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through ROS induction in gastric cancer cells

Peichen Zhang1
& Lingyan Shi2 & Tingting Zhang3

& Lin Hong3
& Wei He3 & Peihai Cao3

& Xin Shen3
& Peisen Zheng3

&

Yiqun Xia2 & Peng Zou3

Accepted: 13 August 2019
# International Society for Cellular Oncology 2019

Abstract
Purpose Oxaliplatin is one of the most commonly used chemotherapeutic agents in 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. Therefore,
there is a pressing need to develop novel therapies to potentiate the efficacy and reduce the toxicity of oxaliplatin. Piperlongumine
(PL), an alkaloid isolated from Piper longum L., has recently been identified as a potent agent against cancer cells in vitro and
in vivo. In the present study, we investigated whether PL can potentiate the antitumor effect of oxaliplatin in gastric cancer cells.
Methods Cellular apoptosis and ROS levels were analyzed by flow cytometry. Thioredoxin reductase 1 (TrxR1) activity in
gastric cancer cells or tumor tissues was determined using an endpoint insulin reduction assay. Western blotting was used to
analyze the expression levels of the indicated proteins. Nude mice xenograft models were used to test the effects of PL and
oxaliplatin combinations on gastric cancer cell growth in vivo.
Results We found that PL significantly enhanced oxaliplatin-induced growth inhibition in both gastric and colon cancer cells.
Moreover, we found that PL potentiated the antitumor effect of oxaliplatin by inhibiting TrxR1 activity. PL combined with
oxaliplatin markedly suppressed the activity of TrxR1, resulting in the accumulation of ROS and, thereby, DNA damage
induction and p38 and JNK signaling pathway activation. Pretreatment with antioxidant N-acetyl-L-cysteine (NAC) significantly
abrogated the combined treatment-induced ROS generation, DNA damage and apoptosis. Importantly, we found that activation
of the p38 and JNK signaling pathways prompted by PL and oxaliplatin was also reversed by NAC pretreatment. In vivo, we
found that PL combined with oxaliplatin significantly suppressed tumor growth in a gastric cancer xenograft model, and
effectively reduced the activity of TrxR1 in tumor tissues. Remarkably, we found that PL attenuated body weight loss evoked
by oxaliplatin treatment.
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Conclusions Our data support a synergistic effect of PL and oxaliplatin and suggest that application of its combination may be
more effective for the treatment of gastric cancer than oxaliplatin alone.

Keywords Gastric cancer . Thioredoxin reductase 1 . Reactive oxygen species . Piperlongumine . Oxaliplatin

Abbreviations
PL Piperlongumine
ROS Reactive oxygen species
TrxR1 Thioredoxin reductase 1
NAC N-acetyl-L-cysteine
JNK c-Jun N-terminal kinase
p38 p38 mitogen-activated protein kinase.

1 Introduction

Oxaliplatin is a potent chemotherapeutic agent that is
widely used for the treatment of various cancers includ-
ing gastric cancer [1, 2]. Gastric cancer is one of the
most commonly diagnosed malignancies and remains an
important cause of mortality worldwide. Although sur-
gical resection may be curative in early stages of the
disease, chemotherapy still remains the cornerstone for
the treatment of patients diagnosed with advanced stages
[3, 4]. However, the clinical application of oxaliplatin is
limited due to drug resistance and side effects [5, 6].
Therefore, it is of great significance to develop new
agents to improve the efficacy and reduce the toxicity
of oxaliplatin.

Thioredoxin reductase 1 (TrxR1) is a selenocysteine con-
taining flavoenzyme that plays a critical role in regulating
intracellular redox balances [7]. TrxR1 has been found to be
up-regulated in a variety of human tumors and to be associated
with increased tumor growth, drug resistance and a poor pa-
tient outcome [8, 9]. Moreover, it has been found that TrxR1
inactivation by chemical inhibitors may reverse tumor growth
and sensitize cancer cells to chemotherapeutic drugs, suggest-
ing that TrxR1may serve as an attractive therapeutic target for
anticancer drug development [10–13]. Based on this notion,
the development of novel inhibitors of TrxR1 as potential
antitumor agents has gained attention during recent years
[14–16].

Piperlongumine (PL), a natural product isolated from Piper
longum L., has recently been identified as a potent cytotoxic
agent against cancer cells in vitro and in vivo [17, 18]. It has
been found that PL treatment may increase ROS levels in
cancer cells, which in turn underlie the cancer cell killing
activity of PL [19, 20]. Recent studies have additionally
shown that PL can increase the sensitivity of cancer cells to
radiation and chemotherapy [21–23]. In the present study, we
investigated whether PL can enhance the antitumor

efficacy of oxaliplatin in gastric cancer cells. We found
that PL significantly enhanced oxaliplatin-induced
growth inhibition of these cells and that TrxR1 activity
is involved in their synergistic effect both in vitro and
in vivo. Our data suggest that PL and oxaliplatin combination
treatment of gastric cancer may be more effective than
oxaliplatin alone.

2 Materials and methods

2.1 Cell culture and reagents

Piperlongumine, oxaliplatin, BMS-582949 and SP600125
were purchased from Selleck Chemicals (Houston, TX,
USA). N-acetyl-L-cysteine (NAC) was purchased from
Sigma (St. Louis, MO, USA). SGC-7901, BGC-823, AGS
and HCT116 cells were obtained from the Institute of
Biochemistry and Cell Biology, Chinese Academy of
Sciences. The cells were routinely grown in RPMI-1640 me-
dium or McCoy’s 5A medium containing 10% fetal bovine
serum in an incubator with a humidified atmosphere of 5%
CO2 at 37 °C. SGC-7901-TrxR1 and SGC-7901-Vehicle cells
were generated and characterized in a previous study [24].
The cells were cultured in RPMI-1640 medium containing
10% fetal bovine serum at 37 °C, and maintained by the ad-
dition of G418. Antibodies including anti-TrxR1 and anti-
GAPDH were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibodies including anti-p-p38, an-
ti-p38, anti-p-JNK, anti-JNK, anti-mouse IgG-HRP and anti-
rabbit IgG-HRP were purchased from Cell Signaling
Technology (Danvers, MA, USA). The anti-γ-H2A.X
antibody was purchased from Abcam (Cambridge, MA,
USA), whereas the anti-53BP1 antibody was purchased
from Novus Biologicals (Littleton, CO, USA). A FITC
Annexin V apoptosis Detection Kit I and Propidium
Iodide (PI) were purchased from BD Pharmingen
(Franklin Lakes, NJ, USA).

2.2 Cell viability assay

Cells were seeded in 96-well culture plates at a density of 8 ×
103 cells per well and allowed to attach overnight in complete
growth medium. Next, the cells were treated with PL or
oxaliplatin alone or their combination at the indicated
doses. At 24 h after treatment, cell viability was
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determined using a methyl thiazolyl tetrazolium (MTT)
assay. The combination index (CI) of drug interaction
was determined using the Chou-Talalay method [25]:
CI = 1, additive interaction; CI > 1, antagonistic interac-
tion; CI < 1, synergistic interaction.

2.3 Cell apoptosis assay

Cells were grown in 6-well culture plates and treated with PL,
oxaliplatin, or the combination for 24 h. Next, floating and
adherent cells were harvested and washed twice with

Fig. 1 PL synergistically increases the cytotoxicity of oxaliplatin in
gastric cancer cells. a-b SGC-7901 and BGC-823 cells were treated with
PL or oxaliplatin alone or their combination at the indicated doses. At
24 h after treatment, cell viability was determined by MTT assay. (c-d)
Combination index (CI) values of PL combined with oxaliplatin were
calculated using Calcusyn software. e-h SGC-7901 and BGC-823 cells

were treated with PL (4 μM) or oxaliplatin (60 μM) alone or their
combination (4 μM PL and 60 μM oxaliplatin). At 24 h after treatment,
apoptosis was determined by Annexin-V/PI staining and flow cytometry,
after which the percentage of apoptotic cells in the treatment groups was
calculated. Data represent similar results from three independent
experiments (* p < 0.05, ** p < 0.01)
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ice-cold PBS. The washed cell samples were resuspend-
ed in 500 μl binding buffer containing 3 μl Annexin-V
for 10 min and 2 μl PI for 15 min in the dark and,
subsequently, evaluated for apoptosis using a FACSCalibur
flow cytometer.

2.4 Reactive oxygen species measurement

Cells were grown in 6-well culture plates and treated with PL,
oxaliplatin, or the combination for 2 h. Next, the cells were
stained with 10 μMDCFH-DA (Beyotime Biotech, Nantong,
China) for 30 min in the dark and collected after
which fluorescence intensity was analyzed using a
FACSCalibur flow cytometer. In some experiments, cells
were pretreated with 5 mMNAC for 2 h prior to compound
exposure.

2.5 Western blot analysis

Cells were grown in 6-well culture plates and treated with PL,
oxaliplatin, or the combination for the indicated time periods.
Next, the cells were lysed with lysis buffer and protein con-
centrations were determined using the Bradford assay (Bio-
Rad, Hercules, CA). The same amounts of proteins were sep-
arated by electrophoresis on SDS-polyacrylamide gels and
electroblotted onto polyvinylidene difluoride membranes.
Five percent non-fat milk was used to block nonspecific bind-
ing for 1.5 h at room temperature. Protein bands were probed
using specific primary antibodies, detected using horseradish
peroxidase conjugated secondary antibodies, and visualized
using an ECL kit (Bio-Rad, Hercules, CA). ImageJ software
was used to analyze immunoreactive protein bands.

2.6 TrxR1 activity measurement in cells or tumor
tissues

Cells were grown in 6-well culture plates and treated with PL,
oxaliplatin, or the combination for the indicated times. Next,
the cells were lysed with lysis buffer and protein concentra-
tions were determined using the Bradford assay. TrxR1 activ-
ity in cell lysates or tumor tissues was determined using an
endpoint insulin reduction assay as previously described [24].
Briefly, cell extracts containing 100 μg total protein were in-
cubated 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 reactions 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.

2.7 Immunofluorescence

Cells were grown on coverslips and treated with PL,
oxaliplatin, or the combination for 20 h. Next, the cells were
fixed in 4% paraformaldehyde for 15 min, followed by incu-
bation in a permeabilization solution for 30 min at room tem-
perature. The coverslips were subsequently washed with PBS
three times and incubated with blocking solution for 1 h at
room temperature. Next, a primary antibody (53BP1, 1:2000
dilution) in blocking solution was added and the cells were
incubated overnight at 4 °C, washed with blocking solution,
and incubated with blocking solution containing a DyLight
488 conjugated secondary antibody for 1.5 h at room temper-
ature. Finally, the coverslips were washed, mounted with
DAPI stain and analyzed using a Leica fluorescence
microscope.

2.8 In vivo antitumor assay

Five-week-old, athymic BALB/c nu/nu female mice (total n =
44) were used for in vivo experiments. All animals were han-
dled according to the Institutional Animal Care and Use
Committee (IACUC) guidelines, Wenzhou Medical
University. SGC-7901 cells (5 × 106 cells in 100 μl PBS) were
harvested and injected subcutaneously into the right flanks of
the mice. Next, the mice were divided into four experimental
groups on randomization and blinding, with seven mice in
each group. Similarly, HCT116 cells (5 × 106 cells in 100 μl
PBS) were harvested and injected subcutaneously into the
right flanks of the mice. Next, the mice were divided into four
experimental groups on randomization and blinding, with four
mice in each group. The mice were treated with PL,
oxaliplatin, or the combination by intraperitoneal (i.p.) injec-
tion once every other day at the indicated doses. At the end of
the experiment, the mice were sacrificed and tumors were

�Fig. 2 PL and oxaliplatin cooperate to trigger ROS-dependent
apoptosis in gastric cancer cells. a SGC-7901 and BGC-823 cells
were treated with PL (4 μM) and oxaliplatin (60 μM) combination for
the indicated time periods, after which intracellular ROS levels were
determined by flow cytometry. b SGC-7901 and BGC-823 cells were
treated with PL (4 μM) or oxaliplatin (60 μM) alone or their
combination (4 μM PL and 60 μM oxaliplatin). At 2 h after treatment,
intracellular ROS levels were measured by flow cytometry. c SGC-7901
and BGC-823 cells were pretreated with 5 mM NAC for 2 h before
combined treatment (4 μM PL and 60 μM oxaliplatin). At 2 h after
treatment, intracellular ROS levels were measured by flow cytometry. d
SGC-7901 and BGC-823 cells were pretreated with 5 mM NAC for 2 h
before exposure to PL (4 μM) and oxaliplatin (60 μM) combination. At
24 h after treatment, cell viability was determined by MTT assay. e-h
SGC-7901 and BGC-823 cells were pretreated with 5 mM NAC for 2 h
before exposure to PL (4 μM) and oxaliplatin (60 μM) combination for
24 h. Apoptosis was determined by flow cytometry, after which the
percentage of apoptotic cells in the treatment groups was calculated.
Data represent similar results from three independent experiments
(* p < 0.05, ** p < 0.01)
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harvested and weighed. Different samples were prepared for
histology and protein expression analyses. Tumor sizes were
determined by measuring length (l) and width (w) to calculate
their volumes (V = 0.5 × l × w 2).

2.9 MDA assay

For this assay, the harvested tumor tissues were homogenized
and sonicated in RIPA buffer on ice. The protein
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concentrations were determined using the Bradford assay
(Bio-Rad, Hercules, CA). The tumor tissue proteins were nor-
malized according to their concentrations and subjected to a
MDA assay according to the instructions provided by the
Lipid Peroxidation MDA assay kit (Beyotime Institute of
Biotechnology, Nantong, China). The MDA levels were de-
termined using a multimode microplate reader (SpectraMax
M5, Molecular Devices, USA) at 532 nm.

2.10 Immunohistochemistry

For this assay, the harvested tumor tissues were fixed in 4%
paraformaldehyde for 24 h, embedded in paraffin and cut into
5-μm sections. The tissue sections were incubated with the
indicated antibodies after which the signals were detected
using biotinylated secondary antibodies and color develop-
ment with DAB (3,3′-diaminobenzidine).

Fig. 3 PL and oxaliplatin combination treatment induces DNA
damage in gastric cancer cells. ab SGC-7901 and BGC-823 cells
were treated with PL or oxaliplatin alone or their combination at the
indicated doses. At 20 h after treatment, the expression of γH2A.X was
determined by Western blotting. GAPDH was used as internal control. c
SGC-7901 and BGC-823 cells were treated with PL (4μM) or oxaliplatin
(60 μM) alone or their combination (4 μMPL and 60μMoxaliplatin). At
20 h after treatment, nuclear foci formation of 53BPl was determined by
immunofluorescence staining. d SGC-7901 and BGC-823 cells were

pretreated with 5 mM NAC for 2 h before exposure to PL (4 μM) and
oxaliplatin (60 μM) combination. At 20 h after treatment, nuclear foci
formation of 53BPl was determined by immunofluorescence staining. e-f
SGC-7901 and BGC-823 cells were pretreated with 5 mM NAC for 2 h
before exposure to PL (4 μM) and oxaliplatin (60 μM) combination. At
20 h after treatment, the expression of γH2A.X was determined by
Western blotting. GAPDH was used as internal control. Data represent
similar results from three independent experiments (* p < 0.05,
** p < 0.01)
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2.11 Statistical analysis

All experiments were performed in triplicate. The data are re-
ported as means ± SEM. All statistical analyses were performed
using GraphPad Prism 5.0. Student’s t test and two-way
ANOVAwere employed to analyze the differences between data
sets. A p value < 0.05 was considered statistically significant.

3 Results

3.1 PL synergistically increases the cytotoxicity
of oxaliplatin in cancer cells

To determine whether PL can synergize with oxaliplatin to kill
cancer cells, we first tested the effect of PL or oxaliplatin alone

Fig. 4 PL and oxaliplatin
combination activates p38 and
JNK signaling pathways. a-b
SGC-7901 and BGC-823 cells
were treated with PL and
oxaliplatin combination for the
indicated time periods, after
which the protein levels of p-p38,
p38, p-JNK and JNK were
determined by Western blotting.
c-f SGC-7901 and BGC-823 cells
were treated with PL or
oxaliplatin alone or their
combination at the indicated
doses. At 12 h after treatment, the
protein levels of p-p38, p38, p-
JNK and JNK were determined
by Western blotting. g SGC-7901
and BGC-823 cells were
pretreated with BMS-582949
(10 μM) or SP600125 (20 μM)
for 2 h before exposure to PL
(4 μM) and oxaliplatin (60 μM)
combination for 24 h, after which
cell viability was determined by
MTT assay. h SGC-7901 and
BGC-823 cells were pretreated
with BMS-582949 (10 μM) or
SP600125 (20 μM) for 2 h before
exposure to PL (4 μM) and
oxaliplatin (60 μM) combination
for 24 h, after which apoptosis
was determined by flow
cytometry. The percentage of
apoptotic cells in the treatment
groups was calculated. Data
represent similar results from
three independent experiments
(* p < 0.05, ** p < 0.01)
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or their combination on the viability of SGC-7901, BGC-823,
AGS and HCT116 cells. Using a MTT assay, we found
that 4 μM PL significantly increased the cytotoxicity of
oxaliplatin in SGC-7901, BGC-823, AGS and HCT116
cells (Fig. 1a-b and Fig. S1A-S1B). The interaction of
PL and oxaliplatin was calculated using combination
index values (Fig. 1c-d and Fig, S1C-S1D) and showed
that PL in combination with oxaliplatin exhibited a syn-
ergistic effect against both gastric and colon cancer
cells. Furthermore, compared with PL or oxaliplatin
treatment alone, we found that the combined treatment
dramatically increased apoptosis in both SGC-7901 and
BGC-823 cells (Fig. 1e-h). These results suggest that
PL and oxaliplatin exhibit a synergistic effect against
gastric and colon cancer cells.

3.2 PL and oxaliplatin cooperate to trigger
ROS-dependent apoptosis

Next, we set out to investigate the mechanisms underlying the
synergistic effect of PL and oxaliplatin. Previously, it has sug-
gested that PL treatment may increase ROS levels in cancer
cells, which may underlie its cancer cell-killing activity [19,
20]. Therefore, we measured the intracellular ROS levels after

PL and oxaliplatin co-treatment. Time-course results indicated
that the combined treatment significantly increased ROS
levels in SGC-7901 and BGC-823 cells, and that these
levels reached a peak at 2 h after treatment (Fig. 2a). In
addition, we found that both the treatment with PL or
oxaliplatin alone induced ROS generation, but that the
combined treatment resulted in significantly increased
ROS levels (Fig. 2b).

Intracellular ROS generation is known to play an important
role in cancer cell apoptosis induced by various anticancer
agents [26–28]. Therefore, we tested whether excessive ROS
generation was involved in the synergistic effect of PL
and oxaliplatin observed here. We found that pretreat-
ment with NAC markedly reversed the combined
treatment-induced increase in ROS levels (Fig. 2c).
Using a MTT assay we additionally found that scaveng-
ing of ROS significantly attenuated the combined
treatment-induced growth inhibition in both SGC-7901
and BGC-823 cells (Fig. 2d). These results were con-
firmed in HCT116 cells (Fig. S2A-S2B), and we also
found that the combined treatment-induced apoptosis
was blocked by NAC (Fig. 2e-h). These data suggest
that ROS generation plays an essential role in the syn-
ergistic effect of PL and oxaliplatin.

Fig. 5 Activation of the p38 and
JNK signaling pathways is
dependent on intracellular ROS
generation. a-b SGC-7901 cells
were pretreated with NAC
(5 mM) for 2 h before exposure to
PL (4 μM) and oxaliplatin
(60 μM) combination. At 12 h
after treatment, the protein levels
of p-p38, p38, p-JNK and JNK
were determined by Western
blotting. c-d BGC-823 cells were
pretreated with NAC (5 mM) for
2 h before exposure to PL (4 μM)
and oxaliplatin (60 μM)
combination. At 12 h after
treatment, the protein levels of p-
p38, p38, p-JNK and JNK were
determined by Western blotting.
Data represent similar results
from three independent
experiments (* p < 0.05,
** p < 0.01)
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3.3 PL and oxaliplatin combination treatment induces
DNA damage in gastric cancer cells

Excess ROS production has previously been shown to cause
various cellular damages including DNA damage [29–31].
Therefore, we sought to investigate whether PL and
oxaliplatin combination treatment can induce DNA damage
in gastric cancer cells. Western blot analysis revealed that the
combined treatment dramatically increased the level of
γH2A.X in both SGC-7901 and BGC-823 cells (Fig. 3a-b).

In addition, we found that the combined treatment resulted in
an accumulation of nuclear 53BP1 foci, indicating an
accumulation of double strand breaks in these cells
(Fig. 3c). Next, we validated the interaction between
ROS generation and DNA damage in gastric cancer
cells. We found that inhibition of ROS production by
NAC significantly attenuated the accumulation of nucle-
ar 53BP1 foci and the expression of γH2A.X, indicating
that DNA damage occurred downstream of ROS production
(Fig. 3d-f).

Fig. 6 PL and oxaliplatin combination inhibits TrxR1 activity in
gastric cancer cells. a TrxR1 activity was measured in SGC-7901 and
BGC-823 cells after treatment with the combination of PL (4 μM) and
oxaliplatin (60 μM). b SGC-7901 and BGC-823 cells were treated with
PL or oxaliplatin alone or their combination at the indicated doses. At 2 h
after treatment xR1 activity was measured using an endpoint insulin
reduction assay. c-d SGC-7901 and BGC-823 cells were treated with
PL or oxaliplatin alone or their combination at the indicated doses. At
12 h after treatment the TrxR1 expression was determined by Western
blotting. e SGC-7901-vehicle or SGC-7901-TrxR1 cells were treated

with PL (4 μM) and oxaliplatin (60 μM) combination for 24 h, after
which apoptosis was determined by flow cytometry. The percentage of
apoptotic cells in the treatment groups was calculated. f SGC-7901-
vehicle or SGC-7901-TrxR1 cells were treated with PL (4 μM) and
oxaliplatin (60 μM) combination for 24 h, after which cell viability was
determined by MTT assay. g SGC-7901-vehicle or SGC-7901-TrxR1
cells were treated with PL (4 μM) and oxaliplatin (60 μM) combination
for 2 h, after which intracellular ROS levels were measured by flow
cytometry. Data represent similar results from three independent
experiments (* p < 0.05, ** p < 0.01)
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3.4 PL and oxaliplatin combination activates
ROS-mediated p38 and JNK signaling pathways

In response to ROS, the oxidized thioredoxin (Trx) form is
released and subsequently activates ASK1 to mediate apoptosis
via the p38 and JNK signaling pathways [32, 33]. Here, we
hypothesize that activation of p38 and JNK signaling pathways
contributes to gastric cancer cell apoptosis induced by the com-
bined treatment. Time-course results indicated that the combined
treatment indeed significantly activated the p38 and JNK signal-
ing pathways in both SGC-7901 and BGC-823 cells (Fig. 4a-b).
Furthermore, compared with PL or oxaliplatin treatment alone,
we found that the combined treatment resulted in more signifi-
cant increases in p38 and JNK phosphorylation levels in both

SGC-7901 and BGC-823 cells (Fig. 4c-f). To further validate
the involvement of the p38 and JNK signaling pathways in the
synergistic effect of PL and oxaliplatin, SGC-7901 and BGC-
823 cells were co-treated with PL and oxaliplatin after pretreat-
ment with a p38 inhibitor (BMS-582949) or a JNK inhibitor
(SP600125).We found that BMS-582949 or SP600125 partially
attenuated combined treatment-induced growth inhibition
and apoptosis in both SGC-7901 and BGC-823 cells
(Fig. 4g-h). Moreover, we found that pretreatment with
SP600125 and BMS-582949 significantly attenuated
combined treatment-induced cell death in both SGC-
7901 and BGC-823 cells, suggesting that activation of
the p38 and JNK signaling pathways is essential for the
combined treatment effect (Fig. S3A-S3B).

Fig. 7 PL and oxaliplatin combination inhibits SGC-7901 xenograft
tumor growth in vivo, accompanied by decreased TrxR1 activity. a-b
PL (4 mg/kg) and oxaliplatin (5 mg/kg) combined treatment significantly
decreased tumor volume and tumor weight (c) of SGC-7901 human
gastric cancer xenografts in nude mice. d Body weight of nude mice

during the experiment. e Levels of γH2A.X and p-JNK in tumor tissues
analyzed by immunohistochemistry. f Tumor tissues were lysed and
proteins were used to determine TrxR1 activity using an endpoint
insulin reduction assay. g MDA levels in the tumor tissues
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We next tested the connection between ROS accumulation
and activation of the p38 and JNK signaling pathways. We
found that pretreatment with NAC markedly reversed the com-
bined treatment-induced phosphorylation of p38 and JNK in
both SGC-7901 and BGC-823 cells (Fig. 5a-d). We also were
able to confirm these results in HCT116 cells (Fig. S4A-S4B).
Taken together, these results suggest that activation of the p38
and JNK signaling pathways is due to accumulation of intracel-
lular ROS in gastric cancer cells.

3.5 PL 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 intracellular ROS levels
may be increased when TrxR1 activity is inhibited [24, 34,
35]. To test whether TrxR1 is involved in the synergistic effect
observed, we measured TrxR1 activity after PL and oxaliplatin
co-treatment. Using an endpoint insulin reduction assay to quan-
tify inhibition of TrxR1 activity, we found that the PL and
oxaliplatin combination significantly inhibited the TrxR1 activity
in SGC-7901 and BGC-823 cells (Fig. 6a). Interestingly, we
found that the TrxR1 activity was also inhibited by oxaliplatin
and that the combined treatment exerted a stronger inhibitory
effect on TrxR1 activity than either PL or oxaliplatin alone in
both SGC-7901 and BGC-823 cells (Fig. 6b).Western blot anal-
ysis revealed that the expression level of TrxR1 did not signifi-
cantly change after treatment with PL or oxaliplatin alone or their
combination (Fig. 6c-d). To further validate the synergistic effect
on TrxR1 activity inhibition, a TrxR1-overexpressing cell line
(SGC-7901-TrxR1) was used. In doing so, we found that over-
expression of TrxR1 markedly rescued the combined treatment-
induced apoptosis, growth inhibition and ROS generation
(Fig. 6e-g). These results indicate that the effects of PL
and oxaliplatin to induce ROS and apoptosis are quan-
titatively linked to their ability to inhibit TrxR1 activity.

3.6 PL 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 SGC-7901 cells in
immunodeficient mice. After 17 days of treatment, we found
that 4 mg/kg PL or 5 mg/kg oxaliplatin effectively inhibited
the growth of SGC-7901 xenografts (Fig. 7a-c) and that the
combined treatment exhibited a stronger inhibitory effect
(Fig. 7a-c). Remarkably, we found that the administration of
oxaliplatin (5 mg/kg) resulted in a significant weight loss,
whereas the combined treatment was well-tolerated, suggest-
ing that PL can attenuate the side effects of oxaliplatin
(Fig. 7d). These results were confirmed using a subcutaneous
xenograft model of HCT116 cells in immunodeficient mice (Fig.
S5A-S5D). Mechanistically, we found by immunohistochemical

staining that the expression of γ-H2A.X and p-JNKwere signif-
icantly increased by the combined treatment (Fig. 7e).Moreover,
we measured the TrxR1 activity in tumor tissues using an end-
point insulin reduction assay, and found that the combined treat-
ment significantly decreased the activity of TrxR1 in the tumor
tissues (Fig. 7f). In addition, we found that the combined treat-
ment significantly increased the level of lipid peroxidation prod-
uct (MDA), a marker of ROS, in the tumor tissues (Fig. 7g).
Taken together, these results indicate that PL may synergize the
effect of oxaliplatin to inhibit in vivo tumor growth by inhibiting
TrxR1 activity, which is in accordance with the mechanism
observed in vitro.

4 Discussion

The use of conventional chemotherapeutic drugs, including
oxaliplatin, is limited due to toxicities and drug resistance.
Recently, the combination of naturally occurring compounds
with conventional chemotherapeutic drugs has gained atten-
tion [36, 37]. Here, we found that the combination of PL and
oxaliplatin resulted in a marked increase in cell death in gastric
cancer cells. This synergistic effect was found to occur pri-
marily through inhibition of TrxR1 activity and increased gen-
eration of intracellular ROS, upstream events of DNA damage
induction and p38 and JNK signaling pathway activation
(Fig. 8). In vivo, we found that PL combined with oxaliplatin
exhibited a synergistic inhibitory effect on gastric tumor
growth, and effectively reduced the activity of TrxR1 in tumor
tissues, which was consistent with the in vitro results.

Fig. 8 Schematic illustration of the main findings of the present study
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Remarkably, we found that PL attenuated the body weight
loss evoked by oxaliplatin treatment, indicating that the effect
of PL is cell-type dependent [38]. Elucidation of the underly-
ing mechanisms warrants further study.

Cancer cells usually generate and maintain higher ROS
levels compared to normal cells. Elevated ROS levels render
cancer cells more sensitive to agents that increase ROS gen-
eration [39, 40]. Therefore, stimulation of ROS is a potential
therapeutic strategy for cancer treatment. Numerous studies
have shown that elevation of ROS production in cancer cells
may lead to growth inhibition and apoptosis [29, 41]. Here, we
found that combined PL and oxaliplatin treatment resulted in
significant increases in ROS levels, and that pretreatment with
NAC fully reversed this combined treatment-induced effect,
suggesting that ROS play a critical role in the synergistic
effect of PL and oxaliplatin. In addition, oxaliplatin is known
to exert its cytotoxicity in cancer cells by inducing DNA dam-
age [42]. Here, we found that PL enhanced DNA damage
induced by oxaliplatin based on increases in nuclear 53BP1
foci and γH2A.X expression levels. Moreover, we found that
pretreatment with NAC significantly attenuated the accumu-
lation of nuclear 53BP1 foci and γH2A.X expression levels,
indicating that DNA damage occurred downstream of ROS
production. These results suggest that PLmay serve as a novel
agent to augment ROS production and to sensitize cancer cells
to chemotherapeutic drugs.

By inducing ROS generation and oxidative stress, we found
that the combined PL and oxaliplatin treatment concomitantly
activated the p38 and JNK signaling pathways, as indicated by
increased phosphorylation of both p38 and JNK. Moreover, we
found that BMS-582949 or SP600125 could partially attenuate
the combined treatment-induced cell growth inhibition and ap-
optosis, suggesting that activation of the p38 and JNK signaling
pathways is essential for the effect of the combined treatment.
In addition, we found that pretreatment with NAC markedly
reversed the combined treatment-induced phosphorylation of
p38 and JNK, suggesting that activation of the p38 and JNK
signaling pathways is due to accumulation of intracellular ROS.

Understanding the molecular mechanisms underlying the
antitumor effect of oxaliplatin may optimize the design of
oxaliplatin-based combination therapies, which may improve
its efficacy and minimize its adverse effects. Accumulating
evidence indicates that intracellular ROS levels may be in-
creased by TrxR1 inhibition [34, 43]. Accordingly, we found
that TrxR1 activity in gastric cancer cells was decreased after
combined PL and oxaliplatin treatment. Interestingly, we
found that the TrxR1 activity was also significantly inhibited
by oxaliplatin treatment, which is consistent with previous
observations [44]. Moreover, we found that overexpression
of TrxR1 significantly rescued the combined treatment-
induced ROS generation, cell growth inhibition and apoptosis,
suggesting that the synergistic effects of PL and oxaliplatin are
quantitatively linked to their ability to inhibit TrxR1 activity.

However, overexpression of TrxR1 did not completely rescue
the combined treatment effects, indicating that other proteins
such as GSTP1 and CBR1 may be involved in the synergistic
effect of PL and oxaliplatin [21, 45].

In conclusion, we found that PL enhanced the antitumor
effect of oxaliplatin by inhibiting TrxR1 activity, and showed
that the combined treatment induced apoptotic cell death
through ROS-mediated DNA damage and activation of the
p38 and JNK signaling pathways. These findings provide new
insights into the molecular mechanisms by which PL synergizes
with oxaliplatin, and suggest that such a combinatorial treatment
may become a more effective way to treat gastric cancer.
Administration of PL as a chemosensitizer to oxaliplatin in gas-
tric cancer warrants further consideration and clinical evaluation.
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