
Acta Pharmacologica Sinica  (2015) 36: 1503–1513
© 2015 CPS and SIMM    All rights reserved 1671-4083/15
www.nature.com/aps

npg

Platycodin D induces apoptosis and triggers ERK- and 
JNK-mediated autophagy in human hepatocellular 
carcinoma BEL-7402 cells
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Aim: Platycodin D, the main saponin isolated from Chinese herb Platycodonis Radix, exhibits anticancer activities against various 
cancer cell lines.  Here we evaluated its anticancer action against human hepatocellular carcinoma cells in vitro and in vivo, and 
elucidated the relationship between platycodin D-induced apoptosis and autophagy.
Methods: The viability of human hepatocellular carcinoma BEL-7402 cells was evaluated with MTT assay, and the apoptosis was 
examined using Annexin V/PI and Hoechst 33342 staining assays.  Monodansylcadaverine (MDC) staining was used to label 
autophagic vacuoles.  The proteins were detected using Western blot analysis.  For studying its anticancer action in vivo, platycodin D 
(5 and 10 mg·kg-1·d-1) was intraperitoneally injected to BEL-7402-bearing mice for 21 days.
Results: Platycodin D (5–40 μmol/L) inhibited the cell proliferation in vitro with IC50 values of 37.70±3.99, 24.30±2.30 and 19.70±2.36 
μmol/L at 24, 48 and 72 h, respectively.  Platycodin D (5–20 μmol/L) dose-dependently increased BEL-7402 cell apoptosis, increased 
the Bax/Bcl-2 ratio and the levels of cleaved PARP and cleaved caspase-3, and decreased the level of Bcl-2.  Furthermore, platycodin D 
(5–20 μmol/L) induced autophagy in BEL-7402 cells, as evidenced by formation of cytoplasmic vacuoles, increased amounts of LC3-II, 
and increased numbers of MDC-positive cells.  Pretreatment with the autophagy inhibitor chloroquine (5 μmol/L) or BAF (50 nmol/L) 
significantly enhanced platycodin D-induced proliferation inhibition and apoptosis.  Moreover, platycodin D (20 μmol/L) activated the 
ERK and JNK pathways in BEL-7402 cells, and simultaneous blockage of the two pathways effectively suppressed platycodin D-induced 
autophagy and enhanced platycodin D-induced apoptosis.  In BEL-7402-bearing mice, platycodin D (10 mg·kg-1·d-1) significantly reduced 
relative tumor volume with decreased body weight.
Conclusion: Platycodin D not only inhibits the proliferation of BEL-7402 cells but also suppresses BEL-7402 xenograft tumor growth.  
Platycodin D-induced cell proliferation inhibition and apoptosis are amplified by co-treatment with autophagy inhibitors
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Introduction
Platycodon grandiflorum (Jacq.) A. DC, commonly known 
as the balloon flower, is widely distributed in Northeast 
Asia.  Platycodonis radix is the two- or three-year-old root of 
Platycodon grandiflorum (Jacq.) A. DC, with a long history of use 
as a dietary source and a folk remedy for pulmonary diseases 

and respiratory system disorders in Korea, Japan and China[1].  
Platycodin D (PD) (Figure 1A) is one of the main saponins 
extracted from Platycodonis radix, and it possesses immune-
stimulatory[2], anti-inflammatory[3, 4], anti-nociceptive[5], anti-
obesity[5, 6], and anti-atherogenic[7] activities.  In particular, PD 
exhibits excellent anticancer effects against various cancer 
cell lines mainly by inhibiting cell proliferation, inducing 
cell cycle arrest and promoting apoptosis[8–14].  PD-induced 
G2/M phase cycle arrest may be regulated by suppressing 
spindle microtubule dynamics in leukemia U937, THP-1, and 
K562 cells[11].  PD-mediated apoptosis may be related to the 
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activation of caspase 3 and the induction of reactive oxygen 
species[12].  In our previous studies, PD inhibited cell prolifera-
tion and induced apoptosis via the induction of poly ADP-
ribose polymerase (PARP) cleavage, the up-regulation of 
Bax and the down-regulation of survivin in hepatocellular 
carcinoma cells[15].  In addition, PD also triggered autophagy 
in a broad spectrum of cell lines including breast cancer, lung 
cancer, and hepatocellular carcinoma cells[16].

As a major intracellular degradation mechanism, autophagy 
is a highly conserved process that degrades intracellular 
material including proteins and even organelles in response 
to cellular stresses[17, 18].  A growing body of evidence 
demonstrates that autophagy is implicated in human 
carcinogenesis and is considered a “double-edged sword” 
for cancer treatment[19, 20]. The cytotoxic and apoptotic effects 
of PD are enhanced with co-treatment of PD and autophagy 
inhibitors, such as chloroquine (CQ) or bafilomycin A1 (BAF), 
in HepG2 cells[16].  

This study evaluated the anticancer potential of PD 
both in vitro and in vivo, and it further validated the role 
and mechanism of autophagy triggered by PD to provide 
more evidence to support PD as an alternative therapy for 
hepatocellular carcinoma.

Materials and methods 
Reagents
PD was purchased from Best-Reagent (Chengdu, China).  PD 
was diluted using dimethyl sulfoxide (DMSO) to make a stock 
concentration of 40 mmol/L.  3-[4,5-Dimethyl-2-thiazolyl]-
2,5-diphenyltetrazolium bromide (MTT), DMSO, CQ, BAF, 
phenylmethanesulfonyl fluoride, monodansylcadaverine 
(MDC), and Hoechst 33342 were obtained from Sigma (St 
Louis, MO, USA).  The protease and phosphatase inhibitor 
cocktail was bought from Thermo Fisher Scientific Inc 
(Waltham, MA, USA).  Radio immunoprecipitation assay 
buffer (RIPA buffer), SP600125 and U0126 were purchased 
from Beyotime (Haimen, China).  The primary antibodies 
against microtubule-associated protein 1 light chain 3 (LC3), 
Bcl-2, Bax, PARP, extracellular signal-regulated kinase (ERK), 
p-ERK (Thr202/Tyr204), c-Jun N-terminal kinase (JNK), p-c-
Jun (Ser73) and GAPDH as well as the anti-rabbit IgG HRP-
conjugated secondary antibody were all purchased from Cell 
Signaling Technology (Beverly, MA, USA).  Lipofectamine® 
2000 Reagent was purchased from Invitrogen (Carlsbad, CA, 
USA).  ERK1 siRNA (sense, 5’-ACA CGC AGU UGC AGU 
ACA UTT-3’; antisense, 5’-AUG UAC UGC AAC UGC GUG 
UTT-3’), ERK2 siRNA (sense, 5’-GUG CUC UGC UUA UGA 
UAA UTT-3’; antisense 5’-AUU AUC AUA AGC AGA GCA 
CTT-3’), JNK1 siRNA (sense, 5’-GCA GAA GCA AGC GUG 
ACA ATT-3’; antisense, 5’-UUG UCA CGC UUG CUU CUG 
CTT-3’), JNK2 siRNA (sense, 5’-GCU AAC UUA UGU CAG 
GUU ATT-3’; antisense 5’-UAA CCU GAC AUA AGU UAG 
CTT-3’), and negative control (NC) siRNA (sense, 5’-UUC 
UCC GAA CGU GUC ACG UTT-3’; antisense, 5’-ACG UGA 
CAC GUU CGG AGA ATT-3’) were purchased from Shanghai 
GenePharma (Shanghai, China).

Cell culture
Human hepatocellular carcinoma BEL-7402 cells were 
obtained as a gift from Prof Jian DING (Shanghai Institute of 
Materia Medica, Shanghai, China).  BEL-7402 cells were cul-
tured in RPMI 1640 medium (Gibco, Grand Island, NY, USA) 
containing 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, 
USA), 100 U/mL penicillin, and 100 µg/mL streptomycin 
(Gibco, Grand Island, NY, USA).  The cells were maintained at 
37 °C in a humidified incubator with an atmosphere contain-
ing 5% CO2.  Exponentially growing cells were used in the 
experiments.  

Animals
Female athymic nude mice (BALB/cA; aged 4 to 5 weeks and 
weight of 17±2 g) were obtained from the Shanghai Institute of 
Materia Medica and then farmed in sterile cages under lami-
nar airflow hoods in a specific pathogen-free room with a 12 h 
light and 12 h dark schedule.  The BALB/cA mice were fed 
autoclaved chow and water ad libitum.  All experiments were 
performed according to the institutional ethical guidelines on 
animal care and approved by the Institute Animal Care and 
Use Committee at Shanghai Institute of Materia Medica.

MTT assay
BEL-7402 cells were plated in 96-well plates at a density of 
7000 cells per well for 24 h.  The cells were treated with dif-
ferent concentrations of compounds diluted in RPMI-1640 
medium containing 0.5% FBS for indicated time periods.  
The supernatant was then removed and RPMI-1640 medium 
containing MTT solution (1 mg/mL) was added to the wells 
(100 μL per well).  The cells were maintained in a humidified 
environment for 4 h.  Cell proliferation was determined by 
addition of 100 µL of DMSO and shaking for 10 min in the 
dark to solubilize formazan.  The absorbance at 570 nm was 
recorded using a SpectraMax M5 microplate reader (Molecular 
Devices, Sunnyvale, CA, USA).  

Observation of morphological changes
BEL-7402 cells were plated in 96-well plates at a density 
of 7000 cells per well.  After treatment with PD diluted in 
medium containing 0.5% FBS for 24 h, the cellular morphol-
ogy was observed with an Axiovert 200 inverted microscope 
(Zeiss, Oberkochen, Germany).

Western blot analysis
BEL-7402 cells were lysed in RIPA lysis buffer containing 
PMSF and protease inhibitor cocktail.  After incubation for 
20 min on ice, the lysis buffer containing cellular contents 
was centrifuged at 4 °C and 12 500 r/min for 20 min.  The cell 
supernatants containing the proteins were obtained and quan-
tified using a BCATM protein assay kit (Pierce, Rockford, IL, 
USA).  Approximately 50 µg of total protein was subjected to 
SDS-PAGE, transferred onto polyvinylidene fluoride mem-
branes, and then blocked with 5% nonfat milk in TBST (20 
mmol/L  Tris, 500 mmol/L NaCl, and 0.1% Tween-20) at room 
temperature for 2 h with continuous rocking.  The membranes 
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were probed with specific primary antibodies overnight at 
4 °C.  The membranes were then washed with TBST three 
times for 15 min each and incubated with anti-rabbit IgG HRP-
conjugated secondary antibody in TBST at room temperature 
for 1 h.  Specific protein bands were visualized using an ECL 
advanced Western blot detection kit (GE Healthcare, Uppsala, 
Sweden).  

MDC staining
BEL-7402 cells were seeded into a 96-well black culture plate 
and maintained in the incubator.  After adhesion, the cells 
were treated with different concentrations of PD diluted in 
medium containing 0.5% FBS.  After a 24 h incubation, the 
cells were labeled with MDC (50 μmol/L ) for 10 min at 37 °C 
and washed three times with phosphate-buffered saline (PBS).  
Cells were then imaged and analyzed by an In Cell Analyzer 
2000 System (GE Healthcare, Uppsala, Sweden).

Annexin V/PI staining
The Annexin V-FITC/PI apoptosis detection kit was used 
to detect the apoptotic cells according to the manufacturer’s 
instructions.  BEL-7402 cells were seeded into a 12-well black 
culture plate at a density of 20000 cells per well and main-
tained in the incubator for 24 h.  Cells were then treated with 
different concentrations of PD diluted in medium contain-
ing 0.5% FBS.  After a 24 h incubation, cells were harvested, 
washed twice with cold PBS and re-suspended in 100 μL of 
binding buffer.  After a 15 min incubation in the dark at room 
temperature, 5 μL of Annexin V-FITC and 5 μL of PI were 
added to the cells, and the cells were then analyzed by a flow 
cytometer (BD FACS CantoTM, BD Biosciences, San Jose, USA).  

Hoechst 33342 staining
BEL-7402 cells were seeded into 96-well plates at a density of 
7000 cells per well and maintained in the incubator for 24 h.  
Cells were then treated with different concentrations of PD for 
24 h.  After incubation, the medium was removed, and cells 
were fixed with 4% paraformaldehyde for 20 min.  Hoechst 
33342 at a final concentration of 1 μg/mL was then added, and 
cells were incubated for 10 min at 37 °C in the dark.  Apoptotic 
morphological changes of the cell nucleus were then observed 
and analyzed by an In Cell Analyzer 2000 System (GE Health-
care, Uppsala, Sweden).  

Gene silencing experiments
BEL-7402 cells were seeded in a 6-well plate the day before 
transfection at 50% confluency.  Lipofectamine 2000 Reagent 
was used to transfect cells with siRNA.  Cells were transfected 
with the indicated siRNAs (10 nmol/L ) for 30 h according 
to the manufacturer’s protocol and then treated with PD 
(20 μmol/L ) for an additional 24 h.  The protein levels of JNK, 
ERK and LC3 were measured by Western blot analysis.

In vivo BEL-7402 xenograft tumors
Human hepatocellular carcinoma BEL-7402 cells were subcu-
taneously injected into female BALB/cA nude mice aged 4 to 

5 weeks.  The subcutaneously transplanted tumors (volume 
of 1.5 mm3) were cut out and implanted into BALB/cA nude 
mice after one passage in nude mice.  Thirty mice with a mean 
tumor volume of 180 mm3 were randomly divided into four 
experimental groups, as follows: solvent control group (12), 
MMC group (6), 10 mg/kg PD group (6) and 5 mg/kg PD 
group (6).  MMC was iv administered through the tail vein 
weekly on the first day, and PD was intraperitoneally admin-
istered once daily for 21 d.  Mice in the solvent control group 
were treated with phosphate-buffered saline for comparison 
at the same time.  Tumors were measured individually twice 
per week.  Tumor volumes were calculated according to the 
following formula: length×width×width×0.5.  The tumor vol-
umes were presented as follows: RTV=tumor volume (day 
after initial treatment, Vt)/tumor volume (day of initial treat-
ment, V0).  Body weights of the animals were measured on the 
days of initial injection and twice per week until autopsy.  

Statistical analysis
Data were expressed as the mean±SD.  Statistical significance 
was analyzed by analysis of variance (ANOVA) using Graph 
Pad Prism in Demo, Version 5 (GraphPad Software, La Jolla, 
CA, USA).  P<0.05 was considered to be statistically signifi-
cant.

Results
PD inhibits BEL-7402 cell proliferation in vitro
Previous studies have shown that PD exhibits anticancer 
properties in vitro [8–14].  This study used hepatocellular 
carcinoma BEL-7402 cells to detect the antiproliferative 
effect of PD.  BEL-7402 cells were treated with various 
concentrations of PD for 24, 48, and 72 h, and the inhibition 
rate was then measured using the MTT assay.  As shown in 
Figure 1B, PD inhibited BEL-7402 cell proliferation in vitro in 
concentration- and time-dependent manners with IC50 values 
of 37.70±3.99, 24.30±2.30, and 19.70±2.36 μmol/L  at 24, 48, 
and 72 h, respectively.  Treatment with 20 and 40 μmol/L  
PD for 24 h resulted in a cell proliferation inhibition rate of 
22.93%±4.76% and 58.01%±2.82%, respectively.

PD retards the growth of BEL-7402 xenograft tumors in BALB/cA 
nude mice in vivo
We next evaluated the in vivo effect of PD on BEL-7402 
xenograft tumor growth.  BALB/cA nude mice were 
s u b c u t a n e o u s l y  i n j e c t e d  w i t h  B E L - 7 4 0 2  c e l l s  a n d 
intraperitoneally administered with 10 mg/kg or 5 mg/kg 
PD for 21 d.  The intravenous 5 mg/kg mitomycin C (MMC) 
group was used as a positive control.  As shown in the Figure 
2A, a significant decrease (P<0.05) of the tumor weights was 
detected in mice of the 10 mg/kg PD group compared with 
the solvent control group.  The relative tumor volume in the 
10 mg/kg PD-treated group was much lower than that in the 
solvent control group.  After the 21-d treatment, the relative 
tumor volumes in the 10 mg/kg PD-treated and 5 mg/kg 
PD-treated groups were 8.10±3.78 and 13.50±5.12, respectively, 
and the relative tumor volume in the solvent control group 
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was 14.65±4.2 (Figure 2B).  In addition to the reduction of body 
weight after 10 mg/kg PD treatment (Figure 2C), two mice 
died during the 10 and 5 mg/kg PD treatments, respectively, 
suggesting that intraperitoneally administered PD had toxic 
effects in BEL-7402 xenograft mice.  

PD induces apoptosis in BEL-7402 cells
In our previous study, PD induced apoptosis in hepatocellular 
carcinoma HepG2 cells by inducing the protein expression of 
cleaved PARP and Bax as well as by inhibiting survivin pro-
tein expression[15].  PD also enhances the apoptotic effect of 
doxorubicin in breast cancer MCF-7 and MDA-MB-231 cells[14].  
To investigate whether PD promotes BEL-7402 cell apoptosis, 
several apoptotic assays were employed.  Firstly, cell death 
was measured in PD-treated BEL-7402 cells using an Annexin 
V/PI staining assay.  As shown in Figures 3A and 3B, apop-
totic cells increased in a concentration-dependent manner after 
PD treatment for 24 h.  A significant increase (P<0.05) in the 
mean number of apoptotic cells was observed after treatment 
with 20 μmol/L  PD with a fold change of 4.34±1.73.  Sec-
ondly, morphological alteration of BEL-7402 cells after 24 h PD 
treatment was revealed by Hoechst 33342 staining.  As shown 
in Figure 3C, no apoptotic nuclei were observed in the control 
group.  In contrast, 5 μmol/L  PD treatment for 24 h slightly 
altered BEL-7402 cell morphology, and cell nuclear condensa-

tion developed in a concentration-dependent manner (Figure 
3C).  The majority of the 20 μmol/L PD-exposed cells was 
shriveled and exhibited typical apoptotic morphology char-
acterized by nuclear condensation and DNA fragmentation 
(Figure 3C).  We further detected the levels of several proteins 
related to apoptosis.  After PD treatment, the antiapoptotic 
protein Bcl-2 was significantly down-regulated, while the Bax/
Bcl-2 ratio and the levels of cleaved PARP and caspase-3 were 
significantly up-regulated (Figures 3D and 3E), indicating that 
PD induces apoptosis in BEL-7402 cells.  

PD triggers autophagy in BEL-7402 cells
Morphological features of cytoplasmic vacuole accumulation 
are often observed in cells undergoing autophagy[16, 21, 22].  We 
have demonstrated that PD triggers autophagic character-
istics, such as cytoplasmic vacuole accumulation, in many 
cell lines[16].  In this study, PD also induced the formation of 
cytoplasmic vacuoles in BEL-7402 cells as observed under an 
Axiovert 200 inverted microscope (Figure 4A).  To confirm if 
autophagy is triggered in PD-treated BEL-7402 cells, we per-
formed several experiments.  MDC, which can accumulate 
in acidic vesicular organelles, was used to detect autophagic 
activity.  The cells were treated with different concentrations 
of PD for 24 h and then labeled with 50 μmol/L  MDC.  The 
number of MDC-positive cells increased in a concentration-

Figure 2.  PD retards the growth of BEL-7402 xenograft tumors in vivo.  After the injection of BEL-7402 cells, mice were treated with different 
concentrations of PD.  The tumor masses taken from tumor-bearing mice were weighed, and the inhibition rate was evaluated (A).  The relative tumor 
volume (B) and body weight (C) were measured.  bP<0.05, cP<0.01;  eP<0.05, fP<0.01 vs control.

Figure 1.  PD inhibits the proliferation of hepatocellular carcinoma BEL-7402 cells.  (A) The chemical structure of PD.  (B) Cells were treated with 
different concentrations of PD for 24, 48, and 72 h, and cell proliferation inhibition was detected by the MTT assay.  Statistical significance was analyzed 
using one-way analysis of variance using Graph Pad Prism (Demo, Version 5) with bP<0.05, cP<0.01 vs control.
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dependent manner in PD-treated cells after a 24 h incubation.  
The levels of LC3, a hallmark of autophagy, were also deter-
mined by Western blot analysis.  As shown in Figure 4C, a 
concentration-dependent increase in LC3-II was detectable in 
BEL-7402 cells after a 24 h PD treatment.  CQ has been widely 
used as late-stage autophagy inhibitor, and CQ leads to an 
increase of LC3-II levels due to the accumulation of undi-
gested autophagosomes[23–25].  Western blot analysis revealed 
that LC3-II further accumulated in cells co-treated with CQ 
and PD compared to cells treated with CQ or PD alone (Figure 
4D).  Taken together, our results indicated that PD triggers 
autophagy in BEL-7402 cells.  

Inhibition of autophagy enhances PD-induced proliferation 
inhibition and apoptosis in BEL-7402 cells
The role of autophagy in cancer therapy is complex[17, 26].  
To investigate the role of autophagy induced by PD, BEL-

7402 cells were pretreated with CQ or BAF for 1 h before 
PD treatment.  As shown in Figure 5A, after pretreatment 
with CQ or BAF, the PD-induced proliferation inhibition 
was significantly enhanced.  The proliferation inhibition 
rate increased from 24.39%±2.8% (20 μmol/L PD only) 
to 36.74%±3.79% (20 μmol/L PD+CQ) and 51.00%±0.03% 
(20 μmol/L PD+BAF).  Consistent with the results from 
the MTT assay, the Western blot analysis showed that 
pretreatment with CQ or BAF significantly up-regulated the 
protein level of cleaved PARP and down-regulated the protein 
level of Bcl-2 (Figures 5B and 5C).  Moreover, as shown in 
Figure 5D, BAF-mediated increase in apoptosis was also 
confirmed by Annexin V/PI staining during PD treatment.  
Significant increases (P<0.01) in apoptotic cells were obtained 
in cells treated with both PD and BAF compared to cells 
treated with only PD.  Therefore, these data suggested that 
the inhibition of autophagy does not decrease but instead 

Figure 3.  PD induces apoptosis in BEL-7402 cells.  BEL-7402 cells were treated with different concentrations of PD for 24 h.  (A) Apoptotic cells were 
detected by Annexin V/PI staining using flow cytometry.  (B) Quantitation of the results obtained from (A).  (C) The apoptotic cells were evaluated with 
Hoechst 33342 staining and imaged using the In Cell Analyzer 2000 System.  (D) The expression of apoptosis-related proteins, including cleaved PARP, 
cleaved caspase-3, Bcl-2, and Bax, were analyzed by Western blot analysis.  (E) Quantitation of the results obtained from (D).  bP<0.05, cP<0.01 vs control.
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enhances the PD-induced proliferation inhibition and 
apoptosis.  

The ERK and JNK pathways may cooperatively regulate PD-
triggered autophagy in BEL-7402 cells
The ERK pathway is a key mediator of autophagy in cancer 
treatment[27].  PD mediates autophagy through activation of 
the ERK pathway in HepG2 cells[16].  Therefore, we determined 
whether the ERK pathway is also involved in PD-induced 
autophagy in BEL-7402 cells.  As expected, PD treatment 
resulted in the up-regulation of p-ERK without any obvious 
change in total ERK.  The decreased ERK phosphorylation 
induced by U0126 (a widely used inhibitor of MEK[28]) led to 
a confined suppression of LC3-II (Figure 6A and 6B), indi-
cating that the ERK pathway might limitedly regulate PD-
triggered autophagy in BEL-7402 cells.  To further determine 

the mechanism of autophagy in PD-treated BEL-7402 cells, 
the JNK signaling pathway, which is a potential autophagy 
regulation pathway[29], was evaluated by Western blot analy-
sis.  As shown in Figures 6A and 6B, PD treatment increased 
c-Jun phosphorylation at Ser73, which is the site regulated by 
JNK[30].  Pretreatment with SP600125, an inhibitor of JNK[31], 
blocked the phosphorylation of c-Jun and resulted in a slight 
reversal of LC3-II up-regulation.  Blocking the ERK and JNK 
pathways by co-pretreatment of SP600126 and U0126 effec-
tively suppressed PD-induced LC3-II expression.  These 
observations were further supported by blocking both ERK 
(by targeting ERK1 and ERK2) and JNK (by targeting JNK1 
and JNK2) with corresponding siRNAs (neither ERK nor JNK 
alone), which was confirmed by Western blot analysis, to 
effectively suppress PD-induced autophagy (Figures 6C and 
6D) and to promote PD-induced apoptosis (Figures 6E and 

Figure 4.  PD triggers autophagy in BEL-7402 cells.  BEL-7402 cells were treated with different concentrations of PD for 24 h.  (A) The cell morphology 
was directly observed under an Axiovert 200 inverted microscope.  Bar: 20 μm.  (B) The autophagic vacuoles were labeled with MDC by incubating cells 
with 0.05 mmol/L MDC.  (C) The protein levels of LC3 were determined by Western blot analysis.  bP<0.05, cP<0.01 vs control.  (D) The BEL-7402 cells 
were pretreated with 5 μmol/L CQ for 1 h followed by 20 μmol/L PD treatment for an additional 24 h, and the protein levels of LC3 were determined by 
Western blot analysis.  cP<0.01 vs -CQ.
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6F).  Taken together, these data demonstrated that the activa-
tion of ERK and JNK pathways may work together to mediate 
PD-triggered autophagy in BEL-7402 cells.

Discussion 
Natural products are a favorable resource for anticancer 

drug discovery[32–36].  As the principal active component 
in Platycodonis Radix, PD has been confirmed to have 
potential anticancer effects by inhibiting proliferation, 
inducing apoptosis, inducing cell cycle arrest, and blocking 
metastasis[9, 10, 13–15, 37].  This study provided evidence that PD 
inhibits cell proliferation of human hepatocellular carcinoma 

Figure 5.  Inhibition of autophagy enhances PD-mediated cell death in BEL-7402 cells.  BEL-7402 cells were pretreated with 10 μmol/L CQ or 50 nmol/L 
BAF for 1 h followed by treatment with different concentrations of PD for an additional 24 h.  (A) Cell viability was measured using MTT assay.  (B and C) 
The protein levels of cleaved PARP and Bcl-2 were measured by Western blot analysis.  (D) Apoptotic cells were detected by Annexin V/PI staining using 
flow cytometry.  bP<0.05, cP<0.01.
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BEL-7402 cells.  Furthermore, this work showing that PD has 
anticancer activity in vivo against BEL-7402 xenograft-bearing 
mice.  However, a decrease in body weight was observed 
during 10 mg/kg PD treatment (Figure 2C).  In addition, two 
mice died in the 10 mg/kg and 5 mg/kg PD-treated groups 
during the 21 d period, revealing that the intraperitoneal 
treatment with PD had toxic effects in BEL-7402 xenograft 
mice.  More recently, oral administration of PD (50, 100, 
and 200 mg/kg) has been reported to reduce the tumor 

volumes in lung cancer H520 cell-bearing nude mice[37].  Thus, 
different administration methods of PD should be taken into 
consideration.  It is tempting to speculate that oral treatment, 
which is the traditional method of Platycodonis Radix 
application, might be a preferable mode for PD treatment 
in future trials.  Nevertheless, it has been reported that 
intraperitoneal treatment with 5 mg/kg PD also significant 
inhibits tumor growth in breast cancer MDA-MB-231 cell-
bearing nude mice without any meaningful decrease in body 

Figure 6.  ERK and JNK pathways may cooperatively regulate PD-triggered autophagy in BEL-7402 cells.  (A and B) BEL-7402 cells pretreated with 
10 μmol/L SP600125 and/or 20 μmol/L U0126 for 1 h followed by 20 μmol/L PD treatment for an additional 24 h.  The protein levels of p-c-Jun (Ser73), 
JNK, ERK, p-ERK (Thr202/Tyr204) and LC3 were measured by Western blot analysis.  (C–F) BEL-7402 cells were transfected with the indicated siRNAs 
(10 nmol/L ) for 30 h and then treated with PD (20 μmol/L ) for an additional 24 h.  (C and D)The protein levels of JNK, ERK and LC3 were measured by 
Western blot analysis.  (E and F) Apoptotic cells were detected by Annexin V/PI staining using flow cytometry.  bP<0.05, cP<0.01.
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weight[10].  Therefore, disparate inhibition effects on tumor 
growth and side effects of PD are obtained with different 
administration methods in various tumor types.

Apoptosis  and autophagy are  two main types  of 
programmed cell death[38].  We previously confirmed that 
apoptosis and autophagy play important roles in PD-mediated 
cancer cell death[15].  In the current study, an increased 
number of apoptotic cells induced by PD in BEL-7402 cells 
was observed using an Annexin V/PI staining assay (Figure 
3A and 3B) and a Hoechst 33342 staining assay (Figure 3C).  
The levels of cleaved PARP, cleaved caspase-3 and Bax/Bcl-2 
ratio were up-regulated after PD treatment, while Bcl-2 was 
decreased after PD treatment (Figures 3D and 3E), further 
verifying that PD induces apoptosis in various cancer cell 
types.  Moreover, our data confirmed that PD triggered 
autophagy in BEL-7402 cells with visible autophagic vacuoles 
(Figure 4A), increased MDC-positive cells (Figure 4B), and 
enhanced levels of LC3-II (Figures 4C and 4D).  Until now, 
accumulating results from various cancer cell lines (human 
breast cancer MCF-7 and MDA-MB-231 cells; human lung 
cancer A549 and 95D cells; human hepatocellular carcinoma 
HepG2, Hep3B and BEL-7402 cells; and the non-cancer human 
L-O2 cells and rat myocardium H9c2 cells) have shown that 
PD triggers autophagy, indicating that this is not a cell type-
specific but instead a universal phenomenon.  

Various anticancer agents, such as berberine, oridonin, 
paclitaxel, glycyrrhetinic acid and Mono-Pt, have been 
reported to be autophagy regulators[39–41].  For example, 
glycyrrhetinic acid, one of the triterpene saponins isolated 
from licorice, induces autophagy as a defense mechanism 
against apoptosis in hepatocellular carcinoma cells[40], while 
Mono-Pt, a novel monofunctional platinum (II) complex, 
induces apoptosis-independent autophagic cell death in 
human ovarian carcinoma cells[41].  Using the CQ and BAF 
autophagy inhibitors, the role of autophagy in PD-induced cell 
death was further investigated.  The PD-induced proliferative 
inhibition and apoptotic effects were enhanced by either CQ or 
BAF co-treatment (Figure 5), suggesting that autophagy may 
serve as a critical defensive mechanism in PD-treated BEL-
7402 cells.

For a better understanding of PD-triggered autophagy, the 
effects of PD on signaling pathways were further defined.  The 
promotion of autophagy via Akt/mTOR pathway inhibition 
is the classical regulatory pathway of autophagy[42].  In our 
previous study and in the preliminary experiment, the Akt/
mTOR pathway was not essential for PD-triggered autophagy 
in HepG2 cells[16] and BEL-7402 cells (data not shown).  The 
ERK pathway, which was activated and partially regulated 
autophagy in PD-treated HepG2 cells[16], is expected to mediate 
autophagy in response to PD treatment in BEL-7402 cells.  JNK 
is also known as a stress-activated protein kinase (SAPK) of 
the MAPK family, and it is initially activated in response to 
a variety of stress signals[43].  Increasing evidence shows that 
JNK has been implicated in many cellular events including 
apoptosis and autophagy[29].  PD treatment led to activation 
of the ERK and JNK pathways in BEL-7402 cells.  Blockage 

of either of these pathways using respective kinase inhibitors 
(U0126 and SP600125) or the corresponding siRNAs limitedly 
abated PD-triggered autophagy.  PD-triggered autophagy 
was only effectively reversed when the ERK and JNK signals 
were simultaneously abolished.  Additionally, PD-mediated 
apoptosis was amplified when both ERK and JNK pathways 
were blocked (Figure 6C and 6F).  Thus, ERK and JNK have 
distinct but cooperative roles in the regulation of PD-mediated 
autophagy.  Our recent data also clearly showed that these two 
pathways might influence each other by a positive feedback 
when using the respective kinase inhibitors (Figure 6A), which 
was consistent with a previous study[44].  Nevertheless, the 
relationship between these two signaling pathways involved 
in the autophagy process is still unclear and needs further 
clarification.

Overall, these data clearly demonstrated that PD not only 
inhibits cell proliferation of BEL-7402 cells but also suppresses 
BEL-7402 xenograft tumor growth.  The PD-induced cell pro-
liferation inhibition and apoptosis are further amplified by co-
treatment with autophagy inhibitors and PD.  Our results also 
established a novel mechanism in which the ERK and JNK 
pathways may cooperatively mediate PD-triggered autoph-
agy.
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