Bax expression level

was increased in a time-dependent manner. Flow

cytometric analysis revealed changes of cell cycle

distribution from G0/G1 phase arrest at 24 h to G2/M

phase arrest at 72 h following arsenic treatment. Arsenic

also increased the expression of the p21 protein, and

decreased the expression of cyclin A, B1 and D1, and

markedly enhanced the expression of GADD45 and

GADD153 in a time-dependent manner. Thus, these

data clearly indicated that arsenic induced apoptosis in

pancreatic cancer cells through activating the caspase

cascade via the mitochondrial pathway, GADD expression

and modification of cycle-regulating proteins. A similar

observation was documented in other tumor cell lines

such as renal cell carcinoma cell lines (ACHN, A498,

Caki-2, Cos-7 and Renca) [58].

In addition to the mitochondrial toxicity, it has been

shown that arsenic-induced apoptosis can be mediated by

free radical species in leukemia cells via accumulation of

H2O2 and that the ability of arsenic to induce apoptosis in

cancer cells depends on the activity of the enzymes that

regulate the cellular H2O2 content. One of these

enzymes is glutathione-S-transferase (GST)-p, which

plays an important role in the cellular efflux of ATO by

catalyzing the conjugation of ATO with reduced GSH

[21,22]. Since GST-p was found to be significantly

increased in established arsenic-resistant or -tolerant cell

lines, these data lead to the expectation that cancer cells

that do not express GST-p would be highly sensitive to

arsenic and modification of GST-p with arsenic may

further increase the anti-cancer effect of ATO [59].

Human prostate cancer tissue is characterized by a

frequent loss of GST-p, suggesting that ATO might be

useful in the treatment of prostate cancer. Lu et al. [60]
tested the potential of ATO in three prostate cancer cell

lines: DU-145 and PC-3 (both cells express GST-p),
and LNCaP cells (cell do not express GST-p).
Surprisingly, ATO inhibited cell proliferation of DU-145

and PC-3 cells, but not of LNCaP cells, at concentrations

below 1 mM and did not induce apoptosis in any of the

three cell lines. At higher concentrations (10–20 mM),

ATO induced apoptosis in LNCaP cells, but not in DU-

145 or PC-3 cells and LNCaP cells transfected with GST-

p. These data indicate that ATO inhibits cell growth

and induces apoptosis through different mechanisms,

and GST-p can be considered as a target when using ATO

for treatment.

In human hepatoma-derived cell lines, it was demon-

strated that the response to ATO was inversely related to

the intracellular GSH and intensity of GSH synthesis.

Human hepatoma cell lines such as SK-Hep-1, HepG2

and HuH7 present differences in sensitivity to arsenic.

ATO at 1–2 mM reduced proliferation in a time- and dose-

dependent way in SK-Hep-1 cell, while ATO at 2 and

4 mM inhibited proliferation in HepG2 cells. Depletion of

GSH by addition of BSO can restore the cell sensitivity to

arsenic [61]. Arsenic has been shown to be an active

agent against bladder transitional carcinoma cell lines in

the presence of BSO at non-toxic concentrations (up to

10 mM) [62]. Significant apoptotic events were observed
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including the accumulation of sub-G1 fractions and

internucleosomal DNA breakdown, which were preceded

by production of ROS, loss of mitochondrial membrane

potential and activation of caspase-3. This strategy has

been confirmed by Maeda et al. [63] using various cancer

cell lines arising from prostate, breast, lung, colon, cervix,

bladder and kidney cancers. BSO sensitized ATO-

induced cytotoxicity in all investigated cancer cell lines

including drug-resistant lines at clinically achievable

concentrations of both drugs. More importantly, the

BSO+ATO combination clearly showed more cytotoxi-

city to cancer cells compared with normal cells in in vitro
assays. In in vivo studies using an orthotopic mouse

metastasis model with inoculation of androgen-indepen-

dent prostate cancer cells (PC-3) to the prostate of SCID

mice, ATO alone provided a dose-dependent inhibition of

both primary and metastatic lesions, while the addition of

BSO markedly enhanced the inhibitory effect of ATO on

tumor growth in both primary and metastatic lesions [64].

In terms of both tumor weight and number of metastases,

combined treatment with 2mg/kg/day ATO+BSO was

more effective than 5mg/kg/day ATO monotherapy. In situ
terminal deoxynucleotidyl transferase-mediated nucleo-

tide nick-end labeling (TUNEL) analysis of primary

tumors showed more significant apoptotic cell death in

mice with the combination therapy than control. More-

over, only the ATO+BSO combination therapy prolonged

the survival rate significantly compared with the saline-

treated mice. No marked damage to the liver, lungs or

kidneys was observed in the combination therapy

group compared to the control group. These in vivo
data strongly indicated that the combination of

ATO+BSO is superior to ATO monotherapy in growth

inhibition, survival rate and side-effects. Although

this approach is still experimental, the model of

blocking H2O2-scavenging systems plus arsenic

treatment can be expected to be a promising

approach for clinical treatment. Future clinical

studies are warranted to examine the clinical effect in

advanced solid tumors, including relapsed drug-resistant

ones.

An addition to the direct anti-cancer mechanism of ATO,

an immunomodulatory effect has also been reported in

breast cancer [65]. In human breast cancer cell lines

MCF7, MDA-MB-231, T-47D and BT-20, ATO induced

apoptosis at pharmacologically achievable concentrations.

At low levels (0.5 mM), ATO was sub-apoptotic, but

induced features of differentiation consisting of

upregulation of ICAM-1 (CD54), a marker of mammary

epithelial differentiation, and cell cultures appeared

morphologically more organized. At high levels

(2 mM and above), ATO rapidly induced apoptosis in

MCF7 and MDA-MB-231 cells, while T-47D and

BT-20 cells were partially resistant. It was demonstrated

that ATO treatment augmented breast cancer cell lysis

by LAK cells. This additional immunomodulatory

effect of ATO associated with ICAM-1/lFA-1 interaction

could translate into improved in vivo anti-tumor immu-

nosurveillance.

Summary
The discovery of the remarkable therapeutic efficacy of

arsenic in patients with newly diagnosed and relapsed

APL stems from distinct features of the leukemic cell

population carrying the PML–RAR-a chimeric gene

product. Arsenic exerts a broad spectrum of biologic

effects including induction of apoptosis, inhibition of cell

proliferation, anti-angiogenesis and possible immunomo-

dulation (Table 1). Preliminary in vitro studies have also

extended its potential anti-cancer effect to other

malignant diseases. The new therapeutic approach with

arsenic must be pursued with caution since the

concentration of arsenic in vitro necessary for inhibiting

growth of cancer cell lines other than APL is generally

higher than for APL cells. Furthermore, prolonged oral

and/or i.v. administration for cancer therapy might lead to

neurologic, cardiovascular, hepatic or renal toxicity. This

toxicity is not covered by this review. Nevertheless, the

described studies and ongoing clinical trials indicate that

the future of arsenic therapy in malignant diseases is

indeed promising.

Table 1 Potential mechanism of arsenic in various cancers

Potential efficacy in cancer Biological effects Mechanism of action

APL induction of differentiation altered nuclear distribution of PML: induces sumoylation,
transfer to nuclear bodies and degradation of PML;

degradation of PML–RARa transcripts
BCR–ABL-positive leukemia inhibition of leukemia fusion protein decline of BCR–ABL translation; degradation of

BCR–ABL protein
APL; BCR–ABL-positive leukemia, myeloma, lymphoma,
breast cancer cell line, prostate cancer cell line, pancreatic
cancer cells, hepatoma-derived cell line

induction of apoptosis elevated intracellular H2O2; mitochondrial collapse,
cytochrome c release, opening of permeability transition
pore; activation of the caspase cascade; decrease of

Bcl-2 and increase Bax expression
Fibrosarcoma, myeloma angiogenesis inhibition diminished VEGF expression; inhibits endothelial cell

proliferation in a dose- and time-dependent manner;
Breast cancer cells, myeloma immunomodulation upregulation of adhesion molecule; increase of tumor cell

lysis by lymphokine-activated killer cells;
HRS inhibition of NFkB activity decrease of constitutive IKK as well as NFkB activity
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