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Induction of Apoptosis in Arsenic Trioxide-treated
Lung Cancer A549 Cells by Buthionine
Sulfoximine
Yong Hwan Han, Sung Zoo Kim, Suhn Hee Kim, and Woo Hyun Park*
Arsenic trioxide (ATO) affects many biological processes
such as cell proliferation, apoptosis, differentiation and angiogenesis. L-buthionine sulfoximine (BSO) is an inhibitor of
GSH synthesis. We tested whether ATO reduced the viability of lung cancer A549 cells=áå=îáíêç, and investigated the áå=
îáíêç effect of the combination of ATO and BSO on cell viability in relation to apoptosis and the cell cycle. ATO
caused a dose-dependant decrease of viability of A549 cells
with an IC50 of more than 50 μM. Low doses of ATO or BSO
(1~10 μM) alone did not induce cell death. However, combined treatment depleted GSH content and induced apoptosis, loss of mitochondrial transmembrane potential (ΔΨm)
and cell cycle arrest in G2. Reactive oxygen species (ROS)
increased or decreased depending on the concentration of
ATO. In addition, BSO generally increased ROS in ATOtreated A549 cells. ROS levels were at least in part related to
apoptosis in cells treated with ATO and/or BSO. In conclusion, we have demonstrated that A549 lung cells are very
resistant to ATO, and that BSO synergizes with clinically
achievable concentration of ATO. Our results suggest that
combination treatment with ATO and BSO may be useful for
treating lung cancer.

INTRODUCTION
Arsenic trioxide (ATO; As2O3) has been reported to induce
complete remission without severe marrow suppression in
patients with relapsed or refractory acute promyelocytic leukemia (APL) (Soignet=et alK, 1998). The antiproliferative effect of
ATO is not limited to APL cells, but can also be observed in a
variety of hematological malignancies (Park et al., 2000; Wang
et al., 1998; Zhang et al., 1998). Accumulating evidence indicates that ATO can affect many biological functions such as
cell proliferation, apoptosis, differentiation, and angiogenesis in
cell lines derived from renal (Hyun Park=et alK, 2003), head and
neck (Seol= et alK, 1999), ovarian (Uslu= et alK, 2000), prostate
(Uslu et al., 2000), hepatoma (Kito=et alK, 2002; Oketani=et alK,
2002), bladder (Pu=et alK, 2002), colon (Nakagawa=et alK, 2002),
lung (Li=et alK, 2002), breast (Baj=et alK, 2002), cervical (Woo=et

alK, 2002) and gastric (Zhang=et alK, 1999) cancer cells. ATO is a
mitochondrial toxin and induces loss of the mitochondrial
transmembrane potential (Haga et al., 2005; Hyun Park et al.,
2003; Park et al., 2000). Therefore, it is thought that it induces
apoptosis in tumor cells by affecting mitochondria and the production of reactive oxygen species (ROS).
ROS include hydrogen peroxide (H2O2), superoxide anions
(O2•-) and hydroxyl radicals (•OH). These molecules have recently been implicated in many important processes such as
transcription factor activation, gene expression, differentiation,
and cellular proliferation (Baran=et alK, 2004; Bubici=et alK, 2006).
GSH is the main non-protein antioxidant in cells; it provides
electrons for enzymes such as glutathione peroxidase, which
reduce H2O2 to H2O. GSH has been shown to be crucial for
regulation of cell proliferation, cell cycle progression and apoptosis (Poot= et alK, 1995; Schnelldorfer= et alK, 2000), and it is
known to protect cells from toxic insult by detoxifying toxic metabolites of drugs and ROS (Lauterburg, 2002). In addition,
GSH content has a decisive influence on ATO-induced apoptosis (Dai et al., 1999; Kitamura et al., 2000; Li et al., 2006; Wu
et al., 2004). Furthermore, the combination of ATO and Lbuthionine sulfoximine (BSO; an inhibitor of GSH synthesis)
induced synergistic cytotoxicity in cell lines derived from a renal
cell carcinoma (Wu et al., 2004), bladder cancer (Pu et al.,
2002), leukemia (Dai et al., 1999), hepatocellular carcinoma
(Kito et al., 2002) and solid tumor (Maeda=et alK, 2004).
Lung cancer is the major cause of cancer death in developed
countries. Various novel therapeutic strategies are currently
under consideration as the clinical use of cytotoxic drugs is
limited due to intrinsic or acquired resistant and toxicity (Petty=et
alK, 2004). A better understanding of the molecular mechanisms
of cytotoxic drug action has shed light on the treatment of lung
cancer, and novel agents that target specific intracellular pathways related to the distinctive properties of cancer cells continue to be developed. ATO alone or in combination with other
drugs including BSO causes growth inhibition of lung cancer
cells and apoptosis of these cells (Jin et al., 2006; Li et al.,
2002; Lin et al., 2005).
In the present study, we tested whether ATO reduced the
viability of lung cancer A549 cells áå=îáíêç and investigated the
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effect of the combination of ATO and BSO on the viability of
A549 cells in relation to apoptosis and the cell cycle.

MATERIALS AND METHODS

=
Cell culture
Human lung adenocarcinoma A549 cells were maintained in a
humidified incubator containing 5% CO2 at 37°C. A549 cells
were cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (GIBCO BRL,
USA). Cells were routinely grown in 100-mm plastic tissue culture dishes (Nunc, Denmark) and harvested with a solution of
trypsin-EDTA while in the logarithmic phase of growth. Cells
were maintained in these culture conditions for all experiments.
=
Reagent
ATO and L-buthionine sulfoximine (BSO) were purchased from
Sigma-Aldrich Chemical Company (USA). ATO was dissolved
in 1.65 M NaOH at 1 × 10-1 M as a stock solution. BSO was
dissolved in distilled water at 1 × 10-1 M. The stock solutions
were wrapped in foil and kept at 4°C or -20°C.
=
Detection of intracellular glutathione (GSH) content
Cellular GSH levels were analyzed using 5-chloromethylfluorescein diacetate (CMFDA, Molecular Probes) (Han et al.,
2008). CMF fluorescence intensity was determined using a
FACStar flow cytometer (Becton Dickinson) and calculated with
CellQuest software. For each sample, 5,000 events were collected.
=
Cell viability assay
The áå=îáíêç cell viability effect of ATO and/or BSO on A549 cells
was determined by measuring 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) dye absorbance of living
cells as described previously (Park et al., 2000). The optical
density of wells was measured at 570 nm using a microplate
reader (Spectra MAX 340, Molecular Devices Co., USA). Each
plate contained multiple wells for each experimental condition
and multiple control wells. This procedure was replicated more
than twice.
Sub-G1 and cell cycle analysis
Sub-G1 cell population and cell cycle distribution were determined by staining DNA with propidium iodide (PI; Sigma) as
previously described (Han= et alK, 2007). Sub-G1 cell populations and cell cycle distributions were measured with a FACStar
flow cytometer (Becton Dickinson, USA) and analyzed using
Lysis II and Cellfit software (Becton Dickinson) or ModFit software (Verity Software Inc).
=
Annexin V/PI staining
Apoptosis was determined by staining cells with annexin Vfluorescein isothiocyanate (FITC) (Ex/Em = 495 nm/529 nm)
and PI labeling, because annexin V can be used to identify the
externalization of phosphatidylserine during the progression of
apoptosis and, therefore, can detect cells during the early
phase of apoptosis. PI can be also used to differentiate necrotic,
apoptotic and normal cells. In brief, 1 × 106 cells were incubated
with the designated doses of ATO and/or BSO for 4-72 h. They
were washed twice with cold PBS and then resuspended in
500 μl of binding buffer (10 mM HEPES/NaOH pH 7.4, 140 mM
NaCl, 2.5 mM CaCl2) at a concentration of 1 × 106 cells/ml. Five
μl of annexin V-FITC (PharMingen, USA) and PI (1 μg/ml) were
then added and the cells were analyzed with a FACStar flow
cytometer (Becton Dickinson). Viable cells were negative
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for both PI and annexin V; apoptotic cells were positive for annexin V and negative for PI, and late apoptotic or necrotic dead
cells displayed both high annexin V and PI labeling. Non-viable
cells that had undergone necrosis, were positive for PI and
negative for annexin V.
Measurement of mitochondrial transmembrane potential
(ΔΨm)
The mitochondrial transmembrane potential was monitored
using the Rhodamine 123 fluorescent dye (Sigma; Ex/Em =
507 nm/529 nm), a cell-permeable cationic dye, which preferentially enters mitochondria based on the highly negative mitochondrial transmembrane potential (ΔΨm) (Han et al., 2007). 1
× 106 cells were incubated with the designated doses of ATO
and/or BSO for 4-72 h.
=
Measurement of intracellular nonspecific ROS and O2•concentration
Intracellular nonspecific ROS such as H2O2, •OH and ONOO•
were detected by using the oxidation-sensitive fluorescent probe
dye, 2′,7′-Dichlorodihydrofluorescein diacetate (H2DCFDA)
(Invitrogen Molecular Probes, Eugene, OR). DCF is poorly
selective for superoxide anion radical (O2•-). In contrast,
dihydroethidium (DHE) (Ex/Em = 518 nm/605 nm) (Invitrogen
Molecular Probes) is a fluorogenic probe that is highly selective
for O2•- among ROS. DHE is cell-permeable and reacts with superoxide anion to form ethidium, which in turn intercalates in
deoxyribonucleic acid, thereby exhibiting a red fluorescence.
For each sample, 5,000 events were collected. ROS and O2•levels are expressed as mean fluorescence intensities (MFI),
which were calculated with CellQuest software.
=
Statistical analysis
Results represent the mean of at least three independent
experiments; bar, SD. Microsoft Excel or Instat software
(GraphPad Prism4, USA) was used to analyze the data. Student’s í-test or one-way analysis of variance (ANOVA) with
post hoc analysis using Tukey’s multiple comparison test was
used for parametric data. Statistical significance was defined
as p < 0.05.

RESULTS
Effects of ATO on viability in A549 cells
We examined the effect of ATO on the viability of A549 cells
using the MTT assay. A dose-dependant decrease of cell
viability was observed at 72 h with an IC50 of more than 50
μM (Fig. 1).
=
Effects of BSO on GSH depletion and viability in ATOtreated A549 cells
Cellular GSH has been shown to be crucial for cell proliferation,
cell cycle progression and apoptosis (Poot et al., 1995;
Schnelldorfer et al., 2000). Therefore, we analyzed changes of
GSH level in A549 cells using CMF fluorescence. The M1
(negative CMF fluorescence) region of Fig. 2A displays the
lower values of the intracellular GSH content, indicative of GSH
depleted cells. Treatment with BSO (an inhibitor of GSH synthesis) increased the depletion of GSH content in ATO-treated
A549 cells but not in control cells (Figs. 2A and 2B). In addition,
co-treatment had a synergistic effect as measured after 72 h
(Supplementary Fig. 1A). Treatment with BSO did not affect
the viability of A549 control cells (Fig. 2C). However, it caused
death of 1- or 5-μM ATO-treated A549 cells and intensified the
death of cells exposed to 10 μM ATO (Fig. 2C). The synergistic

160

The Synergism with BSO and ATO in A549 Cells

Fig. 1. Effects of ATO on the viability of A549 cells=áå=îáíêç. Exponentially growing cells were treated with the indicated concentrations of ATO for 72 h. Cell viability was assessed by MTT assays.
Results are the means of at least three independent experiments;
bars, SD (standard deviation of the mean). *, P < 0.05 compared
with the untreated control group.

effect on cell viability was evident by 48 h (Supplementary Fig.
1B).
=
Effects of BSO on sub-G1 cells, plasma membrane and
mitochondrial transmembrane potential (ΔΨm) in ATOtreated A549 cells
We performed an áå=îáíêç apoptosis assay to determine whether
co-treatment with ATO and BSO induces apoptosis in A549
cells. As shown in Figs. 3A and 3B, treatment with ATO or BSO
alone did not induce sub-G1 cells, but the combined treatment
did. This synergistic effect began at 48 h (Supplementany Fig.

A

B

C

2A). To confirm the induction of apoptosis, we stained A549
cells with annexin V and PI. Again treatment with ATO or BSO
alone did not increase the number of annexin V-positive cells,
but together they did (Figs. 4A and 4C). Synergism occurred at
72 h (Supplementary Fig. 2B). Next, we attempted to elucidate
the effect of ATO and/or BSO on mitochondrial transmembrane
potential (ΔΨm) using Rhodamine 123. The proportion of Rhodamine 123 negative staining cells resulting from treatment with
ATO and/or BSO was very similar to that of the annexin V positive cells (Fig. 4). While treatment with 1 μM ATO or 10 μM
BSO alone did not induce loss of mitochondrial transmembrane
potential (ΔΨm), the combination caused significant loss of mitochondrial transmembrane potential (ΔΨm) (Figs. 4B and 4D).
The synergistic effect occurred after 72 h (Supplementary Fig.
2C).
=
Effects of ATO and/or BSO on the cell cycle distribution in
A549 cells
Next, we investigated whether treatment with ATO and/or BSO
affected the cell cycle distribution. As shown in Fig. 5, flow cytometric analysis indicated that co-treatment with ATO and
BSO induced significant G2 phase arrest.
=
Effects of ATO and/or BSO on ROS levels in A549 cells
To assess the production of intracellular nonspecific ROS in
A549 cells, we used H2DCFDA fluorescence. As shown in Figs.
6A and 6C, intracellular nonspecific ROS levels increased in
response to low concentrations of ATO (1 or 5 μM) for 72 h.
However, higher concentration (10 μM) did not alter intracellular
nonspecific ROS levels. BSO at 5 or 10 μM increased nonspecific ROS levels in control cells (Figs. 6A and 6C) as well as in
ATO-treated cells (Figs. 6A and 6C). Red fluorescence derived
from DHE, reflecting O2•- accumulation, increased slightly in
ATO- or BSO-treated cells (Figs. 6B and 6D), and treatment
with BSO increased intracellular O2•- levels in cells exposed to 5

Fig. 2. Effects of ATO and/or BSO
on GSH depletion and viability in
A549 cells. Exponentially-growing
cells were treated with the indicated
amounts of ATO and/or BSO for 72
h. (A) Intracellular GSH levels were
determined with a FACStar flow
cytometer as described in Materials
and methods. (B) Percent of CMF
negative (M1 region; GSH depleted)
cells in A. (C) Percent of cell viability
in ATO and/or BSO-treated A549
cells. *, P < 0.05 vs. untreated cells;
#, P < 0.05 vs. 1 μM ATO-treated
cells; $, P < 0.05 vs. 5 μM ATOtreated cells; &, P < 0.05 vs. 10 μM
ATO-treated cells.
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A

Fig. 3. Effects of ATO and/or BSO on
sub-G1 cells. Exponentially-growing A549
cells were treated with the indicated
amounts of ATO and/or BSO for 72 h.
(A) Sub-G1 cells were measured by flow
cytometric analysis. The M1 region of the
histogram indicates sub-G1 cells. (B)
The graph shows the percent sub-G1
cells from A. *, P < 0.05 vs. ATO- and
BSO-untreated cells; #, P < 0.05 vs. 1
μM ATO-treated cells; $, P < 0.05 vs. 5
μM ATO-treated cells; &, P < 0.05 vs. 10
μM ATO-treated cells.

B

A

Fig. 4. Effects of ATO and/or BSO on
the plasma membrane and mitochondrial transmembrane potential (ΔΨm).
Exponentially-growing cells were treated
with the indicated amounts of ATO
and/or BSO for 72 h. (A) Cells staining
with annexin V measured with a FACStar flow cytometer. (B) Cells staining
with Rhodamine 123 measured with a
FACStar flow cytometer. (C) Percent
annexin V positive cells from A. (D)
Percent Rhodamine 123 negative cells
from B. *, P < 0.05 vs. ATO- and BSOuntreated cells; #, P < 0.05 vs. 1 μM
ATO-treated cells; $, P < 0.05 vs. 5 μM
ATO-treated cells; &, P < 0.05 vs. 10
μM ATO-treated cells.

B

C
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Fig. 5. Effects of ATO and/or BSO on the cell cycle distribution.
Exponentially-growing cells were treated with the indicated amounts
of ATO and/or BSO for 72 h. The cell cycle distribution was measured with a FACStar flow cytometer. #, P < 0.05 vs. 1 μM ATO- or
BSO-treated cells; $, P < 0.05 vs. 5 μM ATO- or BSO-treated cells.

or 10 μM ATO (Figs. 6B and 6D).

DISCUSSION
In the present study, we demonstrated that ATO decreased the
viability of A549 cells in a dose-dependent manner. ATO also
induced apoptosis at concentrations above 10 μM. The susceptibility to ATO of A549 cells is much lower than that of leukemia
and myeloma cell lines (Park et al., 2000; Shao et al., 1998),

A

B

C

D

and of cell lines of ovarian cancer, colon cancer, cervical cancer, renal cell carcinoma, and breast cancer (Hyun Park et
al., 2003; Ling et al., 2002). In fact, since therapeutic concentrations of ATO (below 2 μM) can induce apoptosis in leukemia and
myeloma cell lines (Park et al., 2000; Shao et al., 1998), A549
cells are clearly very resistant to ATO.
GSH is the main non-protein antioxidant in the cell, and can
remove the superoxide anion free radical and provide electrons
for enzymes such as glutathione peroxidase, which reduce
H2O2 to H2O. It has been reported that intracellular GSH content has a decisive effect on ATO-induced apoptosis (Dai et al.,
1999; Kitamura et al., 2000; Li et al., 2006; Wu et al., 2004).
Treatments that decrease or enhance GSH content intensify or
decrease, respectively, drug toxicity. Because GSH depletion
was not observed in A549 cells treated with low doses of ATO
(below 10 μM), we investigated whether GSH depletion in
ATO-treated cells is induced by the inhibitor of GSH synthesis,
BSO. As expected, treatment with BSO, which did not deplete
GSH content in control cells, dramatically depleted it in 1, 5 or
10 μM ATO-treated A549 cells. These data indicate that BSO
synergizes with clinically achievable concentration of ATO, and
support the view that intracellular GSH levels are closely related to ATO-induced cell death. We also demonstrated a synergistic effect of ATO and BSO on apoptosis. Since the loss of
mitochondrial transmembrane potential (ΔΨm) after the combined treatment with ATO and BSO was higher than the number
of annexin V positive cells, it is possible that the combined treatment with ATO and BSO primarily damages the mitochondria
and leads subsequently to further stages of apoptosis. In addition, the suppression of A549 cell proliferation by the combined
treatment can be partially explained by cell cycle arrest. Cell
cycle analysis revealed that combined treatment induced significant G2 phase arrest, which suggests that it also affects cell
cycle regulation. Taken together, the results of our study suggest that combination treatment with ATO and BSO has poten-

Fig. 6. Effects of ATO and/or BSO on
ROS levels, H2O2 and O2• . Exponentially-growing A549 cells were treated
with the indicated amounts of ATO
and/or BSO for 72 h. Intracellular nonspecific ROS levels (A) and intracellular
O2• levels (B) were determined with a
FACStar flow cytometer as described in
“Materials and Methods”. The graphs
show mean DCF fluorescence from A
(C) and mean DHE fluorescence from B
(D). *, P < 0.05 vs. ATO- and BSOuntreated cells; #, P < 0.05 vs. 1 μM
ATO-treated cells; $, P < 0.05 vs. 5 μM
ATO-treated cells; &, P < 0.05 vs. 10 μM
ATO-treated cells.
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tial in the treatment of lung cancer.
ATO can disturb the natural oxidation and reduction equilibrium
in cells, leading to an increase of ROS by a variety of redox enzymes, including flavoprotein-dependent superoxide-producing
enzymes such as NADPH oxidase (Chou et al., 2004; Kim et al.,
2006; Li et al., 2006; Miller et al., 2002). ATO decreases glutathione (GSH) and increases intracellular ROS levels in APL
cells (Dai et al., 1999). Therefore, we investigated the changes of
ROS such as H2O2 and O2•- in A549 cells treated with ATOand/or BSO. Our data showed that intracellular nonspecific
ROS levels increased in A549 cells treated with low doses of
ATO (1 or 5 μM) that did not induce cell death. Higher doses
(20, 30 or 50 μM) inducing cell death decreased intracellular
nonspecific ROS levels (Supplementary Fig. 3B). These results
are not consistent with other reports showing increased ROS
levels during ATO-induced cell death in cervical cancer cells
(Kang et al., 2004; Woo et al., 2002), APL cells (Jing= et alK,
1999), hepatocellular carcinoma HepG2 (Li et al., 2006) and
glioblastoma A172 cells (Haga et al., 2005). In contrast, Haga
et al. showed that H2O2 accumulated in ATO-treated glioblastoma T98G cells, but apoptosis did not occur (Haga et al.,
2005). Treatment with 1 μM BSO increased levels of nonspecific ROS in 1, 5 or 10 μM ATO-treated cells, whereas 10 μM
BSO did not increase levels in 5 or 10 μM ATO-treated cells.
The latter combination induced cell death more effectively than
the former combination. In addition, BSO alone augmented
nonspecific ROS levels in A549, but did not induce cell death.
These results suggest that the cell death effects of ATO and/or
BSO on A549 cells are not tightly connected with intracellular
nonspecific ROS levels.
We also investigate whether O2•- was increased by ATO
and/or BSO. ATO generally augmented the content of O2•- in
A549 cells but not in a dose-dependent manner (Supplement
Fig. 3C). An increase of O2•- due to ATO was reported in esophageal cancer SHEE85 cells (Shen= et alK, 2003) but not in
ATO-treated acute myelogenous leukemia HL-60 cells (Han=et
alK, 2005) or renal cell carcinoma ACHN cells (Wu et al., 2004).
Treatment with BSO significantly increased intracellular O2•levels in 5 or 10 μM ATO-treated A549 cells. This combination
treatment induced substantial cell death. ATO and BSO, which
separately did not increase O2•- levels (Fig. 6D) also failed to
induce apoptosis. However, 5 μM ATO increased intracellular
O2•- levels but did not induce apoptosis. These data suggest
that an increase in O2•- levels is in part related to apoptosis in
A549 cell treated with ATO and/or BSO.
The drug-resistance of lung cancer cells remains the main
obstacle to successful treatment, and more effective drugs and
therapy are needed. In the present study we demonstrated that
A549 lung cells are very resistant to ATO, and that BSO synergizes with clinically achievable concentrations of ATO, especially with 1 μM ATO, in A549 cells. We also demonstrated that
the synergistic effect of ATO and BSO resulted from inducing
apoptosis and G2 phase arrest along with depletion of GSH
content. Taken together our findings suggest that combination
treatment with ATO and BSO is promising for the treatment of
lung cancer.
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