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Abstract

Background and objective: Platycodin D (PD), a triterpenoid saponin isolated from an edible and medicinal plant Platycodon gran-
diflorum, possesses multiple pharmacological properties. The purpose of this study is to investigate the effect of PD on the growth of
PC3 human prostate cancer cells and the underlying molecular mechanisms. Materials and methods: Cell viability, apoptosis and mito-
chondrial membrane potential (MMP) were measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay, nuclear
staining and flow cytometry analysis. To investigate the mechanism of anti-cancer activity of PD, expression of apoptosis regulatory
protein, caspase activity, and generation of intracellular reactive oxygen species (ROS) were determined. Results: PD treatment reduced
PC3 cell proliferation, which was associated with induction of apoptosis, and accompanied by increased expression of Fas, Fas-ligand
(FasL) and pro-apoptotic Bax, and decreased expression of anti-apoptotic Bcl-2 and truncation of Bid. PD also inhibited expression
of c-FLIP and members of inhibitor of apoptosis protein family, and activated caspases, resulting in an increase in poly (ADP-ribose)
polymerase cleavage. However, in the presence of a pan-caspase inhibitor, PD-mediated growth inhibition and apoptosis were signifi-
cantly protected. PD also destroyed the integrity of mitochondria due to the loss of MMP, leading to cytosolic release of cytochrome c.
Moreover, the levels of ROS were markedly increased by PD treatment, which was significantly attenuated by the ROS scavenger N-
acetyl-L-cysteine (NAC). Furthermore, NAC fully suppressed PD-induced apoptotic events and cytotoxicity. Conclusions: The results
of this study show that PD had chemopreventive potential through the induction of ROS-dependent apoptosis in PC3 cells, and that this
compound could be useful for developing an effective and selective natural source to inhibit cancer cell proliferation.
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1. Introduction
Apoptosis is an essential mechanism for maintaining

cellular homeostasis, and maintains a healthy balance [1,2].
Cancer occurs as a result of a series of genetic alterations,
during which malignant cells will not die and experience
abnormal growth [1,3]. Hence, dysregulation of the apop-
totic pathway is a prominent hallmark of cancer, which not
only promotes carcinogenesis but also makes tumor cells
resistant to chemotherapy [4]. Therefore, numerous studies
are being conducted focusing on the development of effec-
tive apoptosis inducing agents. In particular, it has been
reported that numerous naturally occurring agents induce
apoptosis in cancer cells without inducing toxicity in nor-
mal cells [5,6]. These agents can also replace anti-cancer
drugs that have serious side effects because they can reg-
ulate specific cell signaling pathways for cancer cell death
[2,7].

Platycodin D (PD) is a triterpenoid saponin derived
from the root of Platycodon grandiflorum (Jacq.) A.DC.,
which has been traditionally used for the treatment of vari-
ous ailments diseases [8–11]. Several studies revealed that
PD possesses various pharmacological properties due to
its antioxidant [12–14], anti-inflammatory [15,16], hepato-
protective [17,18], anti-obesity [19,20], and immunological

adjuvant activities [21]. In addition, some studies have de-
scribed anti-carcinogenic effects of PD against many types
of cancers in vitro and in vivo [22,23]. For example, the
concentration of 10~40 µM PD inhibited tumor invasion
and metastasis in human oral squamous cell carcinoma,
hepatocellular carcinoma, breast carcinoma cells via target-
ing multiple signaling pathways [24–27]. Moreover, PD is
known to suppress the proliferation of cancer cells through
cell cycle arrest, which was associated with the induction of
apoptosis and/or autophagy in several cancer lines [24,28–
30]. Furthermore, PD was able to activate reactive oxy-
gen species (ROS)-mediated apoptosis in rat pheochromo-
cytoma, human breast carcinoma and leukemic cells [30–
32]. Although the possibility of inducing apoptosis of PD
in human prostate cancer cells has been proposed [29], the
molecular mechanisms involved in ROS generation have
not been reported. Therefore, in the present study, the ef-
fect of PD on the proliferation of human prostate cancer
PC3 cells and the mechanism of action on the role of ROS
were investigated.
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2. Materials and methods
2.1 Cell culture and PD treatment

The human prostate cancer PC3 cells, which were ob-
tained from American Type Culture Collection (Manassas,
MD, USA), were grown in RPMI 1640medium (WelGENE
Inc., Gyeongsan, Republic of Korea) containing 10% heat-
inactivated fetal bovine serum (WelGENE Inc.) at 37 ◦C
in 5% CO2 humidified incubator. PD was purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA) and
dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich
Chemical Co.) to prepare a stock solution at a concentration
of 20 mM. In order to treat the cells with PD, the stock solu-
tion was diluted to appropriate concentrations in the culture
medium.

2.2 Cell viability assay

After treatment with various concentration of PD
for 48 h, cell viability was measured using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT; Invitrogen, Waltham, MA, USA) assay, as described
previously [33]. In order to confirm that PD-induced apop-
tosis was mediated by caspase- and ROS-dependent
pathways, cells were pre-treated the pan-caspase inhibitor
benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone (50
µM z-VAD-fmk; Promega Corporation, Madison, WI,
USA) or the ROS scavenger N-acetyl-L-cysteine (10 mM
NAC; Invitrogen) for 1 h, respectively, and then incubated
with 20 µM PD for the indicated times. At the same time,
changes in cell morphology were observed using a phase
contrast microscope (Carl Zeiss, Oberkochen, Germany).

2.3 4’6-Diamidino-2-phenylindole (DAPI) staining

Changes in nuclear morphology were assessed by
DAPI staining, a cell-permeable nucleic acid dye. Af-
ter 48 h of treatment with PD (0–20 µM), the cells were
fixed with 3.7% paraformaldehyde (Sigma-Aldrich Chem-
ical Co.), and dyed with DAPI (1 µg/mL, Sigma-Aldrich
Chemical Co.) at room temperature for 10 min. Then,
the stained cells were observed using a fluorescence micro-
scope (Carl Zeiss).

2.4 Apoptosis analysis using a flow cytometer

After treatment with PD, the cells were stained
with fluorescein isothiocyanate (FITC)-conjugated annexin
V/propidium iodide (PI) (BD Biosciences, San Diego, CA,
USA) in the dark for 20 min. Then, the stained cells were
analyzed using a flow cytometer (Becton Dickinson, San
Jose, CA, USA), and the populations of annexin V+/PI−
and annexin V+/PI+ cells were considered to represent
apoptotic cells, as described previously [34].

2.5 Protein extraction and Western blot analysis

Total proteins were extracted with a protein extraction
solution (Intron Biotechnology, Gyeonggi-do, Republic of

Korea), following to the manufacturer’s instructions. NE-
PER nuclear and cytoplasmic extraction reagents (Invitro-
gen) were applied for the preparation of mitochondrial and
cytoplasmic proteins. After quantifying protein concentra-
tion, equal amounts of protein samples were separated to
sodium dodecyl sulphate-polyacrylamide gel electrophore-
sis, and then transferred into polyvinylidene difluoride
membranes (Millipore, Bedford, MA, USA), as previously
reported [35]. The membranes were subjected with spe-
cific primary antibodies at 4 ◦C overnight, and horseradish
peroxidase-conjugated secondary antibodies for 2 h in se-
quence, and developed using an enhanced chemilumines-
cence (ECL) detection kit (GE Healthcare Life Sciences,
Little Chalfont, UK). Information on the antibodies used
is provided in Supplementary Table 1. Protein expres-
sion was visualized by Fusion FX Image system. Quantita-
tive analysis of mean pixel density was performed using the
ImageJ® software (National Institutes of Health, Bethesda,
MD, USA).

2.6 Caspase activity assay
Caspase colorimetric assay kits (R&D Systems, Min-

neapolis, MN, USA) were used to assess the activity of
caspase-3, -8 and -9, according the manufacturer’s proto-
col. Briefly, cell lysates were prepared after PD treatment,
and then 20 µg of cell lysates in 100 µL of reaction buffer
containing each caspase substrate provided in the kit were
incubated at 37 ◦C for 2 h. Then, the absorbance was mea-
sured at 405 nm using a spectrophotometer, as previously
described [36].

2.7 Detection of mitochondrial membrane potential
(MMP) and ROS production

To evaluate the values of MMP, the cells were
dyed with 10 µM of 5,5’,6,6’-tetrachloro-1,1’,3,3’-
tetraethylbenzimidazolyl carbocyanine iodide (JC-1,
Invitrogen) for 30 min, and MMP was detected via flow
cytometry [37]. In order to measure the intracellular ROS,
5,6-carboxy-2’,7’-dichlorodihydrofluorescein diacetate
(DCF-DA, Invitrogen) staining assay was applied as
described previously. The stained cells were observed
using flow cytometry and fluorescence microscope (Carl
Zeiss) [38].

2.8 Statistical analysis
All data were obtained from at least three experiments.

Data was presented as the mean± standard deviation (SD),
which was analyzed by variance via ANOVA-Tukey’s post
hoc test (version 5.03; GraphPad Prism Software, Inc., La
Jolla, CA, USA). P < 0.05 was considered statistically sig-
nificant.
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Fig. 1. Reduction of cell viability and induction of apoptosis by PD in PC3 cells. PC3 cells were treated with the indicated concen-
trations of PD for 48 h. (A) After treatment with PD, cell viability was measured by the MTT assay. (B) Morphological changes after
treatment with PD were captured on a phase-contrast microscope. (C) The nuclear morphological changes were observed using DAPI
staining, and then photographed under a fluorescence microscope. (D and E) The fixed cells were stained with annexin V/PI for flow
cytometry analysis. (D) Representative flow cytometry plots are presented. (E) The populations of apoptotic cells were determined by
expressing the numbers of annexin V+ cells. The data are presented as the mean ± SD of three independent experiments (∗∗P < 0.01
and ∗∗∗P < 0.001 compared to untreated cells).

3. Results
3.1 PD inhibits cell viability and induces apoptosis in PC3
cells

To investigate the cytotoxic effect of PD, an MTT
assay was performed. Fig. 1A showed that PD signifi-
cantly inhibited the viability of PC3 cells in a concentration-
dependent manner. In addition, morphological changes
were observed in PD-treated cells, in which the cytoplasm
was condensed, rounded up, and separated from the sub-
stratum (Fig. 1B). Therefore, DAPI staining was conducted
to examine if apoptosis is involved in the decrease in cell
growth caused by PD. As shown in Fig. 1C. PD enhanced
change to characteristic morphology of apoptotic nuclei and
destruction of cell membrane in PC3 cells. Furthermore,
PD-treated cells increased the number of apoptotic cells as
indicated by the Annexin V/PI double staining assay results
in a concentration-dependent manner (Fig. 1D,E).

3.2 PD regulates the levels of death receptor
(DR)-associated and Bcl-2 family members in PC3 cells

It was next evaluated whether the DR-associated and
Bcl-2 family proteins were involved in PD-induced apop-
tosis. As indicated in Fig. 2A and C, the expression of
Fas, and Fas ligand (FasL) was markedly up-regulated in
a concentration-dependent manner. Among the Bcl-2 fam-
ily proteins, PD treatment led to an apparently up-regulation
of pro-apoptotic Bax and down-regulation of anti-apoptotic
Bcl-2. In addition, the expression of Bid was suppressed,
whereas the expression of truncated Bid (tBid) gradually in-
creased (Fig. 2A,C). Meanwhile, in the case of the cellular
FADD-like IL-1β-converting enzyme-inhibitory protein (c-
FLIP), PD down-regulated the expression of short c-FLIP
(c-FLIPS) and long c-FLIP (c-FLIPL) (Fig. 2A,C).
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Fig. 2. The effects of PD on the expression of DR-related and Bcl-2 family members, and caspases in PC3 cells. PC3 cells were
stimulated with different concentrations of PD for 48 h. (A and B) After treatment with the indicated concentrations of PD for 48 h,
Western blotting was then performed using the indicated antibodies and an ECL detection system. Actin was used as an internal control.
(C) The expression of each protein was indicated as fold change with control. (D) The activities of caspase-8, -9 and -3 were examined
using colorimetric caspase assay kits. (C and D) Each bar indicated the mean ± SD of three independent experiments (∗P < 0.05, ∗∗P
< 0.01 and ∗∗∗P < 0.001 compared to untreated cells).
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Fig. 3. The effects of caspase and necroptosis inhibitors on PD-mediated growth reduction and apoptosis in PC3 cells. The cells
were pre-treated with 50 µM z-VAD-fmk, a pan-caspase inhibitor, or 200 µM necrostain-1 (NEC), a necroptosis inhibitor, for 1 h, and
maintained in the presence or absence of 20 µM PD for 48 h. (A,B) Cell viability was measured by the MTT assay. (C–F) The fixed
cells were stained with annexin V/PI for flow cytometry analysis. (C,D) Representative flow cytometry plots are presented. (E,F) The
populations of apoptotic cells were determined by expressing the numbers of annexin V+ cells. The data are presented as the mean ±
SD of three independent experiments (∗∗∗P< 0.001 compared to control; ###P< 0.001 compared to PD-treated cells; NS, not significant
compared to PD-treated cells).

3.3 PD activates caspases in PC3 cells
Since changes in the expression of DR-related and

Bcl-2 family proteins were observed, it was investigated
whether caspase activation was involved in apoptosis by
PD. As shown in Fig. 2B and C, the expressions of both
pro-caspase-8 and pro-caspase-9 were apparently reduced
with increasing concentrations of PD. In addition, PD grad-
ually up-regulated the expression of cleaved caspase-3, -8,
and -9. PD also suppressed the expression of pro-caspase-
3, a typical effector caspase that converges on both extrin-
sic and intrinsic pathways. Furthermore, cleaved form of
poly (ADP-ribose) polymerase (PARP) was concentration-
dependently up-regulated by treatment with PD, which was
associated with down-regulation of inhibitor of apopto-
sis protein (IAP) family members including cIAP-1 and
XIAP (Fig. 2B,C). In addition, PD significantly increased
the activity of caspase-3, -8 and -9, which corresponded
with the results of Western blot analysis (Fig. 2D). In or-
der to confirm that PD-induced apoptosis was mediated by
caspase-dependent pathways, the effect of PD on cell via-
bility and apoptosis in pre-treatment of the pan-caspase in-
hibitor, z-VAD-fmk, was assessed. As shown in Fig. 3, PD-
induced reduction in cell viability and induction of apopto-
sis were significantly reduced in the presence of z-VAD-
fmk, whereas the necroptosis inhibitor, necrostain-1, had
no effect on cell viability and apoptosis.

3.4 PD disrupts mitochondrial integrity in PC3 cells

To further evaluate the effect of PD on mitochondria-
mediated intrinsic apoptosis in PC3 cells, the
mitochondrial-function using JC-1 dye, an indicator
of MMP, was assessed. Fig. 4A shows that PD signif-
icantly decreased the number of JC-1 aggregates, and
concurrently increased JC-1 monomers in a concentration-
dependent manner. In addition, PD gradually up-regulated
the expression of cytosolic cytochrome c, whereas it down-
regulated the expression of mitochondrial cytochrome c
(Fig. 4B,C). This result suggested that PD induced release
of cytochrome c from mitochondria by destruction of
mitochondrial membrane intensity.

3.5 PD stimulates intracellular ROS generation of in PC3
cells

To investigate the effect of PD on intracellular ROS
generation, DCF-DA staining was performed. As indicated
in Fig. 4D and E, the accumulation of intracellular ROSwas
greatly increased within 1 h after treatment with PD How-
ever, PD-induced ROS level was significantly suppressed
from 41.97% to 12.14% by the ROS scavenger NAC, based
on flow cytometric analysis. In addition, fluorescence mi-
croscopy also demonstrated that PD markedly increased
ROS production, which was mitigated by NAC treatment
(Fig. 4F).
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Fig. 4. Induction of mitochondrial dysfunction, cytosolic release of cytochrome c and ROS generation by PD in PC3 cells. (A)
After treatment with PD, the cells were stained with JC-1 and then changes of MMP were determined by a flow cytometer. The data
indicated the mean± SD of three independent experiments (∗∗P < 0.01 and ∗∗∗P < 0.001 compared to untreated cells). (B) Expression
levels of cytochrome c using cytoplasmic and mitochondrial fractions were investigated by Western blot analysis. Actin and cytochrome
oxidase subunit VI (COX VI) in each protein extract were presented as loading controls. (C) The expression of cytochrome c was
indicated as fold change with control. Each bar indicated the mean ± SD of three independent experiments (∗∗P < 0.01 and ∗∗∗P <

0.001 compared to untreated cells). (D–F) The cells were stimulated with 20 µMPD for 1 h or incubated with or without 20 µMPD for 1
h before treatment with 10 mM NAC for 1 h. (D and E) After removal of the medium, the cells were incubated with medium containing
DCF-DA for 20 min. (D) The levels of intracellular ROS generation were determined by a flow cytometer. (E) The data represents the
mean ± SD of three independent experiments (n = 6, ∗∗∗P < 0.001 compared to control; ###P < 0.001 compared to PD-treated cells).
(F) Fluorescence images were taken with a fluorescence microscope. The fluorescent images were taken with a fluorescence microscope
(200×).

3.6 PD-induced apoptosis is ROS-dependent in PC3 cells

To evaluate whether PD-induced apoptosis was asso-
ciated with the production of ROS, it was evaluated the
effect of NAC on loss of MMP induced by PD. The re-
sults showed that PD-induced decreases in JC-1 aggregates
and increase in JC-1 monomers were significantly reversed
by NAC (Fig. 5A). In addition, NAC markedly decreased
PD-induced cytosolic release of cytochrome c (Fig. 5B,C).
These results demonstrated that blocking ROS inhibited
PD-induced destruction of mitochondrial integrity, and sub-
sequently suppressed the release of cytochrome c from mi-
tochondria into cytosol. Furthermore, NAC significantly
attenuated the suppressed cell viability caused by PD and
apoptosis induced by PD (Fig. 5D–F).

4. Discussion
In the present study, it was investigated whether PD

induce apoptosis in human prostate cancer PC3 cells, and

whether it can be considered a natural source of therapeutic
for prostate cancer. According to the findings of this study,
PD concentration-dependently induced cytotoxicity while
inducing apoptosis in PC3 cells. Several previous stud-
ies demonstrated that PD showed minimal effect on nor-
mal cells including non-malignant human prostate epithe-
lial cells. Zhou et al. [29]. reported that 50% growth in-
hibition concentration of PD on prostate epithelial RWPE-
1 cells was over 50 µM. Furthermore, Chun et al. [39]
showed that PD at the concentration up to 50 µM did not
affect the cell viability of human normal cells lines such
as lung fibroblast MRC-5, normal breast MCF-10A, and
Chang liver cells. In addition, there has been reported that
PD at the concentration up to 30 µM did not affect the sur-
vival of C2C12 myoblasts [13]. Moreover, the concentra-
tion of 20 µM PD did not exhibit any cytotoxicity effect on
rat ventricular H9c2c cells [40]. Based on these finding, it
was thought that PD has selective activity against malignant
cells.
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Fig. 5. The role of ROS on PD-induced cytotoxicity and apoptosis in PC3 cells. After pretreatment with 10 mM NAC for 1 h, and
then 20 µM platycodin was added to the medium for another 48 h. (A) The changes of MMP were determined by a flow cytometer.
(B) Cytoplasmic and mitochondrial fractions were used to examine cytochrome c expression. (C) The expression of cytochrome c was
indicated as fold change with control. Each bar indicated the mean ± SD of three independent experiments (∗∗∗P < 0.001 compared to
control; ###P < 0.001 compared to PD-treated cells). (D) Cell viability was measured the MTT assay. (E and F) The cells were fixed
and stained with annexin V/PI for flow cytometry analysis. (E) Representative flow cytometry plots are presented. (F) The populations
of apoptotic cells were determined by expressing the numbers of annexin V+ cells. The data are presented as the mean ± SD of three
independent experiments (∗∗∗P < 0.001 compared to control; ###P < 0.001 compared to PD-treated cells; NS, not significant compared
to PD-treated cells).

Since understanding the mechanism of apoptosis is
important in the pathogenesis of cancer, it was investigated
whether apoptosis pathways were affected by PC3-induced
cytotoxicity in PD. In general, apoptosis, a type of pro-
grammed cell death, is divided into either DR-initiated ex-
trinsic or mitochondria-mediated intrinsic pathways [4,41].
The DR-mediated extrinsic pathway is initiated when the
death ligands bind to the DRs, which triggers the activa-
tion of caspase-8, an inducing caspase of the extrinsic path-
way. Thereafter, activation of caspase-8 leads to the acti-
vation of effector caspases such as caspase-3 and -7, which
act as the final executor of apoptosis. In this process, c-
FLIP acts as an important regulator of caspase-8 activa-
tion. c-FLIP suppresses DR-mediated apoptosis by block-
ing caspase-8 activation in death-inducing signaling com-
plex (DISC) as it competes with pro-caspase-8 to bind to
the Fas-associated death domain [1,3]. The present re-
sults showed that the expressions of Fas as well as its lig-
and FasL were concentration-dependently up-regulated by
treatment with PD, similar to the result of a previous study
using human gastric cancer cells [27]. Subsequently, PD
down-regulated the expression of c-FLIPL and c-FLIPS ,
and induced activation of caspase-8. These results indicated

that PD-induced apoptosis derives from Fas/FasL interac-
tion, and leads to activation of caspase-8 through down-
regulation of c-FLIP, thus demonstrating that the extrinsic
pathway is involved in PC3 cells. These results are consis-
tent with Chun et al.’s finding [39]. They suggested that
PD enhanced the expression of FasL protein and mRNA
levels in AGS human gastric cancer cells. In addition, they
demonstrated that PD mediated apoptosis by inducing both
the synthesis and cell surface localization of Fas-L, which
binds to Fas and activates caspase-8. In 2006, Ahn et al.
[42] reported that PD upregulated the expression the Fas
and the FasL in HaCaT cells, and ultimately involved in
DNA fragmentation, caspase-3 and -8 activation.

On the other hand, the intrinsic pathway is initiated by
the release of cytochrome c from the mitochondria to the
cytoplasm. This pathway is tightly regulated by the Bcl-2
family members, which consist of anti-apoptotic and pro-
apoptotic proteins [2,41]. In this study, we verified that
PD led to up-regulation of pro-apoptotic Bax and down-
regulation of anti-apoptotic Bcl-2, activated caspase-9 and
-3, and induced the cleavage of PARP, a major substrate
protein of activated caspase-3 [1,3]. Similar to the find-
ing, several previous studies demonstrated that PD-induced
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Fig. 6. Proposed model for PD-induced apoptosis in PC3 human prostate cancer cells.

apoptosis has been associated with the intrinsic pathway via
mitochondrial Bcl-2 family members in AGS gastric can-
cer cells, HepG2 hepatoma cancer cells, MCF-7 breast can-
cer cells, and glioma U251 cells [25,31,39,43]. More re-
cently, there has been reported that PD induced apoptosis
through inducing of mitochondrial-mediated apoptotic pro-
teins including Bas, cytochrome c, cleaved caspase-3, and
eventually lead to alleviates liver fibrosis in hepatic stel-
late cells [44]. Furthermore, PD up-regulated tBid expres-
sion with down-regulation of total Bid expression. Trun-
cation of Bid for the production of tBid is caused by ac-
tivated caspase-8, and tBid oligomerizes in the mitochon-
drial outer membrane to cause mitochondrial dysfunction.
As a result, the loss of MMP results in the release of cy-
tochrome c, which serves to connect and amplify the two
apoptotic pathways [4,5]. The present results demonstrated
that PD destroyed the integrity ofmitochondria as a result of
loss of MMP, which contributed to cytosolic release of cy-
tochrome c. However, PD-induced cytotoxicity and apop-
tosis in PC3 cells were significantly suppressed by pretreat-
ment with pan-caspase inhibitor. Therefore, these results
indicated that both caspase-dependent extrinsic and intrin-
sic pathways might be due to the regulation of Bcl-2 family
proteins in PC3 cells.

Mitochondria are the primary cellular source of ROS
generation, and oxidizing mitochondrial pores lead to an in-
crease of ROS levels [1,45]. Increasing cellular ROS lev-

els accelerates the oxidation of DNA, proteins and lipids,
thus leading to cell death by cellular dysfunction [46,47]. In
this regard, recent studies have shown that these biochem-
ical properties of cancer cells can be exploited for thera-
peutic benefits, in contrast to the tumor-promoting effects
of increased ROS [23]. Therefore, the effects of PD on
the production of ROS were further evaluated. The results
showed that PD significantly increased ROS production,
but PD-induced ROS accumulation was markedly attenu-
ated by NAC, the ROS scavenger. In addition, PD-induced
apoptotic events, including loss of MMP, cytosolic release
of cytochrome c and cytotoxicity, were all fully blocked
by NAC. These results demonstrated that PD-mediated
apoptosis was markedly attenuated when ROS generation
was artificially blocked by NAC. Therefore, apoptosis of
PC3 cells which was induced by PD was clearly ROS-
dependent. These results are consistent with previous stud-
ies in various carcinoma cells. For example, Yu et al.
[31] suggested that PD induced ROS-mediated apoptosis
and endoplasmic reticulum stress response inMCF-1 breast
cells, and Shin et al. [32] also reported that PD exhibited
ROS-induced apoptosis in U937 leukemia cells. Moreover,
there has been reported that PD induced apoptosis of PC-
12 pheochromocytoma cells through a ROS-mediated mi-
tochondrial dysfunction pathway. Additionally, a previous
report demonstrated that PD have protective effect against
ROS-induced DNA damage and apoptosis in C2C12 my-
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oblasts [13]. Over all, the current results show that PD-
induced apoptosis mediated Fas/FasL interaction, and ac-
tivation of caspase-8 through down-regulation of c-FLIP.
In addition, PD induced mitochondrial dysfunction through
modulation of Bcl-2 family proteins (Fig. 6). Meanwhile,
PD-induced apoptosis in PC3 cells was simultaneously me-
diated by caspase-dependent intrinsic and extrinsic path-
ways, which was ROS dependent.

5. Conclusions
Taken together, the present finding provided persua-

sive evidence for promising role of PD in treatment of
prostate cancer. It has been shown that PD induced apopto-
sis through ROS-dependently intrinsic and extrinsic path-
way in PC3 cells. However, although this finding indicate
that PD can be applied as an effective treatment for prostate
cancer, it is necessary to confirm the anti-cancer efficacy of
PD through an experimental model of prostate cancer, and
further studies on the clinical application of PD are war-
ranted.
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