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Abstract. Platycodin D (PD) is a triterpenoid saponin
that exists in the roots of Platycodonis. It exhibits evident
growth inhibitory effects and potent cytotoxicity against
multiple types of cancer. Gallbladder cancer (GBC) is the
most common malignant disease of the biliary tract system.
Patients with GBC usually have limited available treatment
strategies and a poor prognosis. The present study inves-
tigated the antitumor effects of PD on human GBC cells
in vitro and its underlying molecular mechanisms of action.
The results indicated that PD, as assessed using MTT and
colony forming assays, induced evident growth inhibition.
Flow cytometry indicated that PD robustly induced apoptosis
and blocked GBC cells at the G,/M phase. Cell migration
and invasion assays demonstrated that PD effectively inhib-
ited the migratory and invasive abilities of GBC cell lines.
Western blotting indicated that PD may initiate mitochon-
drial destruction in GBC cells through the JNK signaling
pathway, thereby inducing apoptosis. The present results
indicated that PD may exhibit antitumor effects by inducing
apoptosis; inhibiting migration and invasion; and affecting
the cell cycle in GBC cells. Therefore, PD has the potential to
become a novel antitumor drug for GBC therapy.
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Introduction

Gallbladder cancer (GBC) has the highest incidence among
malignant tumors of the biliary tract system, ranking fifth
among the common malignant diseases of the digestive system
worldwide (1), with an age-standardized rate (ASR) of ~2.2 per
100,000 in 2012 (2). Due to the difficulty of early diagnosis,
rapid invasion and metastasis are common, while treatment
strategies are limited, resulting in patients with GBC having a
poor prognosis (3,4). Therefore, the development of an effec-
tive agent that can prolong the survival of patients with GBC is
urgently required. There is a long history of the use of plants
to treat cancer. Studies have revealed a vast chemical diversity
in numerous plants, which remain a notable source of anti-
tumor drugs (5-8). Platycodin D (PD; Fig. 1) is a triterpenoid
saponin extracted from Platycodonis (9). Previous studies have
revealed that PD is a promising anticancer compound that can
inhibit various cancer cell lines, including prostate cancer (10),
glioma (11), leukemia (12), liver cancer (13), breast cancer (14)
and gastric carcinoma (15), through various mechanisms
including proliferation and metastasis inhibition (16,17), apop-
tosis induction (10), cell cycle arrest (12) and autophagy (18).
However, the effect of PD on GBC cell lines remains unknown.
Therefore, the present study aimed to explore the antitumor
activity of PD on GBC cells and to determine its potential
molecular mechanisms of action, with the goal of providing a
promising drug for the future treatment of GBC.

Materials and methods

Chemicals andreagents.PD (>98%,PubChem CID:132399081)
was purchased from Shanghai Yuanye Biotechnology Co., Ltd.
It was dissolved in PBS to obtain a stock solution (100 gzmol/l),
then stored at -20°C. MTT and Hoechst 33342 were purchased
from Sigma-Aldrich; Merck KGaA. FITC Annexin V
Apoptosis Detection kit I was purchased from BD Biosciences.
Primary antibodies against cleaved caspase-9 (1:1,000;
cat. no. 9505), cleaved caspase-3 (1:1,000; cat. no. 9661), Bax
(1:1,000; cat. no. 5023), Bcl-2 (1:1,000; cat. no. 4223), SAPK
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(stress-activated protein kinase)/JNK (1:1,000; cat. no. 9252),
phosphorylated-SAPK/INK (p-JNK; 1:1,000; cat. no. 9251),
matrix metalloproteinase (MMP)-2 (1:1,000; cat. no. 8§7809),
MMP-9 (1:1,000; cat. no. 3852), cyclin B1 (1:1,000;
cat. no. 4138), cytochrome ¢ (1:1,000; cat. no. 4272) and
B-tubulin (1:1,000; cat. no. 2146), and all secondary antibodies
(1:1,000; cat. no. 7074) were purchased from Cell Signaling
Technology, Inc. The same secondary antibody was used for
all primary antibodies. The antibody against cyclin-dependent
kinase 1 (CDK1; 1:1,000; cat. no. ab133327) was purchased
from Abcam.

Cell lines and cell culture. The human GBC NOZ, GBC-SD
and SGC-996 cell lines were obtained from the The Cell
Bank of Type Culture Collection of the Chinese Academy of
Sciences. The cells were maintained in DMEM supplemented
with 10% FBS (both Gibco; Thermo Fisher Scientific, Inc.),
100 pg/ml streptomycin and 100 U/ml penicillin. All cells were
cultured at 37°C in a humidified atmosphere with 5% CO,.

MTT assay. GBC cells were added into 96-well plates at a
density of 2x10° cells/well and cultured overnight at 37°C and
5% CO,. Subsequently, different concentrations of PD (0, 5, 10,
15, 20 and 25 umol/l) were added to each well, and the cells
were cultured for 24, 48 or 72 h, separately. MTT (5 mg/ml)
solution was added to the wells (10 ul/well) and incubated
at 37°C for 4 h. The culture medium was then replaced with
DMSO (100 ul/well) to dissolve the purple formazan and a
microplate reader (BioTek Instruments, Inc.) was used to
measure the absorbance at 490 nm.

Colony forming assay. NOZ and GBC-SD cells were collected
and counted manually. A total of 600 cells/well were added
into 6-well plates (Corning Inc.). Subsequently, PD at different
concentrations (0, 5, 10 and 15 pgmol/l) was used to treat the
cells. The cells were treated for ~14 days. After treatment, the
cells were fixed with 4% paraformaldehyde for 15 min and
stained with 0.1% crystal violet (Sigma-Aldrich; Merck KGaA)
for 15 min at room temperature. All colonies with >50 cells
were recorded manually with a fluorescence microscope
(magnification x40; Leica Microsystems GmbH).

Cell apoptosis assay. NOZ and GBC-SD cells were cultured
with PD at various concentrations (0, 5, 10 and 15 gmol/l)
for 48 h at 37°C and 5% CO,. After culturing, the cells were
collected and washed with PBS. Next, the cells were diluted
to the appropriate density (10° cells/ml) using a Annexin V
binding buffer (BD Biosciences). The cell suspension
(200 ul) was gently mixed with Annexin V-FITC (5 ul)
(BD Biosciences) and PI (5 ul) (BD Biosciences) and incubated
for 15 min in the dark at room temperature, these were a part
of the kit mentioned earlier and were used according to the
manufacturer's protocol. Subsequently, 300 ul of the binding
buffer was added. Flow cytometry using a BD FACSCanto II
(BD Biosciences) was used to analyze the sample within 1 h
and BD FACSDiva Software v6.1.3 (BD Biosciences) was
used to analyze the results.

Hoechst 33342 staining. NOZ and GBC-SD cells were added
into 12-well plates and incubated overnight at 37°C and

Figure 1. Chemical structure of Platycodin D.

5% CO,. Subsequently, PD at 0, 5, 10 and 15 gmol/l was added
to the wells, and the plates were incubated for 48 h at 37°C
and 5% CO,. After treatment, the cells were stained with
Hoechst 33342 for 30 min in the dark at 37°C and then washed
with PBS. The cells were observed using a fluorescence micro-
scope (magnification, x200; Leica Microsystems GmbH).

Mito-Tracker green staining. NOZ and GBC-SD cells were
treated with different concentrations (0, 5, 10 and 15 gmol/l)
of PD for 48 h at 37°C and 5% CO,. Subsequently, the cells
were stained with Mito-Tracker green (Beyotime Institute
of Biotechnology) at 37°C for 30 min in the dark. The cells
were observed using a fluorescence microscope (magnifica-
tion x100; Leica Microsystems GmbH).

Cell migration and invasion assay. Transwell plates with
24 wells (Corning Inc.) were used to perform cell migration
and invasion assays. The upper chambers with or without
Matrigel® (1 mg/ml) were dried at 37°C for 30 min. NOZ and
GBC-SD cells treated with PD (0, 5, 10 and 15 ymol/l) for 48 h
were collected and diluted in serum-free DMEM at a density
of 2x10° cells/ml. Subsequently, 100 pl of the cell suspension
was added to the upper chambers. Simultaneously, 500 ul of
DMEM supplemented with 10% FBS was added to the lower
chambers. After 24 h, the cells on top of the membrane were
removed using a cotton swab. The cells on the lower membrane
were fixed with 4% paraformaldehyde for 15 min at room
temperature, stained with crystal violet for 15 min at room
temperature, and observed using a phase-contrast microscope
(magnification, x100; Olympus Corporation). Five fields of
vision were randomly selected per well.

Cell cycle analysis. For cell cycle analysis, the Cell Cycle
and Apoptosis Analysis kit was used (Beyotime Institute of
Biotechnology). NOZ and GBC-SD cells were seeded into
6-well plates and incubated overnight at 37°C and 5% CO,.
The supernatant was replaced with different concentrations
(0, 5, 10 and 15 gmol/l) of PD. After 48 h of incubation
at 37°C and 5% CO,, the cell layer was digested using trypsin,
washed with cold PBS and fixed with 70% ethanol at 4°C for
at least 2 h before storing at 4°C overnight. Subsequently,
the cells were washed with cold PBS and resuspended in
staining buffer. Next, 0.1 mg/ml RNase A and 0.1 mg/ml
PI were added to the cell suspension. The staining buffer,
RNase A and PI were part of the Cell Cycle and Apoptosis
Analysis kit (Beyotime Institute of Biotechnology) and were
used according to the manufacturer's instructions. The cells
were analyzed using flow cytometry after incubation at 37°C
in the dark for 30 min. BD FACSDiva Software v6.1.3 (BD
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Figure 2. PD inhibits proliferation and colony formation in GBC cells. (A) MTT assay was used to detect the proliferation ability of PD-treated GBC cells after
24,48 and 72 h. (B) NOZ and GBC-SD cells were treated with PD at 0, 5, 10 and 15 ymol/l for 14 days and stained with 0.1% crystal violet (magnification, x40).
(C) Colonies with >50 cells were counted. The data is expressed as the mean + SD (n=3). “P<0.01 vs. control. PD, Platycodin D; GBC, gallbladder cancer.

Biosciences) was used to analyze the distribution of the cell
cycle phases.

Western blot analysis. NOZ and GBC-SD cells treated with
PD (0, 5, 10 and 15 pmol/l) for 48 h were collected and
washed with PBS. Total protein was extracted from the cells
using RIPA buffer (Beyotime Institute of Biotechnology).
After sonication (15-25 KHz, 25 sec on ice), the mixture
was centrifuged at 14,000 x g for 20 min at 4°C. Protein
concentration was quantified using a bicinchoninic acid assay
kit (Beyotime Institute of Biotechnology). Subsequently, the
proteins (30 ug/lane) were separated via 10% SDS-PAGE
and transferred to PVDF membranes (EMD Millipore). After
blocking with 5% skimmed milk for 1 h at room tempera-
ture, the membranes were incubated with the corresponding
aforementioned primary antibodies at 4°C overnight. The
membranes were washed three times with TBS supplemented
with 0.1% Tween-20 (TBST) and incubated with horseradish
peroxidase-conjugated goat anti-rabbit secondary antibodies
(Cell Signaling Technology, Inc.) for 1 h at room temperature.
Subsequently, the membranes were washed again with TBST
three times and Millipore Western Blot Chemiluminescence
HRP Substrate ECL Luminescent solution was added
(EMD Millipore). The membranes were observed using
the Gel Doc 2000 (Bio-Rad Laboratories, Inc.) and ImageJ

software version 1.48 (National Institutes of Health) was used
to quantify the densitometric values of the detected bands.

Statistical analysis. Each experiment was performed three
times. The data was expressed as the mean + SD. Shapiro-Wilk
normality tests were used to assess normality of quantitative
variable distributions. If the variables followed a normal distri-
bution, one-way ANOVAs followed by Dunnett's multiple
comparisons test was performed using GraphPad Prism
version 7.0 (GraphPad Software, Inc.) to analyze the results.
Alternatively, Kruskal-Wallis test followed by Dunn's multiple
comparisons test was used in cases where the samples were
not normally distributed. P<0.05 was considered to indicate a
statistically significant difference.

Results

PD inhibits proliferation and colony formation in GBC cells.
The MTT assay was used to detect the proliferative ability of
PD-treated GBC cells. The results indicated that the prolifera-
tion of GBC cells decreased with an increased concentration
of PD in a time-dependent manner. In NOZ and GBC-SD
cells, the ICs, of PD was ~10 ymol/l at 48 h (Fig. 2A). PD had
a stronger inhibitory effect on NOZ and GBC-SD cells than
on SGC-996 cells (Fig. S1); therefore, NOZ and GBC-SD cells
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Figure 3. PD induces apoptosis in GBC cells. (A) Flow cytometry was used to analyze PD-treated GBC cells. FITC single-positive scatters in the lower right
quadrant are early apoptotic cells, FITC and PI double-positive scatters in the upper right quadrant are late apoptotic (including necrotic) cells. (B) The percentage
of apoptotic cells expressed as the mean + SD. (C) Nuclear morphology was observed using fluorescence microscopy after staining with Hoechst 33342 (magni-
fication, x200). The experiments were performed three times separately. “P<0.05, “P<0.01 vs. control. PD, Platycodin D; GBC, gallbladder cancer.

were selected for subsequent experiments. A colony forming
assay was performed to further investigate the colony forming
ability of PD-treated GBC cells. The results indicated that PD
had a negative effect on the ability of GBC cells to form colo-
nies (Fig. 2B). Additionally, the PD-treated groups developed
fewer clones than those in the control group (Fig. 2C). When
treated with 5 ymol/l of PD, a significant decrease in colonies
was observed in NOZ cells, while a significant decrease in
colonies was observed in GBC-SD cells when the cells were
treated with 10 gmol/l of PD (Fig. 2C).

PD induces apoptosis, chromatin condensation and mito-
chondrial dysfunction in GBC cells. To assess the potential

mechanisms of action behind PD-mediated growth inhibition,
PD-treated GBC cells were analyzed using flow cytometry
(Fig. 3A). As the drug concentration increased, the proportion of
apoptotic cells also increased, while the percentage of surviving
cells was reduced (Fig. 3B). Subsequently, the morphology of
the nuclei was analyzed using Hoechst 33342 staining. In the
control group, the morphology of the cells was normal and the
chromatin was uniformly distributed, while the chromatin in
the PD-treated group were markedly aggregated and broken
(Fig. 3C). Subsequently, Mito-Tracker green was used to stain
the mitochondria. After treatment, bright green fluorescence
was observed in the control group, while the fluorescence
intensity of the PD-treated group was visibly reduced (Fig. 4A).
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Figure 4. PD induces mitochondrial dysfunction in gallbladder cancer cells. (A) Mitochondrial numbers were observed using fluorescence microscopy after
staining with Mito-Tracker Green (magnification, x100). (B) Cytochrome ¢ expression was detected using western blotting. PD, Platycodin D.

Additionally, cytochrome ¢ expression was higher in the
PD-treated groups than that in the control group (Fig. 4B).

PD inhibits the migration and invasion of GBC cells. To explore
the influence of PD on the migratory and invasive abilities of
GBC cells, cell migration and invasion assays were performed.
Compared with the control group, PD treatment (10 and
15 pumol/l) markedly suppressed the migration numbers of NOZ
and GBC-SD cells (Fig. 5A) and the difference was statistically
significant (P<0.01; Fig. 5B). In addition, in the cell invasion
assay, PD treatment led to a significant anti-invasion effect in
GBC cells and this effect was dose-dependent (Fig. 5C and D).
Additionally, western blotting analysis confirmed that MMP-2
and MMP-9 had low expression in PD-treated GBC cells
compared with the control group (Fig. SE). These data indicated
that PD inhibited the migration and invasion of GBC cells.

PD induces G,/M phase arrest via regulation of the expression
levels of proteins associated with the cell cycle in GBC cells.

To further understand how PD affected the proliferation of
GBC cells, flow cytometry was performed to measure the
proportion of PD-treated GBC cells at different cell cycle
stages (Fig. 6A). When cells were treated with 10 gmol/l PD,
the proportion of cells in G,/M phase increased significantly,
while the proportion of cells in G,/G, phase decreased in
both cell lines (Fig. 6B). This suggested that PD inhibited
the cell cycle progression of GBC cells. Next, the levels of
proteins that are closely associated with the cell cycle, such as
cyclin Bl and CDK1, were examined. The expression levels
of these proteins in GBC cells were markedly decreased
compared with the control group (Fig. 6C). Therefore, PD
may induce G,/M phase arrest in GBC cells to inhibit cell
proliferation.

PD may induce apoptosis through the JNK signaling pathway
in NOZ and GBC-SD cells. Caspase family and Bcl-2 family
proteins are both important in the regulation of apoptosis (19).
To further elucidate how PD induced apoptosis in GBC cells,
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Figure 5. PD inhibits the migration and invasion of gallbladder cancer cells. (A) Migrative ability was determined via cell migration assays, and the migrated
cells were stained and observed (magnification x100). (B) Number of migrated cells was counted as shown. (C) Invasive ability was determined via cell
invasion assays, and the invaded cells were stained and observed (magnification x100). (D) Number of invading cells was counted as shown. (E) MMP-2 and
MMP-9 expression was detected via western blotting. Each experiment was repeated three times independently. "P<0.05, “P<0.01 vs. control. PD, Platycodin D.

the expression levels of apoptosis-associated proteins were
investigated. It was observed that the expression levels of Bax,

cytochrome c, cleaved caspase-9 and cleaved caspase-3 were
increased with an increased concentration of PD, while Bcl-2
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Figure 6. PD induces G,/M phase arrest in gallbladder cancer cells. (A) The p
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expression was decreased with an increased concentration
of PD compared with the control group (Figs. 4B and 7A).
According to a previous study, the Bax/Bcl-2 ratio is a key
factor in the regulation of the apoptotic process (20). In
the present study, PD decreased the expression levels of
the anti-apoptotic protein Bcl-2 and increased those of the
pro-apoptotic protein Bax, thereby decreasing the ratio of
Bcl-2/Bax (Fig. 7B). Additionally, it was observed that p-JINK
expression was upregulated, while JNK expression was not
markedly changed. In summary, the present results suggested

ercentage of cells in each cell cycle phase was detected using flow cytometry.
was detected using western blotting. The data are presented as the mean + SD
din D; CDK1, cyclin-dependent kinase 1.

that PD may induce apoptosis by initiating mitochondrial
destruction through the JNK signaling pathway in GBC cells.

Discussion

Previous studies have suggested that PD can suppress the
proliferation and development of tumor cells, including prostate
cancer (10), lung cancer (21) and liver cancer (22) cells, through
various mechanisms, such as inhibiting cancer cell prolifera-
tion (16), inducing cell apoptosis (10), arresting cell cycle (12),
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inhibiting metastasis (17) and autophagy (18). However, to
the best of our knowledge, there is currently no research on the
influence of PD on GBC cells. The present study assessed the
antitumor activity of PD using MTT and clone forming assays,
and revealed that PD significantly inhibited the proliferation
of GBC cells in a time- and concentration-dependent manner.
Subsequently, several experiments were performed, including
flow cytometry and nuclear staining with Hoechst 33342,
which revealed that the amount of PD-induced apoptotic cells
increased in a dose-dependent manner.

Invasiveness is an important feature of malignant tumors.
With the help of cell migration and invasion assays, the present
study demonstrated that the migratory and invasive abilities
of GBC cells were inhibited by PD. MMP-2 and MMP-9 are
closely associated with the migratory and invasive abilities
of tumor cells, mainly through the hydrolysis of basement
membrane components (23). Subsequently, western blotting
revealed that the expression levels of MMP-2 and MMP-9

were decreased in PD-treated compared with the untreated
GBC cells.

Apoptosis is a complex pathophysiological process
involving several factors and proteins, such as the Bcl-2 (24) and
caspase family (25). The imbalance between the anti-apoptotic
protein Bcl-2 and the pro-apoptotic protein Bax is particularly
important (26). A previous study has demonstrated that Bcl-2
and Bax usually exist as heterodimers and jointly regulate
apoptosis (27). Changes in the Bcl-2/Bax ratio serve a key
role in mitochondrial-dependent apoptosis (28). When Bcl-2
is upregulated, it forms a large number of heterodimers
with Bax, inhibiting the activity of Bax and slowing down
the cell cycle (29,30). With the upregulation of Bax, several
Bax homodimers are formed, which induce the release of
cytochrome ¢ into the cytoplasm; activate caspase-9 and
caspase-3; promote the cleavage of caspase-3; and initiate the
caspase cascade, resulting in apoptosis (31,32). Therefore, the
detection of cleaved caspase-3 is considered a reliable marker
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of cell death and apoptosis (33). In the present study, it was
demonstrated that elevated PD levels increased the expression
levels of Bax, cytochrome c, cleaved caspase-9 and cleaved
caspase-3 in NOZ and GBC-SD cells. The mechanism of action
by which PD induces the apoptosis of GBC cells may be asso-
ciated with the regulation of the apoptosis signaling pathways
of Bax, Bcl-2 and caspase-3. The present study revealed that
p-JNK expression levels were increased in PD-treated GBC
cells, while JNK protein expression levels were unchanged,
suggesting that PD-treated GBC cells were activated by the
JNK signaling pathway and that this pathway may mediate
mitochondrial apoptosis (34), further confirming the hypoth-
esis of the present study. In addition to the G,/S checkpoint, the
G,/M checkpoint is an important cell cycle checkpoint (35).
The CDKI1-cyclin B1 complex is a protein kinase complex
necessary for G,/M phase transition (36). With the help of
cell cycle analysis, the present study revealed that PD arrested
GBC cells in the G,/M phase. Western blot analysis indicated
that the expression levels of CDK1 and cyclin Bl protein were
decreased in PD-treated compared with untreated cells.

There are several limitations in the present study. Firstly,
although the antitumor effects of PD on GBC cells were inves-
tigated in vitro, whether PD may serve the same role in vivo
remains unknown. Secondly, the present study hypothesized
that the JNK signaling pathway may be involved in the regula-
tion of PD on GBC cell apoptosis, but how PD may activate
the JNK signaling pathway and its upstream genes remains
unclear.

In summary, the present results demonstrated the ability
of PD to suppress the invasion of GBC cells and to induce
apoptosis through the JNK signaling pathway and G,/M phase
arrest, resulting in marked antitumor effects. Therefore, PD
represents a novel chemotherapy drug that may potentially be
used for the treatment of GBC.
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