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Solamargine inhibits gastric cancer progression
via inactivation of STAT3/PD-L1 signaling
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Abstract. Gastric cancer (GC) is characterized by a high
mortality rate (70%) worldwide. Programmed cell death-1
and its ligand, programmed cell death ligand 1 (PD-L1),
are vital immune checkpoints, which serve a notable role
in GC. Solamargine, an extract from traditional Chinese
medicine Long Kui, exerts suppressive effects on several
types of cancer including cervical, lung and prostate cancer.
However, the association between solamargine and PD-L1
in GC remains unclear. Therefore, the present study aimed
to investigate the underlying mechanism of solamargine on
GC. Specifically, 5-ethynyl-2'-deoxyuridine and Transwell
assays were performed to assess GC cell proliferation, inva-
sion and migration. Additionally, GC cells (HGC-827 and
NCI-N87) were stimulated with 20 ng/ml recombinant human
IL-6 for 24 h, before the protein expression levels of PD-L1
were measured using western blot analysis. Furthermore,
T cell function was evaluated through incubation of Jurkat
T cells with solamargine. The results demonstrated that
solamargine could markedly inhibit GC cell proliferation,
migration and invasion, by inhibiting STAT3 signaling. In
addition, GC cell treatment with solamargine downregu-
lated the expression of PD-LI1. Furthermore, solamargine
reversed the IL-6-induced PD-L1 upregulation in GC cells
by downregulating STAT3 activity. Additionally, the results
demonstrated that solamargine inhibited IL-6-induced
PD-L1 upregulation of GC cells. This suggests that sola-
margine exerted an immunostimulatory activity in GC. In
conclusion, the present study indicated that solamargine may
inhibit the progression of GC by suppressing STAT3/PD-L1
signaling. Therefore, treatment with solamargine may serve
as novel strategy for the treatment of GC.
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Introduction

Gastric cancer (GC) is the fifth highest cause of tumor-associ-
ated mortalities worldwide (1). At present, the most common
treatment strategies for GC includes chemotherapy, surgery,
radiation, immunotherapy and target treatment such as trastu-
zumab (2). Despite advancements, the overall 5-year survival
rate of patients with advanced GC remains <30% (3.4),
therefore exploring the novel and effective strategies for the
treatment of GC is required.

Recently, traditional Chinese medicines have been
garnering attention as a prospect of tumor treatments due
to their immune-regulation functions, multiple targets and
fewer side effects (5). The traditional Chinese herb, Long Kui
(Solanum nigrum Linn), contains a number of steroidal alka-
loids and has been reported to exert various bioactive effects,
including antitumor and anti-inflammatory properties (6,7). In
particular, solamargine is an extract from Long Kui that has
been reported to confer antitumor properties in several types
of cancer, including cervical, lung and prostate cancer, in
addition to antiviral and anti-inflammatory properties (7-10).
However, to the best of our knowledge, the molecular mecha-
nism underlying the antitumor effects of solamargine has not
yet been elucidated.

T cell immunity serves a role in maintaining body homeo-
stasis by selectively eliminating pathogens and abnormal
cells (10). However, the uncontrolled hyperactivation of T
cells due to immune system disorder can destroy normal
cells (11). A previous study reported that programmed cell
death-1 (PD-1) and programmed cell death ligand 1 (PD-L1)
can maintain the regulation of T cell activities under normal
conditions, thereby preventing the development of autoim-
mune reactions (12). Furthermore, STAT3 is a modulator
in cancer and inflammatory responses (13,14). It has been
previously reported that STAT3 activation can promote
the progression of numerous types of cancer, including
GC, ovarian cancer and breast cancer (15,16). In addition,
other studies have demonstrated that STAT3 can promote
tumorigenesis by activating PD-L1 (17,18). Cancer cells
highly expressed PD-L1 and leading to T cell exhaust, which
has been documented to be responsible for cancer immune
escape, which impacts the efficacy of cancer therapy (19).
However, to the best of our knowledge, the possible asso-
ciation between solamargine and PD-L1/STAT3 signaling
remains to be elucidated. Therefore, the present study
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aimed to evaluate the mechanism underlying the effect of
solamargine on GC.

Material and methods

Cell culture. GC cell lines, NCI-N87 and HGC-27, and Jurkat
T cells were purchased from the American Type Culture
Collection. Cells were cultured in RPMI 1640 medium (Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS
(Gibco; Thermo Fisher Scientific, Inc.), 100 yg/ml streptomycin
and 100 ug/ml penicillin, in an incubator with 5% CO, at 37°C.
To evaluate the effect of solamargine (MedChemExpress)
on GC cells, GC cells were induced with 20 ng/ml IL-6
(MilliporeSigma) for 24 h at 37°C, and then treated with
10 uM solamargine for 48 h at 37°C.

Cell Counting Kit-8 (CCK-8) assay. For CCK-8 assays, a total
of 5x10° HGC-27 or NCI-N87 cells were seeded in culture
plates and incubated at 37°C overnight. Following treatment
with 5, 10 or 20 uM solamargine at 37°C for 48 h, cells were
then incubated with 10 ul CCK-8 reagent (Beyotime Institute
of Biotechnology) at room-temperature for 4 h. Subsequently,
the absorbance of each well was measured at OD450 using a
plate microreader (Thermo Fisher Scientific, Inc.).

Transwell assay. A total of 5x10* HGC-27 or NCI-N87 cells
were seeded into the upper chamber (serum-free RPMI 1640
medium) of the Transwell insert (3 xm, cat. no. 3414; Corning,
Inc.). For the invasion assay, the upper chamber was precoated
with 50 ul Matrigel for 3 h at 37°C. As for the migration
assay, the upper chamber was not precoated with Matrigel.
Following incubation for 12 h at 37°C, cells in the upper
chamber were removed and those in the lower chamber (10%
FBS RPMI 1640 medium) were fixed with 100% anhydrous
ethanol for 30 min at room temperature, followed by staining
with 1% crystal violet for 1 h at room temperature. The cells
were then counted under an inverted light microscope (Leica
Microsystems GmbH).

5-Ethynyl-2'-deoxyuridine (EAU) assay. Following incubation
overnight at 37°C, HGC-27 or NCI-N87 cells at a density of
4x10* were treated with 50 uM EdU solution (cat. no. C10338;
Thermo Fisher Scientific, Inc.) for 4 h at 37°C. Subsequently,
cells were fixed with 4% formaldehyde for 24 h at room
temperature, followed by permeabilization for 10 min in 0.5%
Triton X-100. Cells were then incubated with 100 ul Apollo
reaction cocktail (Guangzhou RiboBio Co., Ltd) for 30 min
at room temperature and DNA was stained with 100 ul/well
DAPI (Wuhan Servicebio Technology Co., Ltd.) for 30 min
at room temperature. The stained cells were observed using
a fluorescence microscope (magnification, x100). A total of
three random fields were selected and the Edu-positive cells
were counted.

Immunofluorescence staining. GC cells were seeded in
24-well plates. After treatments with 5 or 10 M solamargine
for 48 h at 37°C, cells were fixed with 4% paraformaldehyde
at room temperature for 15 min and permeabilized with 0.5%
Triton X-100 for 2 min at room temperature. After blocking
with 5% BSA (MilliporeSigma) for 2 h at room temperature, the

cells were then incubated with antibodies against phosphory-
lated (p)-STAT3 (1:200; cat. no. ab267373; Abcam), STAT3
(1:200; cat. no. ab68153; Abcam), cleaved caspase 3 (1:200;
cat. no. ab32042; Abcam) or caspase 3 (1:200; cat. no. ab32351;
Abcam) at 4°C overnight. Subsequently, cells were incubated
with the goat anti-rabbit IgG (conjugated to Alexa Fluor® 594)
secondary antibody (1:500; cat. no. ab150080; Abcam) for 1 h
at room temperature. The GC cells were stained with 500 ul
DAPI for 10 min at room temperature Finally, images of the
stained cells were captured using a confocal microscope (Carl
Zeiss AG).

Western blotting. Total protein was extracted from HGC-27
and NCI-N87 cells using RIPA buffer (Beyotime Institute of
Biotechnology) and protein concentration was quantified using
a BCA kit (Beyotime Institute of Biotechnology). Subsequently,
total proteins (20 pg/lane) were separated using SDS-PAGE on
a 10% gel and transferred onto PVDF membranes. Following
blocking with 5% non-fat milk at room temperature for 1 h,
the membranes were incubated with primary antibodies
against PD-L1 (1:1,000; Abcam; cat. no. ab228415), c-Myc
(1:1,000; Abcam; cat. no. ab32072) and p-actin (1:1,000;
Abcam; cat. no. ab8227) overnight at 4°C. Subsequently, the
membranes were incubated with the corresponding secondary
goat anti-rabbit antibody (1:5,000; cat. no. ab288151; Abcam)
at room temperature for 1 h. After which, the targeted proteins
were visualized using with ECL kit (Beyotime Institute of
Biotechnology). The Odyssey Imaging System (LI-COR Bio)
was used to scan membranes and the data were analyzed using
Odyssey version 2.0 software (LI-COR Bio).

TUNEL staining assay. HGC-27 or NCI-N87 cells were
seeded into 24-well plates. After treatments with 5 or 10 uM
solamargine for 48 h at 37°C, cells were fixed with 4% para-
formaldehyde at room temperature for 15 min, before being
permeabilized with 0.5% Triton X-100 for 2 min at room
temperature. Subsequently, apoptotic cells were stained for
1 h at 37°C using the One Step TUNEL Apoptosis Assay
kit (Beyotime Institute of Biotechnology). Cell nuclei were
stained with 100 ul/well DAPI (10 ug/ml; Wuhan Servicebio
Technology Co., Ltd.) for 30 min at room temperature Finally,
images of the positive apoptotic cells in three random fields
were captured using a confocal microscope (Carl Zeiss AG).

Flow cytometry analysis. Jurkat cells were stimulated with
anti-CD3/CD28 antibodies (1:100; Thermo Fisher Scientific,
Inc.; cat. no. 11161D) for 24 h at 37°C and then co-cultured with
NCI-N87 or HGC-27 cells pretreated with 10 M solamargine
for 48 h at 37°C. To isolate the Jurkat cells, 5x10° cells were
centrifuged for 2 min at 500 x g at 4°C and incubated with
APC anti-CD69 (dilution 1:100; Biolegend; cat. no. 985200)
for 30 min at room temperature in the dark, followed washing
with PBS for three times and centrifugation at 500 x g for
2 min at 4°C. The stained cells (HGC-27 or NCI-N87 cells)
were analyzed using flow cytometry (BD Biosciences). Flow.
JoX (version 10.0.7; FlowJo LLC) software was used for data
analysis.

Statistical analysis. All data are expressed as the mean =+ stan-
dard deviation. The results were analyzed using GraphPad
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Prism (version 7.0; Dotmatics). The differences between two
groups were assessed using an unpaired Student's t-test, whilst
those among multiple groups were compared using one-way
ANOVA, followed by Tukey's post hoc test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Solamargine reduces the proliferation ability of GC cells. To
investigate the effect of solamargine on GC, GC cells were
treated with 5, 10 or 20 #M solamargine for 48 h. It was demon-
strated that solamargine decreased the viability of NCI-N87
(Fig. 1A) and HGC-27 cells (Fig. 1B), with all concentrations of
solamargine significantly reducing the cell viability compared
with that in the control group. In addition, the percentage of
EdU-positive HGC-27 (Fig. 1C) and NCI-N87 cells (Fig. 1D)
was found to be significantly decreased after treatment with
5 and 10 yM solamargine compared with that in the control
group. These results suggest that solamargine can significantly
attenuate the viability and proliferation of GC cells.

Solamargine reduces the migration and invasion of GC
cells. Subsequently, to evaluate the effect of solamargine on
the migration and invasion of GC cells, Transwell assays
were performed. The results indicated that the migration of
NCI-N87 and HGC-27 cells were significantly decreased by
5 and 10 yM solamargine compared with that in the control
group (Fig. 2A). Furthermore, the invasion of NCI-N87 and
HGC-27 cells were also significantly reduced by 5 and 10 xM
solamargine compared with that in the control group (Fig. 2B).
Taken together, the aforementioned findings suggest that sola-
margine can reduce the migration and invasion of GC cells.

Solamargine promotes the apoptosis of GC cells through the
caspase 3 pathway. To assess the effect of solamargine on GC
cell apoptosis, a TUNEL staining assay was next performed.
Subsequently, 5 and 10 M solamargine was found to signifi-
cantly increase the percentage of TUNEL-positive NCI-N87
and HGC-27 cells compared with that in the control group
(Fig. 3A). Furthermore, the relative fluorescence intensity of
cleaved caspase 3 was significantly increased in 5 and 10 M
solamargine-treated NCI-N87 and HGC-27 cells (Fig. 3B).
This suggests that solamargine notably induced GC cell
apoptosis through the caspase-3 signaling pathway, which was
demonstrated by the relative increase in fluorescence intensity
of cleaved caspase 3.

Solamargine reverses the IL-6-induced activation of
STAT3/PD-LI signaling. To assess the effect of solamargine
on STAT3/PD-LI signaling, GC cells were treated with IL-6
before the expression levels of PD-L1 and c-Myc were inves-
tigated using western blotting. It was demonstrated that IL-6
significantly increased the protein levels of PD-L1 and c-Myc in
HGC-27 (Fig. 4A) and NCI-N87 cells (Fig. 4B) compared with
that in the control group. However, treatment with IL-6 and
5 or 10 uM solamargine significantly reversed this increased
protein expression levels of PD-L1 and c-Myc in HGC-27
(Fig. 4A) and NCI-N87 cells (Fig. 4B) compared with those
in the IL-6 treatment alone. Additionally, the IL-6-induced
upregulation of STAT3 phosphorylation in HGC-27 (Fig. 4C)
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and NCI-N87 cells (Fig. 4D) was reversed by 5 and 10 M sola-
margine treatment compared with that in the IL-6 treatment
alone group. This data suggest that solamargine can reverse
the IL-6-induced activation of STAT3/PD-L1 signaling.

Solamargine activation of T cells. A previous study reported
that PD-L1 upregulation can promote the escape of tumor
cells from the attack of T cells (20). Furthermore, the afore-
mentioned results of the present study demonstrated that
solamargine can reduce the protein expression levels of
PD-L1. Therefore, to investigate the effect of solamargine on
T cells, Jurkat T cells were stimulated with anti-CD3/CD28
antibodies. Subsequently, Jurkat T cells were co-cultured with
non-treated or solamargine-treated NCI-N87 or HGC-27 cells.
The results demonstrated that solamargine could increase the
expression of CD69 (T cell activation marker) in Jurkat T cells
(Fig. 5A and B). In summary, solamargine may activate T cells.

Discussion

The incidence of GC worldwide had increased by ~75% in
2023 (21). Therefore, the pathogenic mechanism of GC should
be determined. In the present study, the results demonstrated
that solamargine can reduce the migration and invasion of
GC cells. In addition, solamargine was found to reverse the
IL-6-induced PD-L1 and STAT3 phosphorylation upregula-
tion in GC cells, in addition to promoted T cell activation.
To the best of our knowledge, the present study was the first
to investigate the association between solamargine and T
cell activation. The results of the present study suggest that
solamargine may serve as a novel therapeutic agent in GC by
activation of T cells.

PD-L1 serves a role in immunotherapy, since PD-L1 down-
regulation enables T cells to recognize tumor cells (22,23).
The results of the present study demonstrated that solamargine
reduced the proliferation of GC cells and reduced the protein
expression levels of PD-L1. Traditional Chinese medicine
monomers have been previously documented to complement
the efficacy of immunotherapy for the treatment of malignant
tumors. A previous study by Yu et al (24) demonstrated that
the traditional Chinese medicine monomer ailanthone can
improve the therapeutic efficacy of anti-PD-L1 mAb (Bio
X Cell) in melanoma cells by inhibiting the c-Jun signaling
pathway. Additionally, another study by Liu et al (25) previ-
ously revealed that berberine can reduce PD-L1 expression
levels in non-small cell lung cancer cells and promote anti-
tumor immunity, thus inhibiting the deubiquitination activity
of CSNS5 and served as an immune checkpoint inhibitor.
Therefore, the anti-PD-L1 potential of monomers in GC cancer
treatment should be further investigated.

The results of the present study also suggested that
solamargine reduced the levels of STAT3 in GC cells.
Emerging evidence suggests that STAT3 activation can
promote tumorigenesis in several types of cancer, including
GC (26-28). Therefore, it was hypothesized that solamar-
gine can inhibit the tumorigenesis of GC by inactivating
the STAT3 signaling pathway. Furthermore, PD-L1 has
been previously shown to be positively regulated by STAT3
during cancer progression. Jiang et al (29) previously found
that tripartite motif-containing 29 can induce antitumor
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Figure 1. Solamargine significantly reduces the viability and proliferation of GC cells. GC cells were treated with 5, 10 or 20 M solamargine for 48 h. The
viability of (A) NCI-N87 and (B) HGC-27 cells was assessed using Cell Counting Kit-8 assays. The proliferation of (C) HGC-27 and (D) NCI-N87 cells was
investigated using EdU staining. Magnification, x200. “P<0.01 vs. Control. GC, gastric cancer; EdU, 5-ethynyl-2'-deoxyuridine.

immunity by downregulating STAT3 to inhibit the expres- revealed that pumiliol can increase the NPM3/NPM1 axis
sion levels of PD-L1 in GC. Additionally, Wang et al (30)  to promote PD-L1-mediated immune escape in GC. These
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Figure 2. Solamargine significantly reduces the migration and invasion of gastric cancer cells. (A) Migration and (B) invasion of NCI-N87 and HGC-27 cells
were investigated using Transwell assays. Magnification, x200. “P<0.01 vs. Control.
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staining. (B) Protein expression levels of cleaved caspase 3 were assessed using immunofluorescence staining. Cleaved caspase 3 expression was normalized
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Figure 4. Solamargine reverses the IL-6-induced activation of STAT3/PD-L1 signaling. GC cells were pretreated with 20 ng/ml IL-6 for 24 h, before being
co-cultured with Jurkat-T cells for 48 h. Subsequently, GC cells were collected for further analysis. The protein expression levels of c-Myc and PD-L1 in
(A) HGC-27 and (B) NCI-N87 cells were assessed using western blotting. Protein levels of p-STAT3 (normalized to STAT3) in (C) HGC-27 and (D) NCI-N87
cells were investigated using immunofluorescence staining. Magnification, x200. “P<0.01 vs. Control. “P<0.05 and #P<0.01 vs. IL-6 alone. p-, phosphorylated,;
PD-L1, programmed cell death ligand 1; GC, gastric cancer.
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Figure 5. Solamargine activation of T cells. Jurkat T cells were activated using stimulation with anti-CD3/CD28 antibodies and then co-cultured with
non-treated or 10 yM solamargine pretreated NCI-N87 or HGC-27 cells. Subsequently, the Jurkat T cells were collected. (A) Representative flow cytometry
histograms and (B) the MFI of CD69 in Jurka T cells assessed using flow cytometry. “P<0.01 vs.(-) Jurkat T cell only. #P<0.01 vs. NCI-N87 control. ""P<0.01
vs. HGC-27 control. MFI, mean fluorescence intensity. (-) Jurkat T cell indicates Jurkat T cell without CD3/CD28 stimulation.

aforementioned findings suggest that solamargine may However, the present study has a number of limitations.
increase the antitumor immunity during the progression of = The mechanisms underlying the effect of solamargine on GC
GC by inhibiting STAT3/PD-L1 signaling. requires further investigation. Additionally, in vivo studies are



required to verify the results of the present study. In addition,
solamargine in combination with other therapies including
chemotherapy or targeted therapy should be investigated in
future.

In summary, the present study indicated that solamargine
can inhibit GC cell proliferation and invasion by inactivating
the STAT3 and PD-L1 signaling pathways. This finding may
provide a novel theoretical basis for drug discovery for the
treatment of GC.
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