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ABSTRACT − Arsenic compounds have been used to treat various diseases including cancer in oriental medicine. Arsenic

trioxide (As2O3, TrisenoxR) has been used for the treatment of leukemia and its anti-solid tumor activity has also been

reported recently. Tetra-arsenic oxide (As4O6, TetraAsR) is a newly developed arsenic compound which has shown an anti-

cancer activity in some human cancer cell lines. The purpose of this study was to evaluate the anti-gastric cancer potential

of TetraAs and to search for an agent with synergistic interaction with TetraAs against human gastric cancers. We analysed

anti-proliferative effect of TetraAs when given alone and in combination with other chemotherapeutic agents such as 5-FU,

paclitaxel, and cisplatin in SNU-216, a human gastric cancer cell line. The IC50 of these 4 anti-cancer drugs ranged from

5.8 nM to 7.5 µM with a potency rank of order paclitaxel > TetraAs > cisplatin > 5-FU. TetraAs showed 10-fold greater

potency than 5-FU and cisplatin at the same effect level of IC50. TetraAs + 5-FU and TetraAs + paclitaxel showed synergistic

and additive interaction, respectively. On the other hand, TetraAs with cisplatin group appeared to be strongly antagonistic.

Apoptotic population was measured and compared between single and combination treatment. The apoptotic cells for the

combination of TetraAs + 5-FU showed significant increase compared to single TetraAs treatment. On the contrary, Tet-

raAs+cisplatin showed less apoptotic cells compared to TetraAs or cisplatin alone treatment. Overall, our results indicate

that TetraAs can be effectively combined with 5-FU or paclitaxel, but not with cisplatin for synergistic anti-cancer effect,

which warrants further evaluation using in vivo models.
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Gastric cancer accounts for 9.9% of all new cancer diag-

noses and 12.1% of all cancer deaths.1,2) Chemotherapy is

important in gastric cancer treatment for palliation of symp-

toms and survival improvement. The most commonly used

single agent is 5-fluorouracil (5-FU) with response rates less

than 30%. Cisplatin and paclitaxel also have been used as a

single chemotherapeutic agent with similar response rates.

Several combination regimens including ECF (epirubicin, cis-

platin and 5-FU), FAM (5-FU, adriamycin and mitomycin),

FAMTX (5-FU, adriamycin and methotrexate) are widely

accepted.3.4) However, significant improvement in response

rate has not been obtained.1) Recently, new concept of molec-

ular targeting or anti-angiogenesis inhibition has gained much

attention and new agents on these new targets are being studied

for gastric cancer therapy.

Arsenic compound has been used clinically for the treatment

of acute promyelocytic leukemia (APL) since early 1990.5,6)

Prominent effectiveness of arsenic compound in APL has led

to investigation of its effectiveness against gastric and cervical

cancers. It has been reported that arsenic trioxide (As2O3, ATO,

TrisenoxR) induced apoptosis and cell cycle arrest in MKN-

45, human gastric cancer cell line and showed anti-cancer

effect in human gastric tumor xenograft model via disturbing

blood vessel formation.5,6)

Tetra-arsenic oxide (As4O6, TetraAsR) is a newly developed

arsenic compound. Anti-proliferative and apoptosis inducing

effect of TetraAs has been demonstrated against human leu-

kemic cells.7) Reactive oxygen species (ROS) and cytochrome

c release were thought to be a major mechanism of its anti-pro-

liferative effect.7,8) In a phase I clinical trial, 10 of 15 patients

with solid tumors showed stable disease phase when given 15

mg~45 mg of TetraAs everyday for 28 days. And further clin-

ical evaluation is underway.

Clinical efficacy along with low toxicity of TetraAs has been

demonstrated in a phase I study. Due to the issue of less cyto-

toxic (size reductive) effect, combination with other conven-

tional cytotoxic agents is considered to improve the anti-cancer

efficacy of TetraAs. In the present study, we evaluated anti-

proliferative effect of TetraAs when given alone and in com-

bination with other conventional chemotherapeutic agents such

as 5-FU, paclitaxel, and cisplatin in gastric cancer cells, in

order to investigate its chemotherapeutic potential for gastric
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cancer treatment.

Materials and methods

Cell culture

The human stomach adenocarcinoma cell line SNU-216 was

obtained from the Korean Cell Line Bank (Seoul, South

Korea). This cell line was maintained using RPMI 1640

(Gibco BRL, Grand Island, NE) supplemented with 10% heat-

inactivated FBS (Welgene Inc., Daegu, South Korea), pen-

icillin 100 U/ml (Sigma Chemical Co., St. Louis, MO) and

streptomycin 100 µg/ml (Sigma Chemical Co., St. Louis, MO)

in a humidified 5% CO2 atmosphere at 37oC.

Reagents

Tetra-arsenic oxide was obtained from Chonjisan Co., LTD.

(Seoul, South Korea). Cisplatin was kindly provided by the

Drug Synthesis and Chemistry Branch, Developmental Ther-

apeutics Program, National Cancer Institute (Bethesda, MD).

Paclitaxel was donated by Hanmi Research Center Co. LTD.

(Giheung, South Korea). Other reagents were purchased from

Sigma Chemical Co. (St. Louis, MO) unless mentioned oth-

erwise. TetraAs was dissolved in 1 N NaOH, whereas cis-

platin, paclitaxel and 5-FU in DMSO (dimethyl sulfoxide),

then further diluted with PBS as needed.

Cytotoxicity assay

The sulforhodamine B (SRB) assay was conducted as pre-

viously described.9) Cells in the log phase were harvested and

plated in 96-well plates at a predetermined density. After 24 hr

incubation, cells were exposed to drug-containing media for 72

hr. Cells were then fixed with 10% trichloroaceticacid (TCA)

and stained with 0.4% SRB for 10 min. After washes, protein-

bound dye was extracted with 10 mM buffered Tris (Amresco,

Solon, OH) and absorbance was measured. 

Apoptosis detection assay

Apoptosis was measured using annexin V fluorescein

isothiocyanate (FITC) apoptosis detection kit I (BD Pharm-

ingen, San Diego, CA). Cells were washed twice with cold

PBS and then resuspended in binding buffer and stained with

annexin V-FITC and propidium iodide (PI) for 15 min at 25oC

in the dark. Samples were then analyzed using FACS Caliber

and data were acquired using Cell Quest software (Becton

Dickinson, San Jose, CA).

Data analysis

Inhibition of cell growth (% cell survival) was calculated

using (Eq. 1). Median effect model was used to analyse the cell

survival data (Eq. 2). ICx was defined as the drug concen-

tration required to reduce the absorbance to (100-x)% of the

control in each test and was determined from model param-

eters and model equation (Eq. 2).

% Cell Survival

= (Eq. 1)

% Cell Survival

= (Eq. 2)

[D] is the drug concentration, Kd is the concentration of drug

that produces a 50% reduction of maximum inhibition rate

(Emax), m is a Hill-type coefficient and R is the residual unaf-

fected (resistance) fraction (R=100-Emax). IC50 was defined

as the drug concentration required to reduce viability to 50%

of that of the control (i.e., Kd=IC50 when R=0). Combination

index (CI) was calculated using the following equation (Eq. 3).

(Eq. 3)

CIx is CI at a fixed effect x for a combination of drug A and

B. [Dx]A and [Dx]B are the concentration of drug A or B alone

giving an effect x, [D]A and [D]B are the concentration of drug

A or B in combination A+B giving an effect x. α is 0 when

A and B are mutually exclusive and 1 when mutually non-

exclusive.10) CI less than 0.8 was considered as synergistic, 0.8

~1.2 as additive, and greater than 1.2 as antagonistic inter-

action.

Statistical analysis: Analysis of Variance (ANOVA) followed

by Bonferroni post hoc test was performed using SPSSR for

windows, version 8.0. A p<0.05 was considered statistically

significant.

Results

Anti-proliferative activity of TetraAs, 5-FU, paclitaxel

or cisplatin in SNU-216 cells.

The anti-proliferative activity of TetraAs, 5-FU, paclitaxel

and cisplatin were determined in SNU-216 cells after 72 hr

continuous drug exposure (Fig. 1). IC50 of paclitaxel was in

nM range (i.e., 5.83 nM) whereas those of other drugs in µM

range, i.e., 0.76 to 7.54 µM (Table I). Among latter three

agents, TetraAs showed 10-fold greater potency at same effect

level (50% inhibition) and lowest resistant fraction among the

four agents in SNU-216 cells (Table I). It was noted that pacli-

taxel showed significant fraction of resistant cells (25.5%)
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against SNU-216 (Table I). The ratio of IC70/IC50 reflects the

Hill type coefficient, m. The m value was smallest for 5-FU

(0.64), hence, more than 7 fold higher dose was required for

20% further reduction in proliferative inhibition (Table I). To

the contrary, paclitaxel showed largest m value and only 3 fold

higher concentration was required to induce 20% further

reduction. TetraAs as well as cisplatin showed steep dose-

response curve with IC70/IC50 ratio of 1.9, suggesting these

agents can induce much greater anti-cancer activity than other

agents by increasing dose intensity to a similar extent.

Combinatory effect of TetraAs with 5-FU, paclitaxel

or cisplatin.

Anti-proliferative effect of TetraAs when combined with 5-

FU, paclitaxel or cisplatin was examined at equitoxic ratios

which were determined as 1 :10, 1 :0.01, or 1 :10, respectively,

based on the IC50 of each drug. TetraAs with 5-FU  showed the

most synergistic effect among three combination groups with

CI index 0.44 (Table II). TetraAs+paclitaxel group showed

additive interaction with CI index of 0.87 (Table II). These

results indicate that when TetraAs was combined with 5-FU or

paclitaxel, each agent was required at only 24% or 49% of sin-

gle treatment dose, respectively, to induce 50% inhibition of

cell proliferation in SNU-216 cells. On the contrary,

TetraAs+cisplatin group showed strong antagonistic effect

with CI index of 4.63 (Table II), indicating that more than

240% of single treatment dose of each agent was used to reach

the same 50% inhibition level. The synergistic interaction

between TetraAs and 5-FU was enhanced at higher effect level

i.e., CI decreased to 0.34 at IC70 level (Table II). These data

demonstrate that synergistic interaction with 5-FU may

increase with higher dose, but, not either with paclitaxel or cis-

platin.

Apoptosis induction of TetraAs combined with 5-

FU, paclitaxel or cisplatin in SNU-216 cells.

In order to confirm the synergistic and antagonistic inter-

action, apoptosis was measured and compared after TetraAs

single or combination treatments of TetraAs with 5-FU, pacli-

taxel or cisplatin. Apoptosis induction was determined as %

apoptotic cells (annexin V-positive cells) compared with

Figure 1−Representative dose-response curves for TetraAs (A), 5-FU (B), paclitaxel (C) and cisplatin (D) in SNU-216 human gastric cancer
cells. Cell viability was assessed by using SRB assay after 72 hr drug exposure and % survival was calculated using Eq.1.

Table I−Anti-proliferative Activity of TetraAs, 5-FU, Paclitaxel,
Cisplatin in SNU-216, a Human Gastric Cancer Cells. Median
Effect Model (Eq. 2) was Fitted to Dose-response Data.
Inhibitory Concentrations (IC50, IC70 and IC90) were Calculated
to Represent Absolute Value to Produce the Designated %
Reduction in Survival. Each Value Indicates the Mean of More
than Three Independent Experiments

Parameter TetraAs  5-FU  Paclitaxel1  Cisplatin

 IC50 (µM) 0.76± 0.40 7.54± 1.89 5.83± 0.50 6.70± 2.01 

 IC70 (µM) 1.49± 0.71 59.1± 26.2 16.4± 1.36 12.9± 2.35 

 IC90 (µM) 4.53± 1.92 > 1000 > 200 96.9± 30.2

m2 1.25± 0.15 0.64± 0.13 2.00± 0.31 1.51± 0.33

 R (%)3 0.53± 0.72 14.9± 10.4 25.5± 0.27 8.56± 1.69

1Paclitaxel in nM.
2m is the Hill-type coefficient. (see Eq.2)
3R is the residual unaffected fraction (the resistance fraction). (see Eq.2)

Table II−Combinatory Interaction of TetraAs with 5-FU,
Paclitaxel or Cisplatin in SNU-216 Cells. CIs1 were Calculated
at the 50%, 70% and 90% Growth Inhibition Levels, i.e., CI50,

CI70 and CI90. Drug Treatments were Given Simultaneously for
72 hr at Equitoxic Ratios 

TetraAs + 5-FU
 TetraAs

+ Paclitaxel
 TetraAs

+ Cisplatin

CI index50 0.44± 0.04 0.87± 0.25 4.63± 0.62

CI index70 0.34± 0.01 0.76± 0.17 4.62± 0.40

CI index90 ND2 ND2 2.83± 0.13

R (%) 3.81± 0.88% 9.52± 3.02% 2.56± 1.10%

1CIs were calculated with Eq.3 with α =1 assuming two agents are
mutually non-exclusive.
2Not determined due to R>10.
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untreated cell population. Ten µM of TetraAs induced 43.7%

of apoptotic cells. When given in combination with 100 µM 5-

FU or 0.1 µM paclitaxel, 60.3% and 53.2% of apoptotic cells

were induced, respectively (Fig. 2), i.e., apoptotic cell %

increased by 16.6% (P value<0.01) and 9.5% when combined

with 5-FU or paclitaxel, respectively, when compared with

TetraAs only treated group. On the other hand, when combined

with 100 µM of cisplatin, TetraAs induced less apoptosis

(33.0%) compared to that of TetraAs single treatment (43.7%).

Discussion and Conclusions

In this study, we investigated the chemotherapeutic potential

of TetraAs given as a single or doublet combination in vitro for

the treatment of human gastric cancers. Although mechanism

of action is still unclear, it has been reported that TetraAs

induced loss of mitochondrial membrane potential and cyto-

chrome c release through ROS production in human cancer

cells.7,8) Another arsenic compound, ATO, used for the treat-

ment of APL induces apoptosis via bcl-2 down regulation and

degradation of PML-RARα (promyelocytic leukemia retinoic

acid receptor α).5,11,12) Recent studies have also reported that

ATO can decrease microvessel density and disturb angio-

genesis in gastric tumors.6) Interestingly, TetraAs also showed

anti-angiogenesis activity in a pre-clinical and phase I clinical

trial, suggesting that two agents may have similar mechanisms

of action.

We evaluated the anti-proliferative activity of 5-FU, pacli-

taxel and cisplatin along with TetraAs in SNU-216 human gas-

tric cancer cells. These agents are commonly used as single or

combined regimen in gastric cancer chemotherapy.3.4) The IC50

of TetraAs in SNU-216 cells was similar to that of U937

human leukemia cells reported in the literature (0.76 µM v.s

0.20 µM).7) TetraAs showed significantly low resistant fraction

(0.53%) compared to other agents (Table I). These data suggest

that TetraAs may be an active agent against human gastric can-

cer and a good chemotherapeutic agent to combine with the

agent with significant resistant fraction, such as 5-FU or pacli-

taxel (Fig. 1 and Table I). Along with low toxicity demon-

strated in phase I studies, high m value and low R value of

dose-response curve of TetraAs constitutes a good profile for

a potent yet safe anti-tumor agent.

We demonstrated combinatory effect of TetraAs and other

anti-cancer drugs (Table II). TetraAs+5-FU showed syner-

gism, however, TetraAs+paclitaxel and TetraAs+cisplatin was

additive and antagonistic, respectively. Combinatory effect of

TetraAs has not been reported yet, but some literature data are

available for the combination of ATO and many chemother-

apeutic agents. Phytosphingosine showed synergy with ATO in

human myeloid leukemia cells through the mitochondrial

translocation of Bax and the PARP-1 activation.13) Sulindac

exerted a synergy on apoptosis induction in human non-small

lung cancer cells, which was attributed to the ROS dependent

down regulation of survivin.14) It has been shown that glu-

tathione (GSH) reduction system can modulate ROS mediated

anti-cancer effect of ATO.11,15) Moreover, it was confirmed that

combinatory mechanism between ATO and other agents was

mainly determined by intracellular GSH level.15) Hence, the

possible involvement of GSH level in combinatory interaction

of TetraAs with 5-FU, paclitaxel and cisplatin warrants further

investigation.

For apoptosis induction experiments, cells were exposed to

the drug concentration that was 10 fold higher than IC50 of

each agent. The level of apoptotic induction was consistent

with CI shown in Table II, indicating that combinatory inter-

action between three agents is reserved not only at 50% growth

inhibitory level, but also at 10 fold higher concentration levels

in SNU-216 cancer cells. However, the difference in % apo-

ptotic cells between single treatment and combination treat-

ment appeared to be smaller than expected from the CI values.

It suggests that apoptosis induction may not be sole mech-

anism to explain synergistic interaction, and other mechanisms

for synergy should be studied in order to provide insight into

combination therapy development including TetraAs.

Our study demonstrated anti-proliferative activity and apo-

ptosis induction of TetraAs when given alone and in com-

bination with other conventional chemotherapeutic agents.

Figure 2−The percent apoptotic cells were determined as annexin
positive cells. Cells were exposed for 48 hr to TetraAs (10 µM), pa-
clitaxel (0.1 µM), cisplatin (100 µM), and 5-FU (100 µM) either
alone or in combination as indicated. Tet: TetraAs ; PTX : Paclitaxel
; Cis:Cisplatin. **

P < 0.01, *

P < 0.05 when compared to TetraAs
only.
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TetraAs+5-FU and TetraAs+paclitaxel showed synergistic

and additive interaction, respectively, in SNU-216 human gas-

tric cancer cells in vitro. On the contrary, antagonistic inter-

action was observed in TetraAs+cisplatin combination. We

also showed that combinatory interaction is related to apo-

ptosis induction, however, it seems that other factors also con-

tribute to these synergistic interaction. Overall, these data

support chemotherapeutic potential of TetraAs against human

gastric cancer in single or combination treatment, which war-

rants further evaluation using in vivo models and detailed stud-

ies on combinatory mechanisms.
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