
Abstract. Aim: Arsenic trioxide (As2O3), known as pi-shuang
and the most toxic compound in traditional Chinese medicine,
has been used as an antitumor agent for thousands of years.
Resveratrol (3,5,4’-trihydroxy-trans-stilbene) is a natural phenol
that has significant anti-bacterial, anti-fungaI and antiaging
activities. Our study aimed to examine the combined anticancer
effects of As2O3 and resveratrol against human neuroblastoma
SK-N-SH cells, and elucidate the underlying intracellular
signaling. Materials and Methods: SK-N-SH cells were treated
with an extremely low-dose (2-4 μM) of As2O3 alone or
combined with 75 μg/ml resveratrol for further comparisons.
Cell viability, apoptotic signaling as well as synergistic cytotoxic
effects were estimated using the MTT assay, microscopy
observation, flow cytometric analysis for loss of mitochondrial

membrane potential (MMP) and reactive oxygen species (ROS),
and typical quantitative western blotting analysis. Student’s t-
test, and one- and two-way analysis of variance (ANOVA) were
used for examination of significant differences. Results: The
combined treatment was more effective than single treatment of
As2O3 or resveratrol alone in suppressing cell viability, which
correlated with the elevation of ROS levels. The intracellular
mechanisms of cytotoxicity of As2O3 plus resveratrol were
revealed as ROS accumulation and relative decrease of MMP,
leading to activation of caspase-3 and -9, but not of caspase-1,
-7 and-8. Combination treatment reduced the expression of 
B-cell lymphoma 2 (BCL2), BH3 interacting domain death
agonist (BID), and BCL-x/L. Conclusion: Combined treatment
at extremely low concentration of two agents from natural
products, As2O3 and resveratrol, has high potential as a cocktail
of anticancer drugs for neuroblastoma.

Neuroblastoma is listed as the most fatal cancer among
children worldwide, and exhibits a very complex biological
and tremendous clinical heterogeneity (1). Remarkably,
neuroblastoma is renowned for having no obvious
environmental or genetic risk factors, no effective drugs, and
low 5-year survival, with parents and relatives of the
pediatric patient consequently suffering from much
emotional and psychological pain. Clinically, the age and
gender of the patient, and the stage and molecular defects are
key determinants for the efficacy of treatments, prognosis
and modalities of therapy. At the time of diagnosis, about
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70% of patients present with distant metastasis and infants
are more likely to have better prognosis than are young
children (2). Standard treatment for neuroblastoma involves
radiation and chemotherapy, which are continuously and
rapidly being updated; however, their overall efficacy is far
from satisfying. Unlike lung cancer, chemotherapeutic agents
for neuroblastoma still rely on traditional pan-anticancer
drugs, such as cisplatin, doxorubicin, etoposide and
cyclophosphamide, without any novel drug development. In
addition, the side-effects of these drug treatments for
children with neuroblastoma can be extremely serious due to
both acute damage and toxicity and increased occurrence of
secondary tumors (3). Furthermore, even with aggressive
treatment, the overall mortality remains very high in more
advanced stages of neuroblastoma, with less than 50%
survival rate (3). Unfortunately, even with perfect care of
intensive therapeutic methodology including surgery,
irradiation and chemotherapy at modern hospitals, the
majority of the pediatric patients over one year of age with
neuroblastoma are likely to have aggressively metastatic
neuroblastoma with poor clinical outcomes, some may even
die within 5 years (4). Therefore, the search for new non-
toxic or low-toxic drugs for neuroblastoma therapy is
especially urgent.

For thousands of years, arsenic trioxide (As2O3) has been
used as a toxin in Chinese tradition and as an antitumor agent
in treatment of cancer (5). In the early 2000s, As2O3 was
approved by the US Food and Drug Administration for
application in relapsed/refractory cancer, such as acute
promyelocytic leukemia, head and neck cancer, and
neuroblastoma (6-8). Its mechanisms of action including
elevating the intracellular level of reactive oxygen species
(ROS), causing an irreversible loss of mitochondrial
membrane potential (MMP), down-regulation of B-cell
lymphoma 2 (BCL2) protein expression, and activation of
specific caspases, together with the induction of DNA adducts
and cell-cycle arrest (9, 10).

Resveratrol (3,5,4’-trihydroxy-trans-stilbene) is a natural
polyphenol stilbene found in grapes and certain medicinal
plants. The plant-derived polyphenolic compound, which
can be extracted from grape skin, some berries and peanuts,
was reported to exhibit antitumor effects both in vitro (11,
12) and in vivo (13). Resveratrol produces several beneficial
effects, anti-aging, anti-carcinogenic, cardioprotective, and
neuroprotective effects, which have been attributed to its
antioxidant, anti-inflammatory, and gene-modulating
properties (14). The chemopreventive and therapeutic
potential of resveratrol has been demonstrated in various
kinds of cancers including lung, breast, prostate and skin
cancer as well as neuroblastoma (13, 15-17). Resveratrol
has emerged as a potential anti-tumor agent because it has
the ability to modulate the cascade signaling network
involved in the proliferation and survival of cancer cells

(18). In neuroblastoma, resveratrol has been shown to arrest
cell-cycle progression, promote mitochondrial dysfunction,
activate caspases and induce programmed cell death (19).

There are two major points in designing anticancer drug
investigation in cell models. The first is to find a proper
control system, such as setting normal cell lines as controls,
for highlighting novel findings of the efficacy of anticancer
drugs. Under ideal conditions, at the dose range examined,
the drug will kill cancer cells without doing any harm to
normal cells. The second point is that it should be borne in
mind that some toxic anticancer drugs may cause subtle, but
damaging effects on normal cells, such as DNA damage to
their genome. Thus, the novel combination of two natural
chemotherapeutic agents at as low concentration as possible
has been reported to strengthen the possible cytotoxic efficacy
against cancer cells with minimal side-effects on normal cells
(20-23). In this study, we aimed to examine the apoptotic
effects of a novel combination of As2O3 and resveratrol on
SK-N-SH cell line, and reveal the underlying signaling
network in these cells.

Materials and Methods

Chemical reagents. Modified Eagle’s Minimum Essential Medium
(EMEM; with 2 mM L-glutamine; Earle’s balanced salt solution
containing 1.5 g/I sodium bicarbonate, 0.1 mM non-essential
amino acids and 1.0 mM sodium pyruvate; 10% fetal bovine
serum), trypsin, streptomycin, penicillin, and 3-[4, 5-
dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide (MTT)
were all purchased from AllBio (Taichung, Taiwan, ROC); As2O3
and resveratrol were purchased from Sigma Co. (St. Louis, MO,
USA). 2’,7’-Dichlorodihydrofluorescein diacetate (DCFH-DA),
4’,6-diamidine-2-phenylindole (DAPI) and fluorescent
rhodamine123 were purchased from AllBio. All primary antibodies
were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA, USA) and peroxidase-linked secondary antibody was
purchased from AllBio.

Cell culture. SK-N-SH cells (American Type Culture Collection,
Manassas, VA, USA) were maintained in modified EMEM. Cells
were maintained in an incubator with a humidified atmosphere of
95% air and 5% CO2 at 37±1˚C. Most of the experiments were
carried out 48 h after cells were seeded onto plates or dishes except
the tests regarding drug treatment time.

Cell viability assay. The MTT assay was used to examine the effects
of different dosages or different treatment time of specific drugs on
cell proliferation or viability. Briefly, SK-N-SH cells were plated in
48-well culture plates at a density of 5×104 cells/well and allowed
to adhere at 37˚C for 24 h or overnight. The following day, 0-4 μM
As2O3 or 0-75 μg/ml resveratrol, alone and combination, were added
to the cells and the cells were incubated for a further 48 h, after
which cell growth and viability were measured by MTT assay. Wells
or dishes without cells were used as blanks and were subtracted as
background from each sample with drug treatment. Results were
expressed as a percentage of untreated cell control group, which was
set at 100% of viability or survival.
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Measurement of mitochondrial membrane potential (MMP).
Alterations in MMP were quantitatively followed using metric probe
rhodamine123. Briefly, SK-N-SH cells pre-cultured in 6 cm tissue
culture plates were treated with As2O3 alone, resveratrol alone or
As2O3 plus resveratrol for 0-48 h. Twenty minutes before the cells
were harvested, rhodamine123 was added directly to the culture
medium to a final concentration of 30 nM. The SK-N-SH cells were
then harvested by trypsinization, washed with 5 ml phosphate-
buffered saline (PBS) twice at 37˚C, pelleted by centrifugation,
resuspended in 500 μl fluorescence-activated cell sorting (FACS)
buffer, and analyzed immediately for rhodamine123 fluorescence
intensity by flow cytometry (FACS Calibur; BD Bioscience, San
Jose, CA, USA). Results are expressed as a percentage of the
control, which was set at MMP of 100%.

Western blotting analysis. Briefly, after treatments, the SK-N-SH
cells were scraped and collected in Trident RIPA lysis buffer
(GeneTex, Hsinchu, Taiwan, ROC) to an Eppendorf tube and
centrifuged at 1,200 × g for 5 min at 4˚C. The proteins of each
sample were quantitated and equal amounts of proteins (40 μg) were
separated on 12.5% acrylamide gels by sodium dodecyl sulfate
(SDS) electrophoresis and then transferred to Immobilon-P Transfer
Membrane (Merck Millipore, Billerica, MA, USA). As a routine
procedure, the samples non-specific binding sites were blocked with
5% dry milk in phosphate buffered saline with tween-20 (PBST),
then the membranes were incubated with primary antibodies for
specific proteins overnight at 4˚C. Finally, the membrane was incubated
at room temperature with appropriate secondary antibody for 2 h. The
membranes were treated with enhanced chemiluminescent (ECL)
reagent under computer-assisted imaging analysis system (Gene Tools
Match software; Syngene, CA, USA). All bands were normalized

against β-actin and all the experiments were performed at least thrice
while the data were quantified by Image J.

Measurement of ROS production. SK-N-SH cells were plated at a
density of 2×105 cells/well into 12-well plates and incubated with
As2O3 alone, resveratrol alone, or combined treatment for 0-48 h.
The cells were then harvested and washed twice with PBS, re-
suspended in 500 μl of DCFH-DA (10 μM), incubated at 37˚C for
an extra 30 min and analyzed by flow cytometry (carried out by Dr
Dai at the Instrument Center of China Medical University) to detect
intracellular ROS as published elsewhere (24-26). 

Statistical analyses. The data are expressed as means±standard
deviation (S.D.). Statistical comparisons of different dosages for one
drug and among different treatments were carried out with three or
more groups using one-or two-way analysis of variance (ANOVA).
In addition, Student’s t-test was used in two-group comparisons.
Values of p<0.05 were considered statistically significant.

Results

Single and combined effects of As2O3 and resveratrol on 
SK-N-SH cell viability. In order to evaluate the efficacy of
anticancer effects of As2O3 and resveratrol, alone in and
combined treatment, the cytotoxic effects of resveratrol on
SK-N-SH cells were examined as a first step. Pilot
experiments for resveratrol were carried out to identify a
concentration of resveratrol which produced a non-significant
growth inhibition in order subsequently to further evaluate its
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Figure 1. Synergistic effects of As2O3 (As) and resveratrol (Res) on suppression of SK-N-SH cells viability. A: SK-N-SH cells were treated with 
75 μg/ml resveratrol, 2 μM As2O3 or As2O3 plus resveratrol for 0-48 h and cell viability was determined applying 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl tetrazolium bromide (MTT) assay. The results represent the mean±S.D. of three independent experiments. B: Cytotoxic effect of 0, 0.5, 1,
2, 3 or 4 μM of As2O3 with and without 75 μg/ml resveratrol on SK-N-SH cells at 48 h were determined by the MTT assay. Results represent the
mean±S.D. of three independent experiments. Significantly different at *p<0.05 and **p<0.01. 



combination with As2O3. After SK-N-SH cells were treated
with different doses of resveratrol for 48 h, cells were
measured with the MTT assay (pilot data not shown) and from
these set of data it was determined that a dose of resveratrol
as low as 75 μg/ml caused no effect on cell viability for both
24 and 48 h. Very effectively, this low dose of resveratrol
significantly enhanced cytotoxicity (viability of 70.6% of the
control group) at 48 h when combined with an extremely low
dose of 2 μM As2O3 (Figure 1A). Hence, 75 μg/ml resveratrol
was selected as the dose used for the further investigation of
its combination effects with different doses of As2O3 on SK-
N-SH cells (Figure 1B). The results showed that 2 μM of
As2O3 had cytotoxic effects on SK-N-SH cells, while 75
μg/ml resveratrol significantly enhanced the dose-dependent
cytotoxic effects of As2O3 on SK-N-SH cells (Figure 1B).

Alteration of nuclear morphology induced by combined
treatment of As2O3 plus resveratrol, as observed under
microscopy. After SK-N-SH cells were treated with 2 μM
As2O3 alone, 75 μg/ml resveratrol alone, or their combination,

nuclear morphology was examined with DAPI staining under
microscopy. In contrast to the control group (Figure 2A) and
single-drug-treated groups (resveratrol and As2O3 in Figure 2B
and C, respectively), combined treatment led to chromatin
condensation, and DNA fragmentation under fluorescent
microscopy observation (Figure 2D).

Combined treatment with As2O3 plus resveratrol induced
apoptosis via the loss of MMP and alteration of the levels of
apoptosis-related proteins. The loss of MMP is reported as
an early event marker in activation of the mitochondrial
pathway in programmed cell death, which is regulated by the
balance among BCL2 family proteins. Since the loss of MMP
is a critical marker in cells undergoing apoptosis, we
evaluated whether the treatment of As2O3 plus resveratrol had
any effect on the MMP of SK-N-SH cells by using
rhodamine123, the florescent indicator for mitochondrial
membrane integrity. As presented in Figure 3, there was no
substantial change of the MMP after treatment with 75 μg/ml
resveratrol alone. However, there was a significant loss of
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Figure 2. Single and combined treatment of As2O3 and resveratrol induced alteration of nuclear morphology. SK-N-SH cells were untreated (A), or
treated with 75 μg/ml resveratrol alone (B), 2 μM As2O3 alone (C) or As2O3 plus resveratrol (D) for 48 h. Chromatin condensation and nuclear
fragmentation of SK-N-SH cells were observed using staining with 4’,6-diamidine-2-phenylindole and imaged under fluorescent microscopy.
Representative images from triplicate experiments are shown.



MMP in SK-N-SH cells after treatment with 2 μM As2O3,
indicating disruption of the MMP in these cells. Interestingly,
when the cells were treated with As2O3 plus resveratrol for
48 h, an obvious decrease in MMP was observed and the
effects were synergistic (Figure 3).

BCL2, BID and BCL-x/L have been recognized to behave
as inhibitors of programmed cell death. Therefore, we
determined the levels of BCL2, BID and BCL-x/L proteins
to evaluate the effect of As2O3 alone, resveratrol alone and
their combination on the expression of these proteins in SK-
N-SH cells. The results revealed that the combined treatment
with As2O3 and resveratrol resulted in a marked reduction in
the levels of BCL2, BID and BCL-x/L protein, in addition to
the slight effects of As2O3 alone and resveratrol alone on
them. The effect of As2O3 and resveratrol was again of a
synergistic type (Figure 4).

Apoptosis-related caspases were altered by combined
treatment with As2O3 plus resveratrol. In order to address the
role of caspase in apoptosis induced by resveratrol and As2O3,
we investigated activities of caspase-3 and-9. The western blot
analysis of pro-caspase-3 and pro-caspase-9 protein is
illustrated in Figure 5. Combined treatment with resveratrol
and As2O3 elevated the expression of pro-and cleaved forms
of caspase-3 and caspase-9 proteins in SK-N-SH cells
markedly. There were obviously reverse correlations for the
elevation of cleaved forms of caspase-3 and caspase-9, while
the ones of pro-caspase-3 and pro-caspase-9 decreased. 
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Figure 4. Single and combined treatment with As2O3 and resveratrol
reduced the expression of B-cell lymphoma 2 (BCL2) family proteins.
SK-N-SH cells were untreated, or treated with 75 μg/ml resveratrol
alone, 2 μM As2O3 alone or As2O3 plus resveratrol for 48 h. Equal
amounts of protein lysates from each sample were subjected to 15%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
transferred onto polyvinylidene fluoride membranes, and subsequently
immunoblotted with anti-BCL2, anti-BH3 interacting domain death
agonist (BID), anti-B-cell lymphoma (BCL)-x/L, and anti-β-actin. The
signals were visualized via enhanced chemiluminescence and
quantitated with the Image J software. Results represent the mean±S.D.
of three independent experiments. *Significantly different at p<0.05.

Figure 3. Single and combined treatment with As2O3 (As) and
resveratrol (Res) reduced the mitochondrial membrane potential
(MMP). SK-N-SH cells were untreated, or treated with 75 μg/ml
resveratrol alone, 2 μM As2O3 alone or As2O3 plus resveratrol for 
48 h. After harvesting, 50 nM rhodamine123 was added to each sample,
incubated for 30 min at 37˚C and MMP was analyzed with flow
cytometry. The average MMP of the control group was set as 100% for
statistical comparison. Results represent the mean±S.D. of three
independent experiments. *Significantly different at p<0.05.



Combined treatment with As2O3 plus resveratrol resulted in
elevated ROS production. The elevation of ROS in the cells
may play an important role in apoptotic cells. Using the ROS-
sensitive probe DCFH-DA detected by flow cytometry, it was
found that As2O3 alone, but not resveratrol, elevated the
production of ROS. The highlight finding is that 75 μg/ml
resveratrol, which is generally considered an antioxidant, can
synergistically enhance the production of ROS by 2 μM
As2O3 in SK-N-SH cells (Figure 6).

Discussion

Neuroblastoma is a childhood disease threatening the lives of
almost half of the patients diagnosed (27). The elucidation of
the molecular mechanisms of human neuroblastoma and
potential drugs against it help us to further comprehensively
understand the treatment responses and develop optimal
therapeutic agents for better neuroblastoma therapy. In the late
20th century, As2O3, a traditional Chinese medicine was firstly
applied for its anticancer capacity in the fight against acute
promyelocytic leukemia (28). Its antitumor mechanism may lie
in its activation of apoptosis-related proteins (28). In the same
period, the induction of apoptosis by arsenite was observed in
other types of cells including lymphocytes, fibroblasts and,
most interestingly, neurons (29-31). In 2007, As2O3 was
proposed for treatment of neuroblastoma, and several clinical
trials have also shown that As2O3 induced cell death at

clinically tolerable doses for patients with acute myeloid
leukemia, myelodysplastic syndromes, multiple myeloma,
chronic myelogenous leukemia and lymphoma (32). In 2012,
Keim and colleagues reported that As2O3 treatment of human
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Figure 6. Single and combined treatment with As2O3 and resveratrol
elevated the production of intracellular reactive oxygen species (ROS). 
SK-N-SH cells were untreated, or treated with 75 μg/ml resveratrol alone,
2 μM As2O3 alone or As2O3 plus resveratrol for 48 h. After harvesting, cells
were stained with 2’,7’-dichlorofluorescin diacetate dye and subjected to
flow cytometric analysis. The average ROS level of the control group was
set as 100% for statistical comparison. Results represent the mean±S.D. of
three independent experiments. *Significantly different at p<0.05.  

Figure 5. Single and combined treatment with As2O3 (As) and resveratrol (Res) altered the expression of apoptosis-related caspases. SK-N-SH cells
were treated with 75 μg/ml resveratrol, 2 μM of As2O3 or drugs combined for 48 h. Equal amounts of protein lysates from each sample were
subjected to 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) together with the protein markers, transferred onto
polyvinylidene fluoride membranes, and subsequently blotted with specific anti-procaspase-3, anti-procaspase-9, anti-cleaved caspase-3, anti-
cleaved caspase-9 and anti-β-actin antibodies for 2 h. The final signals for each specific protein on the same membranes were visualized by enhanced
chemiluminescence kit and quantitated with the Image J software. Results represent the mean±S.D. of three independent experiments. *Significantly
different at p<0.05.



SH-SY5Y neuroblastoma cells led to caspase-3/7 activation
and to chromatin fragmentation via the up-regulation of p53
and c-JUN proteins (33). However, the detailed mechanism is
still largely unknown and whether As2O3 treatment can be
effective against other neuroblastoma cells in addition to SH-
SY5Y cells has not yet been examined.

There are several highlights of the current study. Firstly, we
confirmed the antitumor effect of As2O3 on another human
neuroblastoma cell line, SK-N-SH. Secondly, at the lowest dose
of As2O3 ever published, 2 μM of As2O3, increased the ROS
level and triggered the activation of apoptotic signaling
pathways in SK-N-SH cells, resulting in induction of
neuroblastoma cells to undergo apoptosis. Thirdly, with the
novel combination with resveratrol, the overall cytotoxic effect
of As2O3 was synergistically enhanced. By our group and
others, As2O3 was found to induce oxidative stress in NB4 (34)
and other types of cells (29, 35, 36). Resveratrol, an antioxidant,
was not capable of inducing ROS activation in cells, but
dramatically elevated the level of As2O3-induced ROS (Figure
6). Consequently, the elevation of ROS may cause the loss of
MMP (Figure 4), alterations of BCL2, BID and BCL-x/L
(Figure 5), and activation of caspase-3 and-9 (Figure 3). We did
not find any change in the levels of caspase-6, -7, -10, and-12
by As2O3 alone nor combined with resveratrol (data not shown).
In 2012, As2O3 was reported to activate the cleaved form of
casepase-3 and-7. Thus, the signaling in different neuroblastoma
cells by As2O3 may vary (33). The origin of such ROS is not
yet known and the involvement of other signaling molecules
requires greater investigation. In addition, animal experiments
providing evidence for the in vivo efficacy of As2O3 plus
resveratrol are urgently needed before clinical trials can be
undertaken.

In summary, the application of the natural phenol resveratrol
has been extended from its being a simply antioxidant, anti-
aging and anti-fungal agent to adjuvant to As2O3 in
neuroblastoma treatment. The effect of novel combined
treatment of two natural chemotherapeutic agents, As2O3 with
resveratrol, has been revealed in SK-N-SH cells and may have
great potential as an anti-neuroblastoma cocktail.
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