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Abstract. Patients with biliary tract cancer (BTC) have a poor 
prognosis. Advanced BTC patients have been treated with 
cisplatin in combination with gemcitabine, however, the treat-
ment has had little impact on survival rates, and more effective 
treatments are urgently required for this disease. Previous 
studies discovered that buthionine sulfoximine (BSO), a potent 
inhibitor of glutathione (GSH) synthesis, was able to enhance 
the cytotoxic effect of various drugs in cancer cells. Phase I 
studies demonstrated that continuous‑infusion of BSO was 
relatively non‑toxic and resulted in the depletion of tumor GSH. 
However, the synergistic effect of BSO and cisplatin in BTC 
cells remains unknown, and no reports are available regarding 
sensitization to gemcitabine by BSO. In the present study, the 
effect of BSO in combination with cisplatin or gemcitabine in 
the treatment of BTC cells was examined in vitro. Cytotoxic 
effects were measured using an MTT assay, Annexin V assay 
and fluorescence‑activated cell sorting analysis. Antiapoptotic 
protein expression levels were examined using western blot 
analysis. The results revealed that a sub‑toxic concentration of 
BSO was capable of significantly enhancing cisplatin‑induced 

apoptosis in BTC cells. The mechanisms of BSO's effect on 
BTC cells may be attributable to the reduction of GSH levels 
and downregulation of the expression of antiapoptotic proteins 
(Bcl‑2, Bcl‑xL and Mcl‑1). Furthermore, BSO enhanced the 
antiproliferative effect of gemcitabine. In conclusion, the present 
data are the first results to indicate that BSO may sensitize BTC 
cells to standard first‑line chemotherapeutic agents (cisplatin and 
gemcitabine). Combining BSO with cisplatin and gemcitabine is 
a promising therapeutic strategy for the treatment of BTC.

Introduction

Biliary tract cancer (BTC) is a collective term for a heter-
ogenous group of tumors, including cancer arising from the 
gallbladder and bile ducts, as well as adenocarcinoma of the 
ampulla of Vater. Although considered relatively rare in the 
US [5,000 new cases diagnosed annually (1)] and European 
countries (1,200 cases per annum in the UK) (2,3), it has a 
much higher prevalence in Latin America (4) and East Asia. 
In Japan, the incidence is 10‑fold of that in the West, with 
17,311 mortalities from BTC in 2007, making it the sixth 
leading cause of cancer mortality in Japan (5). Furthermore, 
the incidence, particularly of intrahepatic cholangiocarci-
noma, has been increasing in the US, Japan, UK and Australia 
since the 1970s (6‑8). Surgical removal of the tumor is the 
only curative treatment. However, the majority of patients are 
diagnosed when the disease has reached an advanced‑stage, 
making them ineligible for complete surgical resection. 
Furthermore, recurrence is common even following complete 
resection, and is usually only amenable to palliative chemo-
therapy (9). In 2010, a phase III trial found that cisplatin in 
combination with gemcitabine is an appropriate option for 
the treatment of patients with advanced BTC (10). However, 
patients with advanced BTC still have a poor prognosis, with a 
median survival of <1 year (10‑12). Therefore, future research 
on BTC must aim to enhance the effectiveness of chemothera-
peutic regimens.

It has been well established increased intracellular gluta-
thione (GSH) is associated with resistance to chemotherapy 
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and irradiation and, correspondingly, that the reduction of 
GSH levels is associated with sensitization to these two types 
of therapy  (13). We previously demonstrated that emodin, 
a natural anthraquinone isolated from traditional Chinese 
herbal medicines, enhances cisplatin‑induced apoptosis in 
gallbladder cancer cells, in vitro and in vivo, via depletion 
of GSH and downregulation of multidrug resistance‑related 
protein 1 (14). Although emodin provides a therapeutically 
feasible approach to overcome chemoresistance in gallbladder 
cancer cells, little clinical trial data regarding emodin is avail-
able, and the development of an emodin‑based drug remains 
in the experimental stages. Oral ingestion of large amounts 
of emodin may lead to stomach cramping, gas production, 
bloating and diarrhea (15‑17). Therefore, it is considered that 
emodin tends to exacerbate the gastrointestinal side effects 
and contribute to patient intolerance of chemotherapy. For 
these reasons, emodin may not be an ideal chemosensitizer. 
Other compounds must be tested to develop effective and safe 
drugs capable of enhancing the chemosensitivity of BTC cells.

Buthionine sulfoximine (BSO) is a specific inhibitor of 
γ‑glutamyl‑cysteine synthetase and is thus able to block the 
rate‑limiting step of GSH biosynthesis. Depletion of GSH by 
BSO restores the sensitivity of resistant tumors to drugs in vitro 
and in vivo (18). A number of research groups undertook phase I 
clinical studies to determine clinically whether BSO produced 
the desired biochemical end point of GSH depletion. In these 
preliminary studies, it was revealed that continuous infusion 
of BSO was relatively non‑toxic and resulted in the depletion 
of tumor GSH in patients with advanced cancers (ovarian, 
lung, breast and colon cancer, and melanoma) (19‑21). These 
results prompted the current study, which aimed to investigate 
the effect of BSO combined with cisplatin and gemcitabine in 
BTC cells.

Previous studies have demonstrated that BSO is able to 
enhance the cytotoxic effect of certain drugs, including cisplatin, 
azathioprine and melphalan, in cancer cells (22‑25). However, 
the synergistic effect of BSO and cisplatin in BTC cells remains 
unknown, and there are no available reports regarding sensiti-
zation to gemcitabine by BSO. Therefore, the purpose of the 
present study was to demonstrate whether BSO was capable of 
potentiating the anticancer effects of cisplatin or gemcitabine in 
BTC cells, and to investigate the possible mechanism.

Materials and methods

Cell culture and reagents. Human gallbladder cancer 
(GBC‑SD) and human cholangiocarcinoma (RBE) cell lines 
were obtained from the Cell Bank of the Shanghai Insti-
tutes for Biological Sciences, Chinese Academy of Sciences 
(Shanghai, China). GBC‑SD and RBE cells were maintained 
in RPMI‑1640 (GE Healthcare Life Sciences, Logan, UT, 
USA) supplemented with 10% fetal bovine serum (Gibco; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA). Cells 
were cultured in a humidified atmosphere of 5% CO2 at 37˚C.

BSO was purchased from Sigma‑Aldrich (St. Louis, MO, 
USA). Gemcitabine was purchased from Jiangsu Hansoh Phar-
maceutical Co., Ltd. (Lianyungang, China), and cisplatin was 
obtained from Qilu Pharmaceutical Co., Ltd. (Jinan, China).

Human GBC‑SD and RBE  cells were pretreated with 
50 µM BSO for 24 h before exposure to 4 or 8 µg/ml cisplatin 

or 0.5  mg/ml gemcitabine for 24  h. The cells were then 
collected and the cytotoxic effects examined.

Cell viability and apoptosis analysis. Cell viability was assayed 
using a 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium 
bromide (MTT) assay (Sigma‑Aldrich), as previously 
described (26). Briefly, the cells were seeded in a 96‑well plate 
at a density of 10,000 cells/well. Following overnight incu-
bation in a humidified atmosphere of 5% CO2 at 37˚C, each 
well was refreshed with 0.2 ml serum‑free medium (SFM) 
containing 50 µM BSO for a further day. The cells were then 
pretreated with 0.2 ml SFM containing 50 µM BSO for 24 h. 
Gemcitabine (500 µg/ml) or cisplatin (4 or 8 µg/ml) were 
subsequently added to the medium for an additional 24 h. Cells 
were not washed between treatments. Finally, cell viability was 
assessed with an MTT reagent and by measuring the absor-
bance at a wavelength of 570 nm using a VersaMax™ ELISA 
Microplate Reader (Molecular Devices, LLC, Sunnyvale, CA, 
USA). Relative viability was obtained from the absorbance of 
the drug‑treated cells divided by that of the untreated cells. 
The same experiment was repeated three times. 

Cell apoptosis was assessed using an Annexin V‑fluorescein 
isothiocyanate (FITC)/propidium iodide (PI) kit (BD 
Pharmingen, San Diego, CA, USA) and analyzed using a 
FACSCalibur flow cytometer (BD Biosciences, Franklin 
Lakes, NJ, USA)  (27). Briefly, the cells were seeded into 
6‑well plates and treated with BSO, gemcitabine, cisplatin, 
BSO/gemcitabine or BSO/cisplatin. The cells were collected 
24 h later and washed twice using cold phosphate‑buffered 
saline (Gibco; Thermo Fisher Scientific, Inc.). The cells were 
then stained using an Annexin V/PI double staining solution 
at room temperature. After 15 min, the Annexin V/PI‑stained 
cells were analyzed by flow cytometry, and the percentage 
of apoptotic and necrotic cells was calculated. Cells that 
were positively stained by Annexin V‑FITC only (early 
apoptosis), or positive for Annexin V‑FITC and PI (late 
apoptosis/necrosis) were quantitated, and these two 
sub‑populations were considered as the overall population of 
apoptotic cells.

GSH/oxidized GSH (GSSG) ratio assay. GSH is a tripeptide 
with a free thiol group that functions as a major antioxidant 
in cells. Usually, cellular GSH exists predominantly in its 
reduced form, whereas GSSG is present in small amounts (28). 
The GSH/GSSG ratio is often used as an indicator of 
cellular redox status (28). Total GSH and GSSG levels were 
determined by colorimetric microplate assay kit (Beyotime 
Institute of Biotechnology, Haimen, China) as previously 
described (29,30). Following treatment with 50 µM BSO, cells 
were collected by centrifugation at 10,000 x g for 10 min at 
4˚C and re‑suspended in 20 µl cell culture medium. Cells 
(10 µl) were mixed with 30 µl 5% metaphosphoric acid (Beyo-
time Institute of Biotechnology), then frozen and thawed twice 
in liquid nitrogen and 37˚C water respectively. The samples 
were centrifuged again (using the same conditions) and the 
supernatant was used for GSH and GSSG assays. The total 
GSH level was measured by performing a DTNB‑GSSG recy-
cling assay (29). The GSSG level was quantified by the same 
method as for total GSH after the supernatant was treated with 
1 mol/l 2‑vinylpyridine solution to remove the reduced GSH. 
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Figure 1. Effect of BSO on cell viability and apoptosis of biliary tract cancer cells in response to cisplatin. (A) GBC‑SD cells were pretreated with 50 µM BSO for 
24 h before exposure to 4 or 8 µg/ml CDDP for 24 h. (B) Cell viability of RBE cells (MTT assay). (C) Apoptosis of GBC‑SD cells (Annexin V/PI flow cytometry, 
bar charts). (D) Apoptosis of GBC‑SD cells (density plots). (E) Apoptosis of RBE cells (Annexin V/PI flow cytometry, bar charts). (F) Apoptosis of RBE cells 
(density plots). Data shown is the average of three independent experiments. *P<0.05. BSO, buthionine sulfoximine; CDDP, cisplatin; PI, propidium iodide.
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The quantity of reduced GSH was obtained by subtracting the 
quantity of GSSG from that of total GSH. The GSH/GSSG 
ratio was calculated using the following formula: Ratio = (tota
l GSH ‑ 2GSSG) / GSSG.

Assays of antiapoptotic protein expression. Myeloid 
cell leukemia  1 (Mcl‑1), B‑cell lymphoma‑extra large 
(Bcl‑xL) and B‑cell lymphoma  2 (Bcl‑2) protein expres-
sion was determined by western blot analysis as previously 

Figure 2. Effect of BSO on GSH levels and GSH/GSSG ratio in biliary tract cancer cells. (A) GSH levels and (B) GSH/GSSG ratio in GBC‑SD cells. Cells 
were exposed to 50 µM BSO for the indicated times. Data shown is the average of three independent experiments. *P<0.05. BSO, buthionine sulfoximine; 
GSH, glutathione.

Figure 3. Effect of BSO on antiapoptotic protein expression in BTC cells immunoblot analysis of Mcl‑1, Bcl‑xL and Bcl‑2 expression in (A) GBC‑SD and 
(B) RBE cells. Cells were treated with 50 µM BSO and harvested at the indicated times. β‑actin was used as a loading control. BSO, buthionine sulfoximine.

Figure 4. Effect of BSO on sensitivity of biliary tract cancer cells to gemcitabine. (A) GBC‑SD cells were pretreated with 50 µM BSO for 24 h before exposure 
to gemcitabine for 24 h. (B) Cell viability of RBE cells (MTT). (C) Apoptosis of GBC‑SD cells (Annexin V/PI flow cytometry, bar charts). (D) Apoptosis 
of RBE cells (Annexin V/PI flow cytometry, bar charts). Data shown is the average of three independent experiments. *P<0.05. GEM: gemcitabine. BSO, 
buthionine sulfoximine; PI, propidium iodide.
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described (31). Cells were lysed in sample solution. Proteins 
were separated with 10% SDS‑PAGE gels (Sangon Biotech, 
Shanghai, China) run at 80 V for 30 min, then 120 V for 
60 min at room temperature, and transferred to nitrocellulose 
membranes (EMD Millipore, Billerica, MA, USA). After 
blocking with 5% milk in Tris‑buffered saline in Tween 20 
buffer (TBST; Gibco; Thermo Fisher Scientific, Inc.), the 
membrane was incubated overnight at 4˚C with polyclonal 
rabbit anti‑human Bcl‑2 (1:200 dilution; cat no. sc‑492) and 
Bcl‑xl (1:200 dilution; cat no. sc‑7195; Santa Cruz Biotech-
nology, Inc., Dallas, TX, USA) antibodies, and monoclonal 
rabbit anti‑human Mcl‑1 antibody (1:800  dilution; cat 
no. ab32087; Abcam, Cambridge, UK). The membranes were 
also incubated with monoclonal mouse anti‑human β‑actin 
antibody (1:1,000  dilution; cat no.  sc‑47778; Santa Cruz 
Biotechnology, Inc.) as the loading control. Following incu-
bation, the membranes were washed three times with TBST. 
The membranes were subsequently incubated with goat 
anti‑rabbit or anti‑mouse peroxidase‑conjugated secondary 
antibodies (cat nos. 111‑035‑003 and 115‑035‑003; Jackson 
Immunoresearch Laboratories, Inc., West Grove, PA, USA) 
for 2 h at 37˚C, prior to detection using ECL system (cat 
no. WBKLS0500; EMD Millipore).

Statistical analysis. Data are presented as the mean 
value ± standard deviation. SPSS software version 17.0 (SPSS, 
Inc., Chicago, IL, USA) was used for statistical analysis. 
Analysis of variance was applied for comparison of the means 
of two or multiple groups. A value of P<0.05 was considered 
to indicate statistically significant differences.

Results

BSO enhances cisplatin‑induced inhibition of cell viability 
in BTC cells by increasing apoptosis. To examine the syner-
gistic effect of BSO on the inhibition of cell viability by 
cisplatin, GBC‑SD human gallbladder cancer cells and RBE 
cholangiocarcinoma cells were pretreated with 50 µM BSO 
for 24 h before exposure to cisplatin for 24 h. Cell metabolic 
activity was measured using an MTT assay. No significant 
difference in cell viability was detected between untreated 
cells and cells treated only with BSO (P>0.05). However, 
compared with the control, GBC‑SD and RBE cells that were 
not pretreated with BSO experienced 20 and 12% decreases 
in viability, respectively, following 24‑h exposure to cisplatin 
(P<0.0001 and P=0.0029, respectively). In addition, pretreat-
ment of BTC cells with BSO followed by treatment with 
cisplatin resulted in reductions in cell viability of 44% 
and 43% in the GBC‑SD and RBE cell lines, respectively 
(Fig. 1A and B).

To determine whether the reduction in cell viability could 
be attributed to an increase in apoptosis, Annexin V‑FITC/PI 
double‑labeling flow cytometry was conducted. Compared 
with cisplatin alone, pretreatment with BSO followed by cispl-
atin treatment resulted in an increase in apoptosis in GBC‑SD 
cells (P=0.0013; Fig. 1C and D). Similarly, the BSO/cisplatin 
co‑treatment also led to an increase in apoptosis in RBE cells 
(P=0.0374; Fig. 1E and F). Together, these data demonstrate 
that BSO is capable of enhancing cisplatin‑induced apoptosis 
in BTC cells.

BSO depletes GSH and decreases the GSH/GSSG ratio in 
BTC cells. BSO has been demonstrated to deplete intracellular 
GSH and induce oxidative stress (19‑27,29‑32), and this may 
sensitize various types of cancer cells to certain drugs (33‑36). 
To study the oxidative impact of BSO on the cellular redox 
state of BTC cells, intracellular GSH levels and the GSH/GSSG 
ratio were measured in GBC‑SD cells treated with 50 µM 
BSO. Notably, BSO reduced the intracellular GSH levels in 
a time‑dependent manner (P=0.0321; Fig. 2A). Furthermore, 
BSO decreased the GSH/GSSG ratio, a reflection of the cellular 
redox state (P=0.0016; Fig. 2B). These data provide evidence 
that the enhancement of BSO on cisplatin‑induced apoptosis 
in BTC cells is associated with the depletion of GSH.

BSO downregulates antiapoptotic protein expression in 
BTC cells. Antiapoptotic proteins, including Bcl‑2, Bcl‑xL 
and Mcl‑1, are overexpressed in numerous types of cancer 
cells and contribute to tumor drug resistance (37). Therefore, 
inhibition of their expression may lead to an increased sensi-
tivity to anticancer drugs. To better understand the mechanism 
responsible for the ability of BSO to overcome cisplatin 
resistance, the expression of these antiapoptotic proteins was 
analyzed in lysates from BTC cells treated with 50 µM BSO 
for 24 h. Results from western blot analyses revealed that BSO 
effectively downregulated Mcl‑1, Bcl‑2 and Bcl‑xL expression 
(Fig. 3). The observation that BSO increases the cytotoxicity 
of cisplatin may be explained, at least partially, by downregu-
lation of antiapoptotic proteins in BTC cells.

BSO enhances the antiproliferative effect of gemcitabine on 
BTC cells. Patients with advanced BTC are currently being treated 
with a combination of cisplatin and gemcitabine (10). Therefore, 
the potential synergistic effect of BSO with gemcitabine was 
also examined. Cell viability was assessed following the treat-
ment of BTC cells with BSO and/or gemcitabine. The results 
revealed that a dose of 500 µg/ml gemcitabine was significantly 
more effective at reducing cell viability when it was combined 
with 50 µM BSO in GBC‑SD (P=0.0020) and RBE (P=0.0005) 
cells (Fig. 4A and B). These results suggest that the effects of 
BSO are not specific to cisplatin and that it may also enhance 
the antiproliferative effect of gemcitabine in BTC cells.

To determine whether BSO enhances the induction of 
apoptosis by gemcitabine, the induction of apoptosis in BTC 
cells treated with BSO and/or gemcitabine was investigated by 
Annexin V‑FITC/PI flow cytometry. No increase in apoptosis 
was detected in the two cell lines following treatment with 
gemcitabine alone or treatment with BSO and gemcitabine 
(P>0.05; Fig. 4C and D).

Discussion

Chemoresistance remains a major obstacle in improving 
responses to BTC treatment, and new drug combinations 
offer promising innovations to BTC patients. The present 
data suggest that BSO may sensitize BTC cells to the 
standard first‑line chemotherapeutic agents cisplatin and 
gemcitabine. This conclusion is supported by multiple lines 
of evidence:  (i)  Cisplatin‑induced apoptosis in BTC cells 
was significantly enhanced by a sub‑toxic concentration of 
BSO; (ii) BSO sensitized BTC cells to cisplatin through GSH 
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depletion and downregulation of antiapoptotic proteins (Mcl‑1, 
Bcl‑2 and Bcl‑xL); iii) BSO also enhanced the antiproliferative 
effect of gemcitabine in BTC cells.

The therapeutic effect of cisplatin is considered to be due 
to the formation of covalent adducts with DNA, which prompt 
DNA damage signals to induce apoptosis in a number of types 
of solid tumor  (14). Cancer cells may become resistant to 
platinum‑based drugs through multiple mechanisms, including 
an increased ability to repair platinum‑induced DNA damage, 
neutralization of platinum toxicity, and an increase in drug 
export (38). GSH, the most abundant cellular antioxidant, is 
important in the promotion of cell survival. GSH is able to 
confer resistance to platinum drugs, owing to its ability to form 
conjugates with platinum compounds and thus neutralize drug 
toxicity and promote the export of the drug (39). In the present 
study, a marked reduction of intracellular GSH was detected 
following treatment with BSO. Consistently, an increase of 
cisplatin‑induced cytotoxicity following combined treatment 
with BSO and cisplatin was observed, which may be attributed 
to a reduction in GSH availability to form platinum conjugates 
and thereby the reduction of cellular efflux of the drug. This 
hypothesized mechanism may be further tested by examining 
the total intracellular platinum and DNA‑bound platinum 
in BTC cells following treatment with BSO in combination 
with cisplatin.

Besides reduced drug accumulation, cisplatin resistance 
develops through an increased ability to avoid drug‑induced 
cell damage, cell shrinkage and, therefore, initiation of apop-
tosis (40). Apoptosis is regulated in part by the Bcl‑2 family of 
proteins, which consist of both proapoptotic [Bcl‑2‑associated X 
and Bcl‑2‑antagonist/killer] and antiapoptotic (Bcl‑2, Bcl‑xL 
and Mcl‑l) proteins (41). Thus, downregulation of antiapoptotic 
protein expression may negate cisplatin resistance in BTC cells. 
The current study provided evidence that Mcl‑1, Bcl‑2 and 
Bcl‑xL expression in BTC cells was significantly downregulated 
by BSO treatment, indicating that BSO may exert synergistic 
anticancer actions through antiapoptotic protein downregulation. 
As shown in Fig. 3, BSO induced more significant downregula-
tion of antiapoptotic proteins in GBC‑SD cells than in RBE 
cells, which may explain the fact that BSO in combination with 
cisplatin increased cell apoptosis to a greater extent in GBC‑SD 
cells than in RBE cells. However, it remains unclear how BSO 
actually suppresses the expression of antiapoptotic proteins. 
Previous work has revealed that mild oxidative stress may 
induce S‑glutathionylation of signal transducer and activator of 
transcription 3 (STAT3), leading to the suppression of the STAT3 
pathway, downregulation of STAT3‑dependent gene expression 
and chemosensitization of tumor cells to chemotherapy (42). It 
has also been established that Mcl‑1 and Bcl‑2 are regulated by 
STAT3 (43,44). The present results indicated that BSO treatment 
was capable of inducing oxidative stress in BTC cells (Fig. 2B), 
suggesting that BSO may also affect the STAT3 pathway. Thus, 
further studies are required to test whether BSO is able to 
downregulate the expression of antiapoptotic proteins through 
S‑glutathionylation of STAT3.

In addition, the present findings revealed that BSO was able 
to enhance gemcitabine‑induced inhibition of cell viability, 
but did not affect apoptosis in gemcitabine‑treated cells. 
This result indicates that the reduction in BTC cell viability 
could not be attributed to an increase in apoptosis. BSO in 

combination with gemcitabine may decrease cell viability 
through induction of cell cycle arrest or other mechanisms. 
The exact mechanism of growth inhibition under these condi-
tions, however, requires further investigation.

In conclusion, the current results indicate that BSO may 
significantly enhance the anticancer effects of cisplatin 
and gemcitabine in BTC cells in vitro. In phase I trials, the 
concentration of BSO in blood has been reported to reach 
0.5‑1 mM (19,21). Thus the concentration of BSO used in 
the present investigation is clinically achievable. In addition, 
it is notable that phase I studies of BSO administered with 
the anticancer drug melphalan demonstrated that continuous 
infusion of BSO was relatively non‑toxic and resulted in deple-
tion of tumor GSH (16,17). This study adds to a growing body 
of evidence that BSO may be a highly effective sensitizer for 
chemotherapeutic treatment of BTC patients. Further research 
is necessary to evaluate the feasibility of using this therapeutic 
strategy in vivo and in clinical trials.
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