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Ethaselen synergizes with oxaliplatin in
tumor growth inhibition by inducing ROS
production and inhibiting TrxR1 activity in
gastric cancer
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Abstract

Background: Oxaliplatin is one of the most commonly used chemotherapeutic agent for the treatment of various
cancers, including gastric cancer. It has, however, a narrow therapeutic index due to its toxicity and the occurrence
of drug resistance. Hence, it is of great significance to develop novel therapies to potentiate the anti-tumor effect
and reduce the toxicity of oxaliplatin. In our previous study, we demonstrated that ethaselen (BBSKE), an inhibitor of
thioredoxin reductase, effectively inhibited the growth of gastric cancer cells and promoted apoptosis in vitro. In
the present study, we investigated whether BBSKE can potentiate the anti-tumor effect of oxaliplatin in gastric
cancer in vivo and vitro.

Methods: Cellular apoptosis and ROS levels were analyzed by flow cytometry. Thioredoxin reductase 1 (TrxR1)
activity in gastric cancer cells, organoid and tumor tissues was determined by using the endpoint insulin reduction
assay. Western blot was used to analyze the expressions of the indicated proteins. Nude mice xenograft models
were used to test the effects of BBSKE and oxaliplatin combinations on gastric cancer cell growth in vivo. In
addition, we also used the combined treatment of BBSKE and oxaliplatin in three cases of gastric cancer Patient-
Derived organoid (GC-PDO) to detect the anti-tumor effect.

Results: We found that BBSKE significantly enhanced oxaliplatin-induced growth inhibition in gastric cancer cells by
inhibiting TrxR1 activity. Because of the inhibition of TrxR1 activity, BBSKE synergized with oxaliplatin to enhance
the production of ROS and activate p38 and JNK signaling pathways which eventually induced apoptosis of gastric
cancer cells. In vivo, we also found that BBSKE synergized with oxaliplatin to suppress the gastric cancer tumor
growth in xenograft nude mice model, accompanied by the reduced TrxR1 activity. Remarkably, we found that
BBSKE attenuated body weight loss evoked by oxaliplatin treatment. We also used three cases of GC-PDO and
found that the combined treatment of BBSKE and oxaliplatin dramatically inhibited the growth and viability of GC-
PDO with increased ROS level, decreased TrxR1 activity and enhanced apoptosis.
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Conclusions: This study elucidates the underlying mechanisms of synergistic effect of BBSKE and oxaliplatin, and
suggests that the combined treatment has potential value in gastric cancer therapy.

Keywords: Tumor growth inhibition, Thioredoxin reductase 1, Reactive oxygen species, Ethaselen, Oxaliplatin,
Organoids, Gastric cancer

Background
Gastric cancer is the main cause of cancer-related deaths
in the world [1, 2]. Although surgical resection may be
curative in early stages of the disease, chemotherapy still
remains the cornerstone for the treatment of patients di-
agnosed with advanced stages [3, 4]. Oxaliplatin is a po-
tent chemotherapeutic agent that is widely used for the
treatment of various cancers including gastric cancer[5,
6].However, the clinical application of oxaliplatin is lim-
ited due to drug resistance and side effects [7, 8]. Adju-
vant chemotherapy have been prescribed for gastric
cancer and have shown considerable benefits in reducing
cancer recurrence and increasing long-term survival [9,
10]. Hence, it is of great significance to develop new
agents to synergize with oxaliplatin and decrease side
effects.
Thioredoxin reductase 1 (TrxR1) is a selenocysteine

(Sec) containing flavoenzyme that plays a critical role in
regulating intracellular redox balances [11]. TrxR1 has
been found to be up-regulated in a variety of human tu-
mors and to be associated with increased tumor growth,
drug resistance and a poor patient outcome [12, 13].
Moreover, it has been found that TrxR1 inactivation by
chemical inhibitors may reverse tumor growth and
sensitize cancer cells to chemotherapeutic drugs, sug-
gesting that TrxR1 may serve as an attractive therapeutic
target for anticancer drug development [14–17]. Based
on this notion, the development of novel inhibitors of
TrxR1 as potential antitumor agents has gained atten-
tion during recent years [18–20].
The challenge of translating novel treatment regimens

from bench to bedside is mainly due to the fact that
many cancer models poorly simulate the in vivo condi-
tion, and as a consequence, many drugs that perform
well in cancer models ultimately fail in clinical trials
[21]. Organoids are three-dimensional ex vivo models
that can accurately simulate in-vitro conditions and can
be cultured efficiently using human tissue [22]. Recently,
organoid has also been shown to be a good model to de-
termine the optimal drugs for the patients [23–27].
Using organoid models to study the behavior of malig-
nant cells and their interactions with the microenviron-
ment is a hot area of research [28].
Ethaselen (BBSKE), an inhibitor of thioredoxin reduc-

tase, is known to selectively kill cancer cells and many
studies have suggested that BBSKE can interact with
TrxR1 both in vitro and in vivo [29]. By inhibiting TrxR1

activity and increasing intracellular ROS, BBSKE induces
a lethal endoplasmic reticulum stress and mitochondrial
dysfunction in human gastric cancer cells [30].
We have successfully established and passaged GC-

PDO, and verified the consistency of these organs with
the primary carcinoma tissue through histopathological
examination [31]. Our previous study has suggested that
BBSKE induced growth inhibition and apoptosis in gas-
tric cancer cells and GC Patient-Derived organoid [32].
In the present study, we investigated whether BBSKE
could synergize to enhance the anti-tumor effects of
oxaliplatin in gastric cancer cells and GC-PDO. We
found that BBSKE significantly enhanced oxaliplatin-
induced growth inhibition of these cells and GC-PDO.
TrxR1 activity is involved in their synergistic effect both
in vitro and in vivo. Our data elucidated the underlying
mechanisms of synergistic activity of BBSKE and oxali-
platin, and suggest that such a combination treatment
might potentially become a more effective regimen in
gastric cancer therapy.

Materials and methods
Cell culture and reagents
BBSKE was synthesized and provided by the Department
of Chem-Biology, School of Pharmaceutical Sciences, Pe-
king University, China. BBSKE was stored as a 20 mmol/
L solution in absolute DMSO at -20 °C, and diluted with
the medium prior to use. The final concentration of
DMSO in medium is maximum 0.25 %. Human gastric
cancer cell lines SGC-7901, MGC-803 and gastric cell
lines GES-1 were purchased from the Institute of Bio-
chemistry and Cell Biology, Chinese Academy of Sci-
ences. The cells were routinely cultured in RPMI1640
(Gibco, Eggenstein, Germany) containing 10 % heat-
inactivated fetal bovine serum (Gibco, Eggenstein,
Germany), 100 units/mL penicillin, and 100 µg/mL
streptomycin in a humidified cell incubator with an at-
mosphere of 5 %CO2 at 37℃. N-acetyl-L-cysteine
(NAC), L-glutathione (GSH) and cisplatin were pur-
chased from Sigma (St. Louis, MO, USA). The matrigel
was purchased from USA. Antibodies including anti-Bcl-
2 (sc-7382, 1:50), anti-TrxR1 (sc-28,321, 1:200), anti-
GAPDH (sc-47,724, 1:200), mouse anti-rabbit IgG-HRP
(sc-2357, 1:2000) and m-IgGκ BP-HRP (sc-516,102, 1:
2000) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibodies including anti-p-p38
(4631, 1:1000), anti-p38 (9212, 1:1000), anti-p-JNK
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(4668, 1:1000) and anti-JNK (9252, 1:1000) were pur-
chased from Cell Signaling Technology (Danvers, MA,
USA). The anti-Ki-67 (ab15580, 1:1000) antibody was
purchased from Abcam (Cambridge, MA, USA). FITC
Annexin V apoptosis Detection Kit I and Propidium Iod-
ide (PI) were purchased from BD Pharmingen (Franklin
Lakes, NJ, USA).

Cells and organoids viability assay
Cells were seeded into 96-well culture plates at a density
of 5 × 103 per well for 24 h. After indicated treatments,
cell viability was examined by Cell Counting Kit-8
(CCK8, Dojindo, Japan). The combination index (CI) of
drug interaction was determined using the Chou-Talalay
method [33]: CI = 1, additive interaction; CI > 1, antag-
onistic interaction; and CI < 1, synergistic interaction.

Measurement of intracellular ROS
Cells and organoids were seeded into 6-well culture
plates for 24 h, and then treated with BBSKE, oxaliplatin,
or the combination for 2 h. Cells were stained with 10
µM DCFH-DA (Beyotime Biotech, Nantong, China) for
30 min. Then the cells were collected and the fluores-
cence intensity was analyzed using a Flex Flow Cyt-
ometer (Beckman Coulter, Brea, CA, USA). In some
experiments, cells were pretreated with 5 mM NAC
(ROS inhibitor) or GSH for 2 h prior exposure to
compounds.

Cells and organoids apoptosis analysis
Cells and organoids were seeded into 6-well culture
plates for 24 h, and then treated with BBSKE, oxaliplatin,
or the combination for 24 h. Then the cells were har-
vested, washed twice with ice-cold phosphate-buffered
saline (PBS), and evaluated for apoptosis by double
staining with annexin V-FITC and propidium iodide in
binding buffer for 30 min using a Flex Flow Cytometer
(Beckman Coulter, Brea, CA, USA).

Western blot analysis
Cells were grown on 6-well culture plates and were
treated with BBSKE, oxaliplatin, or the combination for
the indicated times. The cells were then washed twice or
three times with 1 mL of PBS, and were lysed using cell
lysis buffer. For western blot analysis, equal amounts of
protein in each sample were separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis and elec-
troblotted onto polyvinylidene difluoride membrane.
The membranes were blocked using 5 % nonfat milk at
room temperature for 1 h and then incubated with pri-
mary antibodies at 4 °C overnight. Then, the membranes
were washed three times with TBST for 10 min each
time, and incubated with the peroxidase-conjugated sec-
ondary antibodies for 1 h at room temperature. The

immunoreactive bands were visualized using an ECL de-
tection kit (Bio-Rad Laboratories, CA, USA) and the im-
ages were captured and analyzed with the ChemiDoc
Imaging Systems.

Patients’ information and tissue samples
This study was approved by the Institutional Research
Human Ethical Committee of the Seventh Affiliated
Hospital of Sun Yat-Sen University for the use of clinical
specimens and informed consents were obtained from
all the patients. A total of 3 gastric cancer patients that
were clinically diagnosed at the Seventh Affiliated Hos-
pital of Sun Yat-sen University during the period of
2018 to 2019 were included. Gastric cancer tissues and
the matched tumor-adjacent morphologically normal
gastric tissues were frozen and stored in liquid nitrogen
for further use.

Patient-derived-Organoids culture
Gastric cancer tissues were instantly obtained after
resected from GC patients. Tumor tissues were kept in
Dulbecco’s Phosphate Buffered Saline (DPBS)without
Ca2 + and Mg2 + and supplemented with antibiotics.
Then tissues were minced into pieces of 1–3 mm3 in
size. The tissues were then digested in 10 mL GC orga-
noid medium containing 1–2 mg/mL collagenase
(Sigma, C9407) on an orbital shaker at 37 °C for 1–2 h.
Then the acquired tissue suspension was sequentially
sheared using 10 mL and 5mL plastic and flamed glass
Pasteur pipettes. After every shearing the suspension
was strained over a 100 μm filter with retained tissue
pieces entering a subsequent shearing step with 10mL
AdDF+++ (Advanced DMEM/F12 containing 1x Gluta-
max, 10 mM HEPES, and antibiotics) centrifugation at
300 rcf. The resuspension was mixed with Matrigel at
the ratio of 2: 1. The mixed liquid was dropped into pre-
warmed 6-well suspension culture plates with each drop
of 40 µL and gelatinized in an incubator at 37℃ for
10 min. Then the plates were transferred to humidified
37 °C/5 % CO2 incubators after 1.5 mL IntestiCult Orga-
noid Growth Medium (Stemcell, 06010) added to each
well. Organoids were observed and images were cap-
tured using a microscope (Leica DM4, Germany).

Docking of BBSKE to the TrxR1 structural model
To study the interaction between the BBSKE and TrxR1,
a protein-molecular docking was implemented by Chem-
BioDraw module and Schrodinger 2018 software. The
crystal structure of human TrxR1 (PDB code:3ean) was
used for present docking study. The water molecules,
the original ligand molecules and their non-related pro-
tein conformation in the crystal structure of the protein
were deleted. After being processed by the Clean Protein
tool, the OPLS2005 force field was added to optimize
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the energy. With the original ligand position as the cen-
ter, the residues within the 18 angstrom range were se-
lected as the docking pocket. The planar structure of the
compound (Additional file 1: Figure S1) to be docked
was mapped in Chemdraw. In Schrodinger, the ligand
preparation module was used to optimize the structure
of the ligand, and OPLS2005 was used for the force field.
In Schrodinger, XP (Extra Precision) docking mode was
used to dock the prepared ligand with the receptor. The
default parameters were used for running the docking
simulation.

TrxR1 activity measurement in cells, organoid and tumor
tissues
Cells were grown in 6-well culture plates and treated
with BBSKE, oxaliplatin, or the combination for the indi-
cated times. Next, the cells were lysed with lysis buffer
and protein concentrations were determined using the
Bradford assay. TrxR1 activity in cell lysates or tumor
tissues was determined using an endpoint insulin reduc-
tion assay [34]. Briefly, cell extracts containing 100 µg
total protein were incubated in a final reaction volume
of 50 µL containing 0.3 mM insulin, 100 mM Tris-HCl
(pH 7.6), 3 mM EDTA, 660 µM NADPH, and 15 µM E.
coli Trx (Sigma, St. Louis, MO) for 30 min. The reac-
tions were terminated by adding 200 µL 1 mM DTNB in
6 M guanidine hydrochloride (pH 8.0). A blank control
sample (containing everything except Trx) was treated
in the same manner. The absorbance was measured
using a SpectraMax iD3 microplate reader (Molecular
Devices, USA) at 412 nm, and the activity was expressed
as percentage of the blank control.

In vivo antitumor study
Male BALB/c nude mice (3–4 weeks of age) were
housed in specific pathogen-free facilities. The protocols
involving animals were approved by the Institutional
Ethics Committee for Clinical Research and Animal Tri-
als of the Seven Affiliated Hospital, Sun Yat-sen Univer-
sity. The mice were injected subcutaneously with 5 × 106
MGC-803 cells. When tumors reached a size of 5–6 mm
in diameter, they were randomly divided into a control
group and treatment groups including BBSKE alone,
oxaliplatin alone and BBSKE in combination with oxali-
platin (6 mice per group). The sample size was based on
our extensive experience in analyzing mouse xenografts.
No animals were excluded from the analysis. The inves-
tigators were not blinded to group allocation. BBSKE or
solvent (0.5 % sodium carboxymethyl cellulose, CMC-
Na) were administered by intragastric (i.g.), at a dose of
36 mg per kg, per day. Oxaliplatin was administered by
intraperitoneal (i.p.) injection at 5 mg per kg per week.
At the end of experiment, the mice were euthanized and
some organs were excised and weighed. Tumor volume=

(π/6) (W2) (L), where W represents width, and L repre-
sents length.

Immunohistochemistry assay
The harvested tumor tissues were fixed in 4 % parafor-
maldehyde for 24 h. Fixed tissues were embedded in par-
affin and cut into 5-µm sections. Tissue sections were
stained with the indicated antibodies. The signal was de-
tected by biotinylated secondary antibodies, and color
was developed using DAB (3,3′-diaminobenzidine).

Statistical analysis
All experiments were performed in triplicate. The data
are reported as means ± SEM. All statistical analyses
were performed using GraphPad Prism 7.0. Student’s t-
test and two-way ANOVA were employed to analyze the
differences between data sets. A p value < 0.05 was con-
sidered statistically significant.

Results
BBSKE synergistically augmented the cytotoxicity of
oxaliplatin in gastric cancer cells
To determine whether BBSKE can synergize with oxali-
platin to kill cancer cells, we first tested the effect of
BBSKE or oxaliplatin alone or their combination on the
viability of SGC-7901 and MGC-803 cells. Using a
CCK8 assay, we found BBSKE treatment suppressed the
growth of gastric cancer cells in a dose-dependent man-
ner (Additional file 1: Figure S2A). In addition, we found
5 µM BBSKE significantly increased the cytotoxicity of
oxaliplatin in SGC-7901 and MGC-803 cells (Fig. 1a-b)
but showed no cytotoxic effect on GES-1 cell (Additional
file 1: Figure S2B). The interaction of BBSKE and oxali-
platin was calculated by using combination index values
(Fig. 1c-d), which demonstrated that BBSKE in combin-
ation with oxaliplatin exhibited a synergistic effect in
gastric cancer cells. Furthermore, compared with BBSKE
or oxaliplatin treatment alone, the combined treatment
dramatically increased the apoptotic cell death in both
SGC-7901 and MGC-803 cells (Fig. 1e-f). These results
suggested that BBSKE synergized the chemotherapeutic
effect of oxaliplatin in gastric cancer cells.

BBSKE and oxaliplatin cooperated to trigger ROS-
dependent apoptosis in gastric cancer cells
The current study showed that BBSKE in combination
with oxaliplatin exhibited a synergistic effect in SGC-
7901 and MGC-803 cells. Hence, it is of great signifi-
cance to investigate the synergistic mechanisms of
BBSKE and oxaliplatin. Previous studies have suggested
that intracellular ROS generation plays an important role
in various anticancer agents-induced cancer cell apop-
tosis [35–37]. Moreover, current evidences showed that
BBSKE can increase ROS level in cancer cells, which
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Fig. 1 BBSKE synergistically increased the cytotoxicity of oxaliplatin in gastric cancer cells. a-b SGC-7901 and MGC-803 cells were treated with
BBSKE and oxaliplatin alone or in combination with the indicated concentrations. At 24 h after treatment, the cell viability was determined by
CCK8 assay. c-d The combination index (CI) values of BBSKE combined with oxaliplatin were calculated using the calcusyn software. e-g SGC-
7901 and MGC-803 cells were treated with BBSKE and oxaliplatin alone or in combination with the indicated concentrations. At 24 h after
treatment, the percentage of cell apoptosis was determined by Annexin-V/PI staining and flow cytometry, and the percentage of apoptotic cells
in the treatment groups was calculated. (* p < 0.05, ** p < 0.01)
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Fig. 2 (See legend on next page.)
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may underlie its cancer cell-killing activity [30]. To study
whether ROS was involved in the synergistic effect, we de-
tected the intracellular ROS level in gastric cancer cells
treated with BBSKE and oxaliplatin alone or in combin-
ation. As shown in Fig. 2a-c, cells treated with BBSKE and
oxaliplatin alone showed increased ROS generation, and
the combined treatment further induced higher level of
ROS. In addition, we found that pretreatment with NAC
markedly reversed the combined treatment-induced in-
crease in ROS level (Fig. 2d-f) which suggested that ROS
accumulation is a necessary event in the synergistic effect.
We also found that the combined treatment-induced
apoptosis was significantly abrogated by NAC (Fig. 2 g-h).
We additionally found that scavenging of ROS signifi-
cantly attenuated the combined treatment-induced growth
inhibition in both SGC-7901 and MGC-803 cells by using
CCK8 assay (Fig. 2i and Additional file 1: Figure S3).
These results revealed the vital role of ROS in the syner-
gistic effect of BBSKE and oxaliplatin.

BBSKE and oxaliplatin combination activated ROS-
mediated p38 and JNK signaling pathways
In response to ROS, the oxidized thioredoxin (Trx) form
is released and activates ASK1 to mediate apoptosis via
the p38 and JNK signaling pathways [38, 39]. Therefore,
we hypothesized that the activation of p38 and JNK signal-
ing pathways contributes to combined treatment-induced
gastric cancer cells apoptosis. The results demonstrated
that BBSKE or oxaliplatin treatment alone can activate the
phosphorylation of p38 and JNK in both SGC-7901 and
MGC-803 cells (Fig. 3a-b), and the combined treatment
resulted in more significant increases of the phosphoryl-
ation levels of p38 and JNK in time-dependent manner
(Fig. 3a-d). To further validate the involvement of the p38
and JNK signaling pathways in BBSKE and oxaliplatin-
mediated cell growth inhibition and apoptosis, the SGC-
7901 and MGC-803 cells were co-treated with BBSKE and
oxaliplatin after pretreatment with p38 inhibitor BMS-
582,949 or JNK inhibitor SP600125. We found that pre-
treatment with BMS-582,949 or SP600125 markedly re-
versed the combined treatment-induced phosphorylation
of p38 or JNK in SGC-7901 cells (Additional file 1: Figure
S4). Moreover, we found that BMS-582,949 or SP600125
can partially attenuate combined treatment-induced cell

growth inhibition and apoptosis (Fig. 3e-f), suggesting that
the activation of p38 and JNK signaling pathways is essen-
tial for the lethality of combined treatment.
Furthermore, we used ROS inhibitor (NAC) to detect

the roles of ROS in the activation of p38 and JNK signal-
ing pathways. We found that pretreatment with NAC
markedly reversed the combined treatment-induced
phosphorylation of p38 and JNK in both SGC-7901 and
MGC-803 cells (Fig. 4a-d). Taken together, these results
suggested that the activation of p38 and JNK signaling
pathways was mainly due to accumulation of intracellu-
lar ROS in gastric cancer cells.

BBSKE and oxaliplatin combination inhibits TrxR1 activity
in gastric cancer cells
TrxR1 is an important regulator of the redox balance in
cells and accumulating evidence indicates that the intracel-
lular level of ROS may increase when TrxR1 activity is
inhibited [34, 40, 41]. To detect whether TrxR1 is involved
in the synergistic effect, we first performed a molecular
simulation of BBSKE-TrxR1 complex using docking soft-
ware. BBSKE falls nicely into the TrxR1’s pocket and its
two carbonyl groups form hydrogen bonds with the resi-
dues ALA198 and ARG221 respectively (Additional file 1:
Figure S5A-S5B). Additionally, the TrxR1 activity was mea-
sured by using an endpoint insulin reduction assay and we
found that TrxR1 activity in SGC-7901 and MGC-803 cell
lysates was inhibited by BBSKE and oxaliplatin respectively
in dose dependent (Fig. 5a-b). While the combined treat-
ment of BBSKE and oxaliplatin exerted a stronger inhibi-
tory effect on TrxR1 activity in both SGC-7901 and MGC-
803 cells (Fig. 5c-d). The western blot analysis showed that
the level of TrxR1 had no significant change after treatment
with BBSKE and oxaliplatin alone or in combination
(Fig. 5e-f). These results indicated that the effects of BBSKE
and oxaliplatin in inducing ROS was due to TrxR1 activity
inhibition.

BBSKE and oxaliplatin combination inhibits gastric tumor
growth in vivo
To evaluate the in vivo effect of the combined treatment,
we used a subcutaneous xenograft model of MGC-803
cells in immunodeficient mice and found that 36 mg/kg
BBSKE and 5 mg/kg oxaliplatin inhibited the growth of

(See figure on previous page.)
Fig. 2 BBSKE cooperated with oxaliplatin in inducing ROS-dependent apoptosis in gastric cancer cells. a-c SGC-7901 and MGC-803 cells were
treated with BBSKE and oxaliplatin alone or in combination with the indicated concentrations. At 2 h after treatment, intracellular ROS generation
was determined by flow cytometry. d-f SGC-7901 and MGC-803 cells were pretreated with 5 mM NAC for 2 h before the combined treatment of
BBSKE and oxaliplatin. Intracellular ROS generation was measured by flow cytometry. g-h SGC-7901 and MGC-803 cells were pretreated with 5
mM NAC for 2 h before treated with BBSKE and oxaliplatin for 24 h. The percentage of cell apoptosis was determined by flow cytometry and the
percentage of apoptotic cells was analyzed. i SGC-7901 and MGC-803 cells were pretreated with 5 mM NAC for 2 h before the combined
treatment of BBSKE and oxaliplatin. At 24 h after treatment, the cell viability was determined by CCK8 assay. Data represent similar results from
three independent experiments. (* p < 0.05, ** p < 0.01)
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Fig. 3 (See legend on next page.)
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MGC-803 xenograft effectively after 15 days (Fig. 6a-c).
Meanwhile, the combined treatment exhibited stronger
inhibitory effects on tumor volume and weight (Fig. 6a-
c). Remarkably, the administration of oxaliplatin (5 mg/
kg) resulted in a significant weight loss, whereas the
combined treatment was well tolerated, suggesting that
BBSKE can attenuate the side effects of oxaliplatin
(Fig. 6d). We also found that BBSKE treatment remark-
ably attenuated the decrease of spleen weight evoked by
oxaliplatin treatment, and decreased the serum BUN
levels induced by oxaliplatin (Additional file 1: Figure
S6A-S6C). Mechanistically, TrxR1 activity in tumor tis-
sues was measured by endpoint insulin reduction assay,
and the result indicated that combined treatment

significantly decreased the activity of TrxR1 (Fig. 6e).
Moreover, we found significantly decreased levels of Ki-
67 and Bcl-2 and increased levels of p-p38 and p-JNK in
tumor tissues from mice treated with BBSKE and oxali-
platin (Fig. 6f). Taken together, these results indicated
that BBSKE can synergize the effect of oxaliplatin to in-
hibit tumor growth in vivo by targeting TrxR1, which
was in accordance with the mechanisms in vitro.

BBSKE synergistically increases the cytotoxicity of
oxaliplatin in GC Patient-Derived organoids
We used three cases of gastric cancer Patient-Derived
organoids (GC-PDO) (Additional file 1: Figure S7) to de-
tect the effect of BBSKE and oxaliplatin. The

(See figure on previous page.)
Fig. 3 Combined treatment of BBSKE and oxaliplatin activated p38 and JNK signaling pathways in gastric cancer cells. a-b SGC-7901 and MGC-
803 cells were treated with the combined treatment of BBSKE and oxaliplatin for the indicated times, the protein levels of p-p38, p38, p-JNK and
JNK were determined by western blot. GAPDH was used as the internal control. c-d SGC-7901 and MGC-803 cells were treated with BBSKE and
oxaliplatin alone or in combination with the indicated doses. At 24 h after treatment, the protein levels of p-p38, p38, p-JNK and JNK were
determined by western blot. e-g SGC-7901 and MGC-803 cells were pretreated with BMS-582,949 (10 mΜ) or SP600125 (20 mΜ) for 2 h before
treated with BBSKE and oxaliplatin for 24 h. The percentage of cell apoptosis was determined by flow cytometry (e-f) and the cell viability was
determined by CCK8 assay (g). Data represent similar results from three independent experiments. (* p < 0.05, ** p < 0.01)

Fig. 4 The activation of p38 and JNK signaling pathways is dependent on intracellular ROS generation. SGC-7901 and MGC-803 cells were
pretreated with NAC (5 mM) for 2 h before treated with BBSKE and oxaliplatin. At 12 h after treatment, the protein levels of p-p38, p38, p-JNK
and JNK were determined in SGC-7901 (a-b) and MGC-803 cells (c-d) by western blot. GAPDH was used as the internal control. Data represent
similar results from three independent experiments. (* p < 0.05, ** p < 0.01)
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morphological images showed that the combined treat-
ment dramatically inhibited the growth of GC-PDO
compared with the treatment of BBSKE and oxaliplatin
alone (Fig. 7a). We then detected the apoptosis and via-
bility of GC-PDO by flow cytometry and the results
showed that the combined treatment significantly in-
duced the apoptosis (Fig. 7b-c) and inhibited PDO via-
bility (Fig. 7d). In addition, we detected the ROS level
and TrxR1 activity in GC-PDO and found that ROS level

was enhanced by the combined treatment (Fig. 7e), while
the TrxR1 activity was inhibited significantly (Fig. 7f).
These results observed in GC-PDO were consistent with
in gastric cancer cells.

Discussion
The use of conventional chemotherapeutic drugs, in-
cluding oxaliplatin, is limited due to toxicities and drug
resistance. Moreover, its anticancer effects are optimized

Fig. 5 BBSKE and oxaliplatin combination inhibited TrxR1 activity in gastric cancer cells. TrxR1 activity was measured in SGC-7901 and MGC-803 cells
after treated with BBSKE (a) or oxaliplatin (b). c TrxR1 activity was measured in SGC-7901 and MGC-803 cells after treated with the combination of
BBSKE (5 µΜ) and oxaliplatin (50 µΜ) at the indicated time. d SGC-7901 and MGC-803 cells were treated with BBSKE and oxaliplatin alone or in
combination with the indicated concentrations. At 2 h after treatment, TrxR1 activity was measured by the endpoint insulin reduction assay. e-f SGC-
7901 and MGC-803 cells were treated with BBSKE and oxaliplatin alone or in combination with the indicated concentrations. At 12 h after treatment,
the TrxR1 expression was determined by western blot. Data represent similar results from three independent experiments. (* p < 0.05, ** p < 0.01)
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when it is administered in combination with other anti-
cancer agents, such as 5-fluorouracil [42] and S-1 [43,
44].
A study in 2010 already showed the synergistic inhib-

ition of A549 tumor cell growth in vivo by ethaselen and
cisplatin combination therapy [45]. It also has been
shown that alkaloid piperlongumine, a ROS-inducing
agent potentiates the activity of oxaliplatin in gastric
cancer [46]. Although the enhanced oxidative damages

can potentiate the anticancer activity, they will also likely
enhance the oxidative neurotoxicity of oxaliplatin. It has
been shown previously that regulation of TrxR1 is a
major event in the adverse effects of platinum drugs in
kidneys [47]. Another study demonstrated that a specific
thioredoxin reductase1(TXNRD1) inhibitor called (TRi-
1) can yield anticancer efficacy without overt systemic
toxicity [48]. Our previous study has suggested that
BBSKE induced growth inhibition and apoptosis in

Fig. 6 BBSKE and oxaliplatin combination inhibited SGC-7901 xenograft tumor growth in vivo with decreased TrxR1 activity. a-d The combined
treatment of BBSKE and oxaliplatin significantly inhibited tumor growth in xenograft nude mice with decreased tumor volume (b), tumor weight
(c) and body weight (d). e The tumor tissues were lysed and protein was used to determine the TrxR1 activity by using the endpoint insulin
reduction assay. f The expression levels of Ki-67, Bcl-2, p-p38 and p-JNK proteins in tumor tissues were analyzed by immunohistochemical
analysis. Data represent similar results from three independent experiments. (* p < 0.05, ** p < 0.01, n.s., not significant)
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Fig. 7 BBSKE and oxaliplatin combination inhibited GC-PDO growth with increased apoptosis and decreased TrxR1 activity. a Representative
morphology of GC-PDO treated with BBSKE and oxaliplatin alone or in combination (scale bars, 20 μm). (b-e) GC-PDO were pretreated with
BBSKE and oxaliplatin alone or in combination for 24 h. The percentage of cell apoptosis was determined by flow cytometry (b) and the
percentage of apoptotic cells was calculated (c). The cell viability was determined by CCK8 assay (d) and the TrxR1 activity was measured by
endpoint insulin reduction assay (e). Data represent similar results from three independent experiments. (* p < 0.05, ** p < 0.01)
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gastric cancer [32]. In the present study, we investigated
the response of human gastric cancer cells to the com-
bined treatment of BBSKE and oxaliplatin. Our results
showed that the enhanced inhibitory effect of BBSKE
and oxaliplatin on gastric cancer cell growth was medi-
ated through inhibiting TrxR1 activity. By inhibiting
TrxR1 activity, BBSKE combined with oxaliplatin mark-
edly induced the production of ROS, activated p38 and
JNK signaling pathways, and eventually induced apop-
tosis of gastric cancer cells (Fig. 8). In vivo, we found
that BBSKE combined with oxaliplatin exhibited a syner-
gistic inhibitory effect on gastric tumor growth, and ef-
fectively reduced the activity of TrxR1 in tumor tissues,
which was consistent with the in vitro results.
Given that by inhibiting TrxR1 activity and increasing

intracellular ROS, BBSKE induces a lethal endoplasmic

reticulum stress and mitochondrial dysfunction in hu-
man gastric cancer cells [30]. Hence, we were interested
in whether ROS was involved in the synergistic effect of
BBSKE and oxaliplatin. The present study showed that
BBSKE and oxaliplatin combined treatment resulted in
significant increases in ROS levels, and pretreatment
with NAC fully reversed the combined treatment-
induced ROS generation and apoptosis, suggesting that
ROS play a critical role in the synergistic effect of
BBSKE and oxaliplatin. By inducing ROS generation and
oxidative stress, the combined treatment concomitantly
activated p38 and JNK signaling pathways, as indicated
by phosphorylation of both p38 and JNK. In addition,
we found that BMS-582,949 or SP600125 could partially
attenuate the combined treatment-induced cell growth
inhibition and apoptosis, suggesting that activation of

Fig. 8 Schematic illustration of the main findings of the present study
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the p38 and JNK signaling pathways is essential for the
effect of the combined treatment. Furthermore, we
found that pretreatment with NAC markedly reversed
the combined treatment-induced phosphorylation of p38
and JNK in both SGC-7901 and MGC-803 cells, suggest-
ing that the activation of p38 and JNK signaling path-
ways is due to accumulation of intracellular ROS.
The combination of BBSKE and oxaliplatin resulted in

significant increases in ROS levels and accumulating evi-
dence indicates that intracellular ROS levels may be in-
creased by TrxR1 inhibition [40, 47]. Using the endpoint
insulin reduction assay to quantify inhibition of TrxR1
activity, we found that TrxR1 activity in cell lysates was
decreased with increasing BBSKE concentration. Ac-
cordingly, we found that TrxR1 activity in gastric cancer
cells was decreased after combined BBSKE and oxalipla-
tin treatment. Interestingly, we observed that the TrxR1
activity was also significantly inhibited by oxaliplatin
treatment, which is consistent with previous observa-
tions [49].
As organoid has also been shown to be a good model

to determine the optimal drugs for the patients.[23–27].
Our study based on GC-PDO exhibited similar effect as
in GC cells and in vivo model. The combination treat-
ment significantly inhibited the growth and viability and
resulted in significant increases in ROS levels and apop-
tosis rate of the three cases of GC Patient-Derived orga-
noids. The endpoint insulin reduction assay held on that
comparing with BBSKE or oxaliplatin, their co-treatment
significantly inhibited TrxR1 activity of GC-PDO.

Conclusions
In conclusion, we found that BBSKE synergized the anti-
tumor effect of oxaliplatin by inhibiting TrxR1 activity
and demonstrated that the combined treatment induced
apoptotic cell death through ROS-mediated p38 and
JNK signaling pathways. These findings provide new in-
sights into the molecular mechanisms by which BBSKE
synergized with oxaliplatin and suggest that such a com-
binatorial treatment might potentially become a more
effective way in gastric cancer therapy. Further investiga-
tions about the clinical significance of this combination
therapy are needed.
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