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ABSTRACT: Gastric cancer (GC) is the second leading cause of cancer
deaths around the world. Chemoresistance is an important reason for poor
prognosis of GC. Saikosaponin D (SSD) is a natural constituent from Radix
Bupleuri and exhibits various activities including antitumors. This study
investigated the effects and the mechanisms of SSD on cisplatin (cis-
diamminedichloroplatinum, DDP) sensitivity of GC cells. Findings
suggested that SSD could promote the inhibitory effect of DDP on
proliferation and invasion and increase DDP-induced apoptosis in SGC-
7901 and DDP-resistant cell line SGC-7901/DDP. We further identified that
SSD increased levels of LC3 B and cleaved caspase 3 and decreased levels of
p62, IKK β, p-IκB α, and NF-κB p65, suggesting that SSD might inhibit the
IKK β/NF-κB pathway and induce both cell autophagy and apoptosis in
SGC-7901 and SGC-7901/DDP. A further study indicated that SSD
enhanced the effect of DDP-induced cleaved caspase 3 level rise and NF-κB
pathway suppression, especially in SGC-7901/DDP cells. Conclusively, SSD enhanced DDP sensitivity of GC cells; the potential
molecular mechanisms were that SSD-induced apoptosis and autophagy and inhibited the IKK β/NF-κB pathway in GC cells. These
findings suggested that SSD might contribute to overcoming DDP resistance in GC treatment.

■ INTRODUCTION
Saikosaponin D (SSD) is an active constituent from the
traditional Chinese medicine Radix Bupleuri. SSD possesses
various specific pharmacological activities, such as anti-
inflammatory,1 antitumor,2 immunoregulation,3 anti-allergic,4

and anti-apoptosis activities.5 Interestingly, SSD was also
proved to significantly induce apoptosis and increase the
radiosensitivity of liver cancer cells and suppress the growth of
liver tumors.6,7 SSD might trigger autophagic death in liver
cancer cells via the AMPK−mTOR pathway.8 Additionally,
SSD could enhance chemosensitivity of cancer cells. For
example, SSD could enhance the sensitivity of human non-
small cell lung cancer cells to gefitinib by inhibiting the
STAT3/Bcl-2 signaling pathway.9 Zhang and colleagues found
that SSD suppressed the malignant phenotype of Hep3B cells
and increased their chemosensitivity in vitro and in vivo.10 Shi
et al. proved that SSD could enhance the sensitivity of MCF-7/
adriamycin cells toward adriamycin by down-regulating MDR1
and P-gp expression.11 To date, few literatures reported the
effects of SSD on gastric cancer (GC).
GC is the second most common cause of cancer deaths

around the world.12 The incidence of GC is higher in Eastern
Asia, European, and South America Countries than in North
America and Africa regions.13 According to statistics, in 70−
90% of cases, the chemotherapy is not effective enough, and
drug resistance occurs.14 The accepted mechanisms of
chemoresistance of tumor cells could be divided into two

categories: intrinsic and acquired resistance.15−17 Nevertheless,
the mechanisms of chemoresistance in GC, such as tumor
microenvironment characteristics,18 genetic and non-genetic
factors,19,20 and mutations in drug targets,21 are still poorly
understood. Recently, some natural compounds showed
activities of reducing drug-resistant of GC. For example, α-
hederin is one of the main components from Nigella sativa
seed, which is a common Chinese traditional medicine. Liu
and colleagues found that α-hederin might inhibit the
proliferation and induce the apoptosis of HGC-27/DDP cells
by increasing intracellular reactive oxygen species levels and
activating mitochondrial pathway.22 β-Elemene, which is a
natural novel plant-derived drug with anticancer activities,
showed inhibitory effects on the metastasis of SGC-7901/ADR
cells by modulating the miR-1323/Cbl-b/EGFR pathway.23

Cardamonin, a natural chalcone, might reduce 5-fluorouracil
resistance of GC cells by regulating Wnt/β-catenin pathway.24

In this study, we evaluated the effects of SSD on several GC
cell lines, including SGC-7901, MGC-803, and HGC-27. SGC-
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7901/DDP, the cisplatin (cis-diamminedichloroplatinum,
DDP)-resistant cellular model, was established using SGC-
7901 under elevated concentrations of DDP. The potential

molecular mechanisms of SSD enhancing DDP sensitivity of
SGC-7901/DDP were investigated. Additionally, the sensitivity
of SGC-7901/DDP cells to DDP was confirmed by the

Figure 1. SSD augments the inhibitory effect of DDP in DDP-sensitive MGC-803, HGC-27 and SGC-7901, and DDP-resistant SGC-7901/DDP
cells. Effects of DDP (A) and SSD (B) alone on proliferation of four GC cells were detected by 1-(4,5-demethylthiazol-2-yl)-3,5-
diphenyltetrazoliumbromide (MTT) assays. Effects of SSD on DDP-induced SGC-7901 (C) and SGC-7901/DDP (D) cell growth inhibition were
also determined by MTT assays. Photomicrographs of SGC-7901 (E) and SGC-7901/DDP (G) were shown, and the number of colonies per well
and average area of each colony were analyzed in SGC-7901 (F) and SGC-7901/DDP (H) cells. **p < 0.01, compared with control cells; #p <
0.05, ##p < 0.01, compared with DDP alone.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c01795
ACS Omega 2021, 6, 18745−18755

18746

https://pubs.acs.org/doi/10.1021/acsomega.1c01795?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01795?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01795?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01795?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


increased DDP-induced apoptosis in the presence of
cardamonin. We also confirmed that SSD could induce cell
autophagy of SGC-7901/DDP cells. Furthermore, we explored
the relationship between apoptosis and autophagy processes
induced by SSD.

■ RESULTS

SSD Strengthens the Inhibitory Effects of DDP on
Cell Proliferation. To examine the roles of SSD in GC DDP-
resistant and -sensitive cell lines, MGC-803, HGC-27 and
SGC-7901, and DDP-resistant cells SGC-7901/DDP were all
treated with different concentrations of SSD for 48 h. As
shown in Figure 1A, the most sensitive cell line to DDP was
SGC-7901, followed by MGC-803 and HGC-27, and SGC-
7901/DDP was the least sensitive. Subsequently, we exposed
all the cells above to different concentrations of SSD for 48 h,
and the results showed that SSD could reduce the cell growth
in a dose-dependent manner (Figure 1B). The efficacy of DDP
modulated by SSD against SGC-7901 and SGC-7901/DDP
cells are, respectively, shown in Figure 1C,D. Treatment with
SSD significantly enhanced the sensitivities of SGC-7901 and
SGC-7901/DDP to DDP in a dose- and time-dependent
manner. Additionally, 100 ng/mL DDP alone or combined
with 0.3125 μg/mL SSD could not affect cell growth of GES-1
for 24, 48, or 72 h. But coadministration of 2.5 μg/mL SSD
and 100 ng/mL DDP could suppress GES-1 viability (Figure
S1).
To further identify effects of SSD on DDP-induced growth

suppression of GC cells, colony formation assays were
conducted with SGC-7901 and SGC-7901/DDP cells after
treatment with SSD or/and DDP for 72 h. As shown in Figure
1E,F, DDP or SSD alone could significantly reduce the number
and the average area of cell colonies, but the combination of
DDP and SSD is more effective (SSD combinated with 5 ng/
mL DDP, p < 0.05; SSD combinated with 10 ng/mL DDP, p <
0.01). In SGC-7901/DDP cells, treatment with 100 ng/mL
DDP could decrease colony number, but 200 ng/mL DDP not.
However, 100 and 200 ng/mL DDP could both inhibit the
colony area, especially the high concentration. Few cell

colonies grew when DDP and SSD were combined (Figure
1G,H).

SSD Inhibits GC Cell Invasion and Migration. To
investigate the effects of SSD on DDP-induced invasion and
migration suppression of GC cells, the Boyden chamber assay
and wound-healing assays were performed in vitro. In order to
avoid the adverse effects of too many dead cells on the invasion
and migration assay, low concentrations of SSD or DDP were
used to treat the cells. As shown in Figure 2A, DDP or SSD
alone could inhibit invasion of SGC-7901 (**p < 0.01), and
SSD further increased DDP-induced invasion suppression (##p
< 0.01). The similar results were observed in SGC-7901/DDP
cells (Figure 2B), too. Additionally, DDP combined with SSD
could also inhibit cell migration of SGC-7901 and SGC-7901/
DDP more significantly than DDP or SSD alone did (Figure
S2).

SSD Increases DDP-Induced Cell Apoptosis. To clarify
the effects of SSD on DDP-induced cell apoptosis, double dyes
of Annexin V-FITC and propidium iodide were used to stain
the apoptotic cells. As illustrated in Figure 3A, DDP (100 ng/
mL) could clearly induce SGC-7901 apoptosis (##p < 0.01)
and SSD significantly strengthened the apoptosis-inducing
effect of DDP (**p < 0.01). Similar results were also observed
in SGC-7901/DDP (Figure 3B).
To confirm the FACS results, TdT-UTP nick end labeling

(TUNEL) assay was performed. As shown in Figure 3C, most
nuclei were stained as a discernible brown in the treatment
groups with DDP combined with SSD (Figure 3C,D),
compared with the control group.

SSD Alone Modulates Expression of Apoptosis-
Related Proteins. Since high concentration of DDP or SSD
would weaken the cell adhesion capability and affect the cell
harvest rate and protein extraction rate, so low concentrations
were selected to treat SGC-7901 and SGC-7901/DDP cells.
Expressions of apoptosis-related proteins were determined by
Western blot. Cleaved caspase 3 was up-regulated remarkably
by SSD in SGC-7901 (Figure 4A,B) and SGC-7901/DDP
(Figure 4E,F) cells. These results partly reveal the cause of
SSD enhancing DDP-induced GC cell apoptosis. Additionally,

Figure 2. SSD increased DDP-induced invasion suppression. The Boyden chamber assay in SGC-7901 (A) and SGC-7901/DDP (B). Cells that
crossed the membrane were monitored by microscopy and counted. *p < 0.05, and **p < 0.01, compared with the control group; #p < 0.05, and
##p < 0.01, compared with the group treated with DDP alone.
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expressions of IKK β, one of the phosphorylase subunits of
IκB, and its downstream protein NF-κB p65 were both
suppressed by SSD in SGC-7901 (Figure 4A,D) and SGC-
7901/DDP (Figure 4E,H) cells. Accordingly, the phosphor-
ylation level of IκB α, one of the inhibitors of NF-κB, was also
decreased in SGC-7901 (Figure 4A,C) and SGC-7901/DDP
(Figure 4E,G) cells. These results indicated that SSD might
inhibit the NF-κB pathway, and it may be part of the reason
why SSD suppresses GC cell proliferation.
To further identify effects of SSD on cell apoptosis,

bafilomycin A1, an inhibitor of late-stage autophagy was used
to treat SGC-7901 and SGC-7901/DDP in the presence or
absence of SSD. As shown in Figure 5, levels of cleaved caspase
3 were still increased in both SGC-7901 (Figure 5A,D) and
SGC-7901/DDP (Figure 5E,H) cells. In addition, levels of p-
IκB α and IKK β were still suppressed by SSD in the two cells
above and not affected by bafilomycin A1. Interestingly, the
expression level of p62 in SGC-7901 cells showed an initial
decrease followed by a rise change with increasing bafilomycin
A1 concentration (Figure 5A,B). However, bafilomycin A1
upregulated p62 expression significantly in SGC-7901/DDP
cells (Figure 5E,F). Besides, levels of LC3 B in both SGC-7901

and SGC-7901/DDP were clearly increased at the presence of
bafilomycin A1. Increasing evidence has shown that
bafilomycin A1 could hinder the degradation of p6225,26 and
potentially elevate LC3 B accumulation.27,28 These were
consistent with the results above. Therefore, p62 degradation
was inhibited in SGC-7901 and SGC-7901/DDP cells,
indicating that bafilomycin A1 had suppressed cell autophagy
effectively. In conclusion, SSD could induce gastric cell
apoptosis.

SSD Alone Modulates Expression of Autophagy-
Related Proteins. The level of LC3 B, indicators of
autophagy, was increased by SSD in a dose-dependent manner
both in SGC-7901 (Figure 4A,D) and SGC-7901/DDP
(Figure 4E,H) cells. Furthermore, as shown in Figure 4I,
decreased protein levels of p62, at least over the first 4 h of
exposure, were observed in SGC-7901 (Figure 4I,J). And the
p62 expression was suppressed over 24 h in SGC-7901/DDP
(Figure 4K,L). These results suggest that SSD might induce
autophagic flux.
To further identify whether cell apoptosis affected SSD-

induced autophagy, SGC-7901 and SGC-7901/DDP were
treated with Z-VAD-FMK, a pan-caspase inhibitor, in the

Figure 3. Effects of DDP combined with SSD on apoptosis of SGC-7901 and SGC-7901/DDP cells. (A) Flow cytometric analysis for cell apoptosis
in SGC-7901 cells; (B) flow cytometric analysis for cell apoptosis in SGC-7901/DDP cells. **p < 0.01, compared with control; #p < 0.05, ##p <
0.01, compared with DDP alone. (C,D) TUNEL assay of DDP or/and SSD in SGC-7901 or SGC-7901/DDP cells for 48 h.
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presence or absence of SSD. Levels of LC3 B were still
increased by SSD, and expressions of p62 still decreased in
both SGC-7901 (Figure 6A,B) and SGC-7901/DDP (Figure
6E,F) cells. Levels of p-IκB α were still down-regulated by SSD
and not affected by Z-VAD-FMK (Figure 6A,C,E,G). As a
control, cleaved caspase 3 was also detected, and its levels were
up-regulated by SSD in the absence of Z-VAD-FMK. Once Z-

VAD-FMK involved, levels of cleaved caspase 3 extremely
decreased, indicating the Z-VAD-FMK working well.

Combination of SSD and DDP Promotes Cell
Apoptosis and Autophagy in GC Cells. To investigate
the effects of the combination of SSD and DDP on GC cells,
several apoptosis- and autophagy-related proteins were
detected by Western blot. DDP alone could not affect the
expressions of LC3 B and p62 in SGC-7901 (Figure 7A,D), as

Figure 4. SSD alone increased expressions of several apoptosis- and autophagy-related proteins. SGC-7901 (A) and SGC-7901/DDP cells (E) were
treated with SSD at the indicated concentrations for 48 h, and the expression levels of proteins were detected by Western blot. Lanes of Western
blot were measured by the densitometer. Level of cleaved caspase 3 was normalized to the level of pro-caspase 3 in SGC-7901 (B) and SGC-7901/
DDP (F), respectively. Expression of p-IκB α was normalized to the expression of total IκB α in SGC-7901 (C) and SGC-7901/DDP (G),
respectively. Levels of LC3 B, IKK β, and NF-κB p65 were normalized to β-actin levels in SGC-7901 (D) and SGC-7901/DDP (H), respectively.
SGC-7901 (I) and SGC-7901/DDP (K) cells were treated with SSD at a concentration of 2.5 and 5 μg/mL, respectively, for the indicated time.
Western blot images were quantified by densitometric analysis, and levels of p62 were normalized to β-actin levels in SGC-7901 (J) and SGC-
7901/DDP (L), respectively. *p < 0.05, **p < 0.01, compared with control.
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well as in SGC-7901/DDP (Figure 7E,H). But once SSD
involved, the level of LC3 B increased, while that of p62
decreased in the cells above. The results suggested that SSD
indeed induced GC cell autophagy, but DDP alone did not.
DDP-induced expression suppressions of p-IκB (Figure

7C,G), IKK β, and NF-κB p65 (Figure 7A,D,E,H) were all
promoted by SSD. The results indicated that combination of
SSD and DDP could more effectively inhibit NF-κB pathway
activities than SSD or DDP alone did. Furthermore, SSD
enhanced the effect of DDP-induced protein level rise of
cleaved caspase 3 both in SGC-7901 (Figure 7A,B) and SGC-
7901/DDP (Figure 7E,F) cells.

■ DISCUSSION

GC is a high-recurrence-rate tumor. The NF-κB pathway is a
key step of many aberrantly expressed proteins with tumor-
promoting or -suppressing properties promoting the pathology
of GC. For instance, NF-κB could affect expressions of a
number of genes including cyclin D1 and COX-2,29 and levels
of VEGF and E-cadherin indirectly in GC.30,31 Hence, NF-κB
might be a useful therapeutic target contributing to conven-
tional therapy and avoiding drug-tolerance in GC patients.
Parthenolide was proved to inhibit NF-κB effectively and then
suppress GC cell growth in vitro and in vivo.32 Some natural

components such as resveratrol and curcumin have showed
inhibitory effects of NF-κB activities and exhibited anti-tumor
properties.33−36 In this study, we found SSD decreased the
NF-κB p65 expression (Figure 4), especially when SSD and
DDP were combined (Figure 7). The results imply that NF-κB
might be the potential target for SSD to inhibit GC cell
proliferation and migration and promote DDP sensitivity of
SGC-7901/DDP cells. However, how SSD affects downstream
factors of NF-κB needs further confirmation.
Autophagy is a critical process involved in various cellular

processes, such as cell survival, proliferation, differentiation and
so on. Dysregulation of autophagy has been reported in the
occurrence of multiple diseases, including cancer. Regulation
of SSD on autophagy is quite diverse in different conditions.
Wang et al. showed that SSD could increase LC3 B levels and
induce autophagic cell death in apoptosis-defective cell8. Wang
and colleagues found SSD-induced LC3 puncta formation in
U2OS cells.37 SSD was also proved to increase autophagy
puncta formation in ADPKD cells.38 However, in the case of
EV-A71 virus infection, SSD may play a cytoprotective role by
inhibiting autophagy.39 In another study, authors also found
that SSD suppressed pancreatic stellate cell autophagy via the
PI3K/Akt/mTOR pathway to prevent pancreatic fibrosis.40

Here, we found that SSD increased LC3 B levels in SGC-7901

Figure 5. SSD induced autophagy-independent apoptosis. SGC-7901 (A) and SGC-7901/DDP (E) cells were treated by bafilomycin A1 at the
indicated concentrations in the presence or absence of SSD, and several apoptosis- and autophagy-related proteins were detected by Western blot.
Levels of LC3 B, p62, and IKK β were normalized to β-actin levels in SGC-7901 (B) and SGC-7901/DDP (F), respectively. Expression of p-IκB α
was normalized to the expression of total IκB α in SGC-7901 (C) and SGC-7901/DDP (G), respectively. Level of cleaved caspase 3 was
normalized to the level of pro-caspase 3 in SGC-7901 (D) and SGC-7901/DDP (H), respectively. *p < 0.05, **p < 0.01, compared with control.
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and SGC-7901/DDP cells (Figures 4−7). Accordingly, levels
of p62 in these two cells were extremely decreased by SSD in
the absence of bafilomycin A1 (Figures 4, 6, and 7). Thus, we
believe that SSD induces autophagy in SGC-7901 and SGC-
7901/DDP cells.
However, autophagy’s roles are very complicated in cancer.

Usually, a physiological level of autophagy contributes to
cellular survival responding to various adverse conditions, such
as starvation, mitochondrial damage, and pathogen infec-
tion.41−43 Excessive level of autophagy was proved related to
cell death.44 For example, autophagy may promote Fas-
induced but not TRAIL-induced apoptosis.45 Yin and
colleagues identified that withaferin-A inhibited cell growth
of cisplatin-resistant human oral cancer cells by inducing both
apoptosis and autophagic cell death via the MAPK/RAS/RAF
pathway.46 In this study, we proved that SSD could increase
LC3 B levels and decrease p62 levels in the presence of caspase
inhibitor Z-VAD-FMK (Figure 6). Considering that SSD could
induce cell apoptosis and enhance DDP-induced apoptosis
(Figure 4), we speculated that SSD might trigger autophagic
cell death in GC cells. But, more evidence is needed to identify
this hypothesis.

■ CONCLUSIONS
In summary, SSD inhibited GC cell proliferation and
migration, induced apoptosis and autophagy. Furthermore,
SSD enhanced DDP-induced proliferation and migration
suppression and apoptosis. The potential molecular mecha-
nism might be that SSD inhibited IKK β/NF-κB signaling in
GC cells.

■ MATERIALS AND METHODS
Reagents. SSD [≥95%, high-performance liquid chroma-

tography (HPLC)] was purchased from Sigma-Aldrich (St.
Louis, MO, USA), with a molecular formula of C42H68O13 and
molecular weight of 780.98. DDP [Pt(NH3)2Cl2, ≥99.9%],
MTT (98%), mitomycin C (pharmaceutical primary standard),
bafilomycin A1 (≥90%, HPLC), and Z-VAD-FMK (≥98%,
HPLC) were all purchased from Sigma-Aldrich (St. Louis,
MO, USA).

Cell Culture. To access the effects of SSD on GC, the
human gastric epithelial cell line GES-1 and three typical GC
cell lines MGC-803, HGC-27, and SGC-7901 were selected.
Both MGC-803 and SGC-7901 are poorly differentiated GC
cell lines and HGC-27 is an undifferentiated cell line. Both

Figure 6. Apoptosis suppression did not affect the expression regulation of SSD on autophagy-related proteins. SGC-7901 (A) and SGC-7901/
DDP (E) cells were treated by Z-VAD-FMK at the indicated concentrations in the presence or absence of SSD, and several apoptosis- and
autophagy-related proteins were detected by Western blot. Levels of LC3 B, p62, and IKK β were normalized to β-actin levels in SGC-7901 (B)
and SGC-7901/DDP (F), respectively. Expression of p-IκB α was normalized to the expression of total IκB α in SGC-7901 (C) and SGC-7901/
DDP (G), respectively. Level of cleaved caspase 3 was normalized to the level of pro-caspase 3 in SGC-7901 (D) and SGC-7901/DDP (H),
respectively. *p < 0.05, **p < 0.01, compared with control.
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SGC-7901 and HGC-27 were derived from lymph node
metastasis. The cell lines above were all purchased from the
Cell Bank of Type Culture Collection of Chinese Academy of
Sciences (Shanghai, China). All the GC cells were cultured in
RPMI 1640 (Gibco, USA) supplemented with 10% fetal
bovine serum (Gibco, USA). SGC-7901/DDP (#GF466) was
obtained from GeFan Biotech (Shanghai, China) and
maintained in RPMI 1640 (Gibco, USA) containing 10%
fetal bovine serum and 1000 ng/mL DDP. GES-1 cells were
growing in Dulbecco’s modified Eagle’s medium (Gibco, USA)
containing 10% fetal bovine serum. To avoid contamination,
all cell culture media were supplemented with 100 μg/mL
streptomycin and 100 U/mL penicillin.
MTT Assay. Cells (5 × 103 cells/well) were seeded in 96-

well culture plates and incubated overnight. DDP or SSD was
added in the medium at the indicated concentrations for 24,
48, or 72 h. Then, MTT solution (5 mg/mL) was added to
each well at a volume ratio of 1/10 and incubated for another 4
h at 37 °C. The supernatant was discarded, and 150 μL of
dimethyl sulfoxide (Sigma) was added to dissolve the
precipitate. Absorbance at 570 nm was measured by

SpectraMax M2 Multimode Microplate Readers (Molecular
Devices, USA).

Colony Formation Assay. After treating with DDP or/
and SSD for 48 h, a total of 500 cells were seeded in each well
of a 12-well plate and incubated in media for 10 days. Cells
were fixed with 4% paraformaldehyde at room temperature,
followed by staining with crystal violet for 15 min. Colony
numbers were calculated using Image-Pro Plus 6.0.

Wound-Healing Assay. Cells were seeded in a 12-well
culture plate and grown to 80% of confluence. Then, the plate
was scratched across the surface of the cell monolayer with a
sterile pipette tip after the treatment with 0.5 μM mitomycin
C, an inhibitor of cell proliferation, for 1 h. Immediately after
wounding (0 h), and up to 12 and 24 h, wounds were captured
in five different fields by phase-contrast microscopy. The
wound width was compared with the initial width at 0 h time
point in the different fields.

Boyden Chamber Assay. Standard 24-well chemotaxis
chambers (Millipore, USA) were used in this study. The upper
chamber wells, of which the bottom was coated with Matrigel,
were filled with cultures of cells with or without a 48 h pre-

Figure 7. Effects of DDP combined with SSD on expressions of apoptosis- and autophagy-related proteins in GC cells. Protein levels in SGC-7901
(A) and SGC-7901/DDP (E) cells were analyzed by Western blots. Lanes were measured by a densitometer. Level of cleaved caspase 3 was
normalized to the level of pro-caspase 3 in SGC-7901 (B) and SGC-7901/DDP (F), respectively. Expression of p-IκB α was normalized to the
expression of total IκB α in SGC-7901 (C) and SGC-7901/DDP (G), respectively. Levels of LC3 B, p62, IKK β, and NF-κB p65 were normalized
to β-actin levels in SGC-7901 (D) and SGC-7901/DDP (H), respectively. β-Actin was used as an internal control. *p < 0.05, **p < 0.01, compared
with control; #p < 0.05, ##p < 0.01, compared with DDP alone.
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treatment with SSD or/and DDP at indicated concentrations.
After incubation at 37 °C for 12 h, the cells on the upper
surface that did not invade were wiped off with a cotton swab.
The cells that crossed the membrane were fixed with methanol,
stained with 0.1% crystal violet for 10 min, and then
photographed using an optical microscope (Olympus, Japan).
Cell Apoptosis Assay. Cells (5 × 105 cells/well) were

seeded in Φ 35 mm plates and then treated with different
concentrations of SSD or DDP. After incubation for 48 h, cells
were harvested and washed twice with ice-cold 1× phosphate-
buffered saline (PBS). Apoptosis-mediated cell death was
analyzed with a FITC-Annexin V Apoptosis Detection Kit
according to the manufacturer’s instructions. Data analysis was
carried out using FACScan flow cytometry (BD, USA).
TUNEL Assay. The TUNEL assay kit (Beyotime, China)

was used to access cell apoptosis. Cells treated with SSD or/
and DDP for 48 h were washed with PBS and fixed with 4%
paraformaldehyde for 30 min. After washing once with PBS,
cells were incubated in PBS containing 0.3% Triton X-100 for
5 min at room temperature. And then, cells were washed again
followed by incubation in 0.3% H2O2 with PBS for 20 min at
room temperature. Thereafter, according to the instructions,
biotin-labeled solution was added, and cells were incubated in
dark at 37 °C for 60 min. Then, labeled reaction termination
solution was added, and cells were incubated at room
temperature for 10 min. After PBS washing thrice, streptavidin
horseradish peroxidase (HRP) solution was added, and cells
were incubated at room temperature for 10 min. After washing
with PBS thrice again, DAB was added and cells were
incubated at room temperature for 30 min. Cells were imaged
under an optical microscope (Olympus, Japan).
Western Blot. Cells were washed twice with ice-cold 1×

PBS and lysed with RIPA lysis buffer containing 1 mM
phenylmethylsulfonyl fluoride, 1 μg/mL aprotinin, 1 μg/mL
leupeptin, and 1 μg/mL pepstatin for 30 min on ice. The
whole cell lysates were centrifuged at 12,000g for 15 min at 4
°C, and then, total protein concentration was determined using
a BCA Protein Assay Kit (Solarbio, China). The protein
samples were electrophoresed in 12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred to poly-
(vinylidene difluoride) membranes. After blocked with 5%
non-fat dry milk in PBS-T for 1 h at room temperature, the
membrane was incubated with the primary antibody overnight.
After three 10 min washes in PBS-T, the membranes were
incubated with HRP-conjugated secondary antibodies for 1 h
at room temperature. After another three 10 min washes in
PBS-T, immunoreactive proteins were detected with ECL
Western blotting analysis system (Solarbio, China) and
captured using ImageQuant LAS 500 imager (GE, USA).
The primary antibodies used were as follows: rabbit anti-

LC3 A/B (Cell Signaling Technology, USA), rabbit anti-p62
(Abcam, USA), rabbit anti-IKK β (Abcam, USA), rabbit anti-
IκB α (Abcam, USA), rabbit anti-p-IκB α (Cell Signaling
Technology, USA), mouse anti-β-actin (Santa Cruz, USA),
rabbit anti-NF-κB p65 (Abcam, USA), mouse anti-caspase 3
(Santa Cruz, USA), and rabbit anti-cleaved caspase 3 (Abcam,
USA).
Statistical Analysis. If not otherwise indicated, data were

obtained from three independent experiments. Mean values
were calculated and used for analysis of standard deviation or
standard error. Statistical analyses were performed using the
Student’s two-tailed t-tests. p-Values < 0.05 were considered as

statistically significant. Data analysis was performed with Prism
5.0 software (GraphPad, USA).
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