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A B S T R A C T

Prostate cancer is a big threat to male for its poor prognosis and high mortality rate. Natural compounds
are important resources of many anticancer drugs. Pomegranate is a kind of antioxidant-rich fruit and its
peel and seed has potential anticancer activities. In this study, we aimed to investigate the effects of
pomegranate peel extract (PoPx) on the apoptosis and metastasis of prostate cancer cells and the related
mechanism. We found that PoPx showed growth inhibition on prostate cancer cells. Nuclei
morphological and flow cytometer (FCM) analysis indicated that PoPx could induce prostate cancer
apoptosis. Further investigation indicated that mitochondrial mediated intrinsic pathway is involved in
the apoptosis. Exposure to PoPx led to loss of mitochondrial transmembrane potential (Dym),
accumulation of reactive oxygen species (ROS). Western blot analysis showed that PoPx could increase
the expression ratio of Bax/Bcl2 and activation of apoptosis executor caspase 3. Wound healing assay and
transwell migration and invasion assay implied that PoPx has the potential to inhibit migration and
invasion, two critical steps in prostate cancer metastasis. Downregulation of MMP2/MMP9 and
upregulation of TIMP2 showed accordance with the inhibition of migration and invasion. In summary, the
present data showed that PoPx could be a promising drug candidate to treat prostate cancer, showing us a
better way to develop novel drugs from natural compounds.
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1. Introduction

Cancer is the leading cause of death in the 21st century.
According to American Cancer Society, prostate cancer is the most
common form of cancer in male, accounting for 1 in 5 new cancer
diagnoses in men and ranking the second leading cause of cancer
Abbreviations: PCa, prostate cancer; PoPx, Punica granatum (pomegranate) peel
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related mortality [1]. Unfortunately, the majority of prostate
cancer patients are diagnosed at a late stage with distant
metastasis but its pathogenesis is not fully understood yet,
resulting a high mortality [2,3]. Thus, there is an urgent need to
uncover the molecular mechanisms of prostate cancer (PCa) and to
develop some novel and better therapeutic approaches.

Punica granatum (Pomegranate) is one member of Punicaceae.
The peel juice and seed oil of the pomegranate fruit is an important
source of antioxidants with known anti-cancer activities [4].
Numerous current researches have demonstrated that antioxi-
dants in some fruits and vegetables can defend human cells from
oxidative damage and prevent aging, resulting in a decreased
incidence of tumors and infections [5]. There are plenty of
bioactive components presented in pomegranate peel, such as
tannins, flavonoids, polyphenols, anthocyanins, etc. [4]. They have
been proposed to have various pharmacological activities, includ-
ing anticancer activity.

Evasion of apoptosis is one hallmark of maybe all types of
cancer [6]. Deregulation of apoptosis resulted in uncontrolled

http://crossmark.crossref.org/dialog/?doi=10.1016/j.biopha.2017.07.008&domain=pdf
undefined
undefined
http://dx.doi.org/10.1016/j.biopha.2017.07.008
http://dx.doi.org/10.1016/j.biopha.2017.07.008
http://www.sciencedirect.com/science/journal/07533322


Y. Deng et al. / Biomedicine & Pharmacotherapy 93 (2017) 976–984 977
growth of cancer and development of resistance to treatment.
Therefore, drugs that could restore cancer cell apoptosis may be
effective against many types of cancer, making this a promising
strategy to treat cancer [7]. On April 11, 2016, the U. S. Food and
Drug Administration approved Venclexta for treating chronic
lymphocytic leukemia (CML) patients. This is a Bcl2 inhibitor that
specifically targeted to the apoptosis pathway.

It has been proved in earlier studies that pomegranate peel
could inhibit prostate cancer growth by inducing cell apoptosis [8].
However, the mechanism of pomegranate peel induced apoptosis
has not been delineated clearly yet. Metastasis is the main cause of
PCa related mortality. Migration and invasion are two critical steps
in metastasis. Numerous proteins are involved in the metastasis
cascades. Among them, matrix metalloproteinases could destruct
the integraty of extracellular matrix in the microenvironment to
facilitate metastasis [9,10]. It’s still unknown whether pomegran-
ate peel extract (PoPx) could inhibit PCa metastasis cascades.
Hence, this study is aimed to investigate the effects of PoPx on PCa
cells and provide evidence for the further application of PoPx in
inhibiting PCa growth and metastasis. The effects of PoPx were
assessed on several PCa cells and the preliminary molecular
mechanism was explored in our study.

2. Materials and methods

2.1. Preparation of pomegranate peel extract (PoPx)

Pomegranate peel of Tunisia soft-seed pomegranate was
purchased from Yuzhuang Ecological Green Industry Co. (Qianxi
County, Guizhou Province, China). The preparation of pomegranate
peel extract was done as previously described with minor
modifications. Firstly, 400 g fresh peel was cut into pieces of
0.5 cm in size and extracted with a combination of 1550 mL ethanol
and 480 mL H2O followed by soaking for 2 h at 60 �C. The crude
extracts were then filtered and concentrated under vacuum to
produce a total of 45 g brown powder. This PoPx was stored at
�20 �C and protected from light before use.

2.2. Quantitative analysis of PoPx by HPLC and MS

A Waters 2695 HPLC system (Waters Corp., Milford, Massachu-
setts, U.S.A.) was used in this experiment. The method and
chromatographic conditions was followed by previously described
methods. Data were processed by Waters Empower 3 software. The
chromatographic separation was conducted on a Waters Symme-
try C18 column (5 mm, 4.6 � 250 mm). The mobile phase is
composed of deionized water with glacial acetic acid (A, 99:1, v/
v, pH 3.0) and methanol (B) with a flow rate of 1 mL min�1. The
gradient program was set as follows: 0–70 min, 10–45% B; 70–
80 min, 45% B. The chromatogram was detected at a wavelength of
256 nm throughout the assay. An Absciex Qtrap 5500 was used in
the MS. We detected the samples by HPLC and MS after
establishing the standard working curves of ellagic acid (EA)
and punicalagin (PC).

2.3. Reagents and antibodies

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide
(MTT), dimethyl sulfoxide (DMSO), 2-(6-amino-3-imino-3H-
xanthen-9-yl)benzoic acid methyl ester (Rh123) and 20,70-dichlor-
odihydrofluorescein diacetate (DCFH-DA) were purchased from
Sigma Chemical Co. (St Louis, MO, U.S.A.). Hoechst 33258 was
purchased from Beyotime (Beijing, China). Annexin V-FITC
Apoptosis Detection Kit was purchased from KeyGen Biotech
(Nanjing, China). For western blot experiments, the primary
antibodies against matrix metalloproteinase-9(MMP-9), matrix
metalloproteinase-2(MMP-2), TIMP2, Bax, Bcl2, Cleaved-caspase-3
and b-actin were purchased from Cell Signaling Technology
(Beverly, MA, U.S.A.) and secondary antibodies were purchased
from ZSGB-BIO Co. (Beijing, China). For in vitro assays, PoPx was
prepared as a 200 mg/mL stock solution in DMSO and stored at
�20 �C. Then the stock solution was diluted in the relevant medium
and 0.1% DMSO served as vehicle control.

2.4. Cell culture

Human prostate cancer cell lines DU145, PC3, mouse prostate
cancer cell TRAMP-C1 were obtained from American Type Culture
Collection (ATCC, Rockville, MD, USA). Cells were cultured in
RPIM1640 or DMEM medium containing 10% heat-inactivated fetal
bovine serum (FBS) and 1% antibiotics (penicillin and streptomy-
cin) in 5% CO2 at 37 �C.

2.5. Cell viability assay

The cell viability of PoPx-treated cancer cells were tested by
MTT assay [11]. Firstly, cancer cells in the logarithmic phase were
seeded in 96-well plates (100 mL) at 2–6 � 103 cells per well for
24 h. After attachment, the cells were exposed to various
concentrations of PoPx (0, 12.5, 25, 50, 100, 200 mg/mL) for 24 h,
48 h and 72 h, respectively. Then 20 mL of 5 mg/mL MTT solution
was added into each well and incubated for an additional 2–4 h at
37 �C. The liquid waste is discarded and the purple-colored
precipitates of formazan were solubilized by the addition of
150 mL DMSO to each well. Finally, the color absorbance was
measured at 570 nm by a Spectra MAX M5 microplate spectro-
photometer (Molecular Devices, CA, U.S.A.).

2.6. Colony formation assay

Colony formation assay was measured as previously described
[12]. Briefly, TRAMP-C1 DU145 and PC3 cells were seeded in 6-well
plates at a density of 700–1000 cells per well for 24 h. Then the
cells were treated with designated concentrations of PoPx (0, 6.25,
12.5, 25, 50 and 100 mg/mL) and incubated for an additional
710 days. Subsequently, the cells were washed with PBS followed
by fixed with methanol and stained with a 0.5% crystal violet
solution for about 15 min and the colonies (>50 cells) were
counted under a microscope.

2.7. Morphological analysis of nuclei by Hoechst staining

Cells have distinct morphologic characteristics when in the
apoptotic process: cell body shrinkage, chromatin condensation
and apoptotic bodies. To investigate whether PoPx induced
inhibition of in cell viability was attributed to apoptosis, we
stained TRAMP-C1 and PC3 cells with Hoechst 33258 dye after
PoPx treatment [13]. Briefly, cells at logarithmic growth were
seeded onto an 18 mm coverglass in a 6-well plate at a density of 5–
10 � 104 per well. Twenty-four hours after seeding, the cells were
treated with different concentrations (0, 12.5,25, 50, 100, 200 mg/
mL) of PoPx for 48 h. Then the cells were washed twice with ice-
cold phosphate-buffered saline (PBS) and fixed in methanol for
15 min. Then the cells were stained with Hoechst 33258 solution in
accordance with the manufacturer’s instructions and the nuclear
morphology of the cells was photographed under a fluorescence
microscope (Leica, DM4000B).

2.8. Apoptosis analysis by flow cytometry (FCM)

An Annexin V-FITC apoptosis detection kit was used to further
confirm PoPx induced apoptosis as described before [13]. In brief,
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TRAMP-C1 cells (1–2 � 105 cells per well) were seeded in 6-well
plates. Twenty-four hours later, the cells were treated with PoPx (0,
12.5, 25, 50, 100, 200 mg/mL) for 48 h. Then the cell s were
harvested and washed twice with cold PBS followed by staining
with 5 mL V-FITC and 5 mL PI for 10 min. The apoptosis state in each
group was detected by FCM and the data were analyzed with
FlowJo software. This experiment is repeated three times.
Fig. 1. HPLC and MS of PoPx. (A) HPLC analysis of PC (peak 1 and peak 2) and EA (peak 3
(ellagic acid [M�H]�:301.0) and PC(punicalagin [M�H]�:1083.0).
2.9. Detection of mitochondrial membrane potential (Dcm) and
reactive oxygen species (ROS)

Mitochondrial membrane potential detection was performed as
previously reported and examined by FCM after Rh123 staining
[13]. Adherent cells were treated with indicated dose of PoPx(0,
12.5 25, 50, 100, 200 mg/mL) for 48 h. The medium was
) in PoPx. (B)The molecular structure of PC and EA. (C) The molecular weight of EA



Table 1
Linear range, regression equation and R2 of EA and PC.

Component Linear range (mg/mL) Regression equation R2

EA 50–500 ya = 149530x + 2 � 106 0.9935
PC 125–2000 ya = 2 � 107x � 6 � 106 0.971

a y is AUC of the peak; x refers to the concentration of compound (mg/ L).
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subsequently removed to collect cells by digestion and centrifu-
gation. Then the cells were stained with 10 mM Rh123 and
incubated at 37 �C in the dark for 30 min. The fluorescence was
detected by FCM and the changes of mitochondrial membrane
potential (Dcm) were analyzed.

Similarly, the intracellular ROS level was assessed by DCFH-DA
probe. After treatment with PoPx for 48 h, the cells were incubated
with 10 mM DCFH-DA at 37 �C in the dark for 30 min. Then the
stained cells were harvested and washed twice with cold PBS, and
the fluorescence was subsequently detected by FCM. This
experiment is repeated three times.

2.10. Wound-healing migration assay

Migration and invasion are two important steps in cancer
metastasis. To investigate the potential of PoPx to inhibit prostate
cancer metastasis, we did wound-healing assay to study PoPx’s
effects on cancer cells migration as described previously [14].
Briefly, when grow to approximately 80% confluence in monolayer,
TRAMP-C1 cells were scraped by a sterile 10 mL pipette tip and the
cell debris was washed with PBS. Fresh medium containing 2% FBS
and various concentrations of PoPx were then added and incubated
for 48 h. Cells migrated into the wounded area were assessed by
photographing under a microscope (Zeiss, Germany). The inhibi-
tion of migration by PoPx was quantified. The assay was replicated
3 times.

2.11. Boyden chamber migration and invasion assay

A Boyden chamber (8 mm pore size) migration assay was
conducted as previously described, with a few modifications [14].
In brief, 100 mL serum-free medium containing 1.0 � 105 cells were
added into the top chamber of 24-well transwell (Millipore), and
600 mL medium containing 10% FBS was added to the bottom
chamber. Various concentrations of PoPx (0, 50, 100, 200 mg/mL)
were added into both chambers. The cells were allowed to migrate
for approximately 48 h and non-migrated cells in the top chamber
were removed by cotton swab. Then the migrated cells attached to
the lower surface of the transwell membrane were fixed in
methanol and stained with 0.5% crystal violet for 15 min. Migrated
cells in 3 fields selected randomly were counted and photographed
under a light microscope.

Invasion assay was performed according to previous studies
[14]. Briefly, Matrigel (BD Biosciences, U.S.A.) was diluted 1:3 in
PBS and then added to the upper surface (60 mL per well) of 24-
well transwell plate and incubated at 37 �C for polymerization.
Then he lower compartment of the chamber was filled with 600 mL
medium containing 10% FBS. 1.0 � 105 cells in 100 mL serum-free
medium were placed in the upper part of each transwell and
treated with designated concentrations of PoPx (0, 50, 100, 200 mg/
mL). After 48 h incubation, non-invaded cells on the upper side
were removed by cotton swab and those invaded to the bottom
side of the transwell were fixed with methanol and stained with
0.5% crystal violet for 15 min. Invaded cells were counted under a
light microscope and the images were taken. Invaded cells in five
independent areas per well were counted and inhibition rate of
invasion was then calculated. The two assays were replicated 3
times.

2.12. Western blot analysis

To determine the effect of PoPx on the signaling pathway
involved in this study, some proteins in TRAMP-C1 cells were
evaluated by western blot as described previously [15]. Firstly,
TRAMP-C1 cells were treated with designated concentrations (0,
50,100, 200 mg/mL) of PoPx for 48 h. Then the cells were washed
twice with cold PBS and lysed in RIPA containing cocktail for
30 min on ice. After centrifugation at 13300 rpm at 4 �C for 15 min,
the supernatant of the lysate was harvested. Protein concentration
was determined by BCA protein Assay Kit (Pierce), using known
amounts of bovine serum albumin (BSA) to standardize protein
concentration and equalized before loading. Cell lysates containing
equal amounts of protein (20–40 mg) from each sample were
subjected to sodium dodecyl sulfate- polyacrylamide gel electro-
phoresis (SDS-PAGE) gels and transferred onto polyvinylidene
difluoride (PVDF) membranes (Amersham Bioscience, Piscataway,
N.J.). Membranes were blocked for 1 h at room temperature with
5% skimmed milk (in PBST) and then incubated overnight at 4 �C
with each primary antibody. After three washes with PBST (5 min
each), membrane was incubation with the relevant HRP-conjugat-
ed secondary antibodies for 1 h at room temperature followed by
three 5-min washes with PBST. The signal of the bands was
detected by using an enhanced chemiluminescence(ECL) kit
(Amersham Bioscience, Piscataway, N.J.) per the manufacturer’s
instructions. The expression of protein was quantified by Image-
Pro-Plus 6.0 software.

2.13. Statistical analysis

Cell culture-based experiments were done in biological
triplicates and quantifications of staining were done on sections
in at least three different views. Data were expressed as means
� SD and the analysis was compared by one-way analysis of
variance (ANOVA) followed by Dunnett-t using SPSS 16.0 software.
Statistically significant p values were considered at: *p < 0.05;
**p < 0.01; ***p < 0.001.

3. Results

3.1. Analysis of punicalagin and ellagic acid in PoPx by HPLC and MS

PoPx was comprehensively analyzed by the combination of
HPLC and MS. The prepared PoPx sample was firstly analyzed by
using the optimized HPLC method and the component were
matched by the Similarity Evaluation System for Chromatographic
Fingerprint of Traditional Chinese Medicine (Version 2012A). As
shown in Fig. 1A, the main constituents of PoPx were determined
as punicalagin (PC, peak 1 and peak 2) and ellagic acid (EA, peak 3)
by comparing their retention time with standard substance. The
chemical structures of PC and EA were shown in Fig. 1B. And the
molecular weight of EA (ellagic acid [M�H]: 301.0) and PC
(punicalagin [M�H]: 1083.0) were detected by mass spectrum
(Fig. 1C).

The content of PC and EA in PoPx were computed based on the
regression equation and the relevant AUC (area under the curve) of
each component. Linear regression model was fit for the analysis of
PC and EA, both of which were expressed by plotting AUC (y) of the
peak against the concentrations (x, mg/mL) (Table 1). Both
compound showed high linearity during investigated ranges.
Based on the linear regression, the contents of PC and EA were
479.82 mg/g and 7.53 mg/g in PoPx, respectively.
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3.2. The effects of PoPx on proliferation and the morphology of prostate
cancer cells

To evaluate the anti-proliferative effect of PoPx, human prostate
cancer cell lines DU145, PC3 and mouse prostate cancer cell
TRAMP-C1 were treated with designated concentrations of PoPx
(0, 12.5, 25, 50, 100 and 200 mg/mL) for 24 h, 48 h and 72 h,
respectively. As revealed in Fig. 2A, PoPx showed good inhibition
on TRAMP-C1 cell proliferation in a time and concentration
dependent manner. Although the growth of DU145 and PC3 was
Fig. 2. The effects of PoPx on PCa cells proliferation. (A) TRAMP-C1, DU145 and PC3 cells w
72 h. Cell viability was determined by MTT assay. Data are expressed as means � SD fr
control). (B) The effects of PoPx (0–100 mg/mL) on colony formation in TRAMP-C1, DU14
presented as surviving colonies. Data are expressed as means � SD from three independe
appearance of Hoechst 33258 staining nuclei of TRAMP-C1 and PC3 cells with variou
experiments.
not inhibited when exposed to low concentrations of PoPx for 24 h,
the higher concentration and longer time treatment showed good
inhibition of cell growth. According to Yujue Li [16], the
pomegranate peel extract (PoPx) has a relative high selectivity
index and its IC50 values on normal cells was more than 400 mg/mL,
which indicated that PoPx might have high safety profiles.

To further investigate the long-term effects of PoPx on cell
survival, we conducted clonogenic assay. As shown in Fig. 1B, long-
time PoPx exposure led to reduced clone formation of DU145, PC3
and TRAMP-C1 cell, and there is no visible colony in the high dose
ere incubated with designated concentrations (0–200 mg/mL) of PoPx for 24, 48 and
om three independent experiments (*p < 0.05; **p < 0.01;***p < 0.001, compared to
5 and PC3 cells for about 7-10 days, the statistic results of colony formation assays
nt experiments (***p < 0.001, compared to control). (C) The fluorescence microscopic
s concentrations of PoPx for 48 h (20�). Data are the representative from three
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treatment group. Moreover, the size of the colonies is significantly
smaller after PoPx treatment. Thus, the above data implied that
PoPx displayed strong cytostatic effects on TRAMP-C1, DU145 and
PC3 cells.

3.3. PoPx induced apoptosis of prostate cancer cells

Next, we investigated whether apoptosis contribute to PoPx-
induced growth inhibition. As shown in Fig. 2C, Hoechst 33258
staining showed condensed nuclei and nuclear fragmentation in
PC3, DU145 and TRAMP-C1 cells after exposure to PoPx for 48 h. To
quantify the apoptosis induced by PoPx in TRAMP-C1 cells, we
analyzed the cells by FCM after Annexin V-FITC/PI dual-labeling. As
revealed in Fig. 3A and B, the apoptosis rate of the cell significantly
increased after 48 h PoPx-treatment from 6.03% in vehicle control
group to 67.55% in 200 mg/mL treatment group. Bax and Bcl2 are
important proteins in the mitochondrial apoptotic pathway. To
further confirm the preliminary mechanism of PoPx-induced
apoptosis, the expression levels of some apoptosis-related proteins
were detected in TRAMP-C1 by western blot. The results in Fig. 3C
indicated decreased expression of anti-apoptotic Bcl2 and
increased expression of Cleaved caspase 3 and pro-apoptotic
Bax after PoPx treatment. Notably, the expression ratio of Bax/Bcl2
increased from 0.53 in vehicle control group to 1.79 in 200 mg/mL
treatment group (Fig. 3D). These data indicate that PoPx is able to
induce apoptosis of TRAMP-C1 cells, and it might be via the
mitochondrial apoptotic pathway.
Fig. 3. Induction of apoptosis in TRAMP-C1 cells by PoPx-treatment. (A) TRAMP-C1cells w
statistically. Data are expressed as mean � SD. (*p < 0.05; **p < 0.01;***p < 0.001, compa
concentrations(0, 50, 100 and 200 mg/mL) of PoPx for 48 h to evaluate protein expressio
expression of Bcl-2, Bax and Cleaved caspase-3 were quantified by the densitometry analy
relative expression of Bax, Bcl-2 and Cleaved caspase-3 after treatment with PoPx ar
compared to control) (D) The percentage of Bax/Bcl-2 ratio was presented in the bar g
3.4. PoPx treatment decreased mitochondrial transmembrane
potential (Dcm) and ROS production

To further investigate the mechanism of PoPx induced
apoptosis in TRAMP-C1 cells, we next detected the changes of
Dcm by FCM after the fluorescent dye Rh123 staining. The results
in Fig. 4A showed that there is a remarkable loss of Dcm in TRAMP-
C1 after PoPx-treatment for 48 h. Compared with 29.57% in the
vehicle control group, the loss of Dcm increased to 66.13%, 68.03%
and 76.24% after 50, 100 and 200 mg/mL PoPx treatment,
respectively.

ROS could regulate numerous vital activities in cell, including
transcription factor activation, gene expression, differentiation and
cell proliferation, etc. [17]. Generation of ROS in cancer cells could
stimulate cell death because cancer cells are under much oxidative
stress. After PoPx treatment for 48 h, ROS level in TRAMP-C1 was
detected by FCM via DCFH-DA staining. As displayed in Fig. 4B, ROS
level in TRAMP-C1 cells was upregulated a lot after PoPx
treatement. Thus, those results revealed that PoPx-induced
apoptosis in TRAMP-C1 cells might be via mitochondria-mediated
apoptotic pathway.

3.5. Effects of PoPx on migration and invasion of TRAMP-C1 cells

Metastasis is the main cause of cancer related death. Migration
and invasion are two important steps in cancer metastasis. To
investigate the potential effects of PoPx on prostate cancer
metastasis, we performed wound-healing and transwell assay
on TRAMP-C1 cells. It is obviously to see that the migration
ere exposed to PoPx at designated doses for 48 h. (B) The apoptosis rate was treated
red to control). (C) Western blot analyses of TRAMP-C1cells treated with various
n of Bcl-2, Bax, Cleaved caspase-3 and b-actin served as a loading control. Protein
sis using Image-Pro Plus and normalized against b-actin expression. Statistics of the
e shown. Data are expressed as mean � SD from three experiments. (***p < 0.001,
raphs on the right.



Fig. 4. The changes in the mitochondrial membrane potential (DYm) and the accumulation of ROS. (A) TRAMP-C1 cells were treated with various concentrations of PoPx (0,
50, 100 and 200 mg/mL) for 48 h. The shape filled with purple color was stand for control. (B) The mean fluorescence intensity detected in the mitochondrial membrane
potential assay was treated statistically. Data are presented as mean � SD. (***p < 0.001 compared to control) (C)TRAMP-C1 cells were treated with PoPx at indicated doses(0,
50, 100 and 200 mg/mL) for 48 h, followed by analysis of ROS by flow cytometry. The control group was presented as the shape filled with purple color. (D) The variation of ROS
was calculated. Data are expressed as mean � SD. (***p < 0.001 compared to control).
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capability was suppressed by PoPx (Fig. 5A). A similar result from
transwell migration assay also showed that PoPx reduced TRAMP-
C1 cells’ migration ability (Fig. 5B). Furthermore, results from
matrigel invasion assay indicated a significant decrease in the
invasion capabilities of TRAMP-C1 cell after PoPx treatment for
48 h, as shown in Fig. 5C.

Tumor metastasis is a complex multi-step process and many
proteins are involved in it. To preliminary study the molecular
mechanism of PoPx’s inhibition on prostate cancer cells migration
and invasion, we detected the expression level of several key
proteins by western blot. As Fig. 5D indicated, after treatment with
PoPx, the expression level of MMP2 and MMP9 in TRAMP-C1 was
suppressed significantly compared to vehicle control group. By
contrast, expression of TIMP2 was upregulated after PoPx
treatment. Altogether, our results implied that PoPx possessed a
moderate inhibition on TRAMP-C1 cell migration and invasion.

4. Discussion

Prostate cancer is a big threat to male and lacks effective
treatment option. And a lot of pharmaceutical companies and
institutes are trying to find novel drugs to treat this devastating
disease. Numerous research reports that natural compounds from
plants can trigger apoptosis in a lot of cancer cells with different
histologic origin [18]. This inspires us to investigate the
pharmacological activities of extracts from pomegranate peels
on prostate cancer.

Dysregulation of apoptosis is a hallmark of cancer and many
anticancer drugs exhibit the activities by inducing cancer cells
apoptosis, making it a promising anticancer target [6,7]. FDA has
approved Venclexta to treat for chronic lymphocytic leukemia
patients. It is a Bcl2 inhibitor and mainly target to the apoptosis
pathway [19,20]. Metastasis is the main reason of cancer related
death. Thus, we should pay more attention the ability to
suppressing metastasis when developing novel anticancer drugs.
In this study, we assessed the effects of extract from natural
compounds on apoptosis and metastasis. We explored the
anticancer effects of PoPx on some prostate cancer cells in vitro
and the underlying possible mechanisms. We find that PoPx could
decrease prostate cell viabilities, induce apoptosis and inhibit
migration and invasion.

Firstly, we used MTT assay to assess the activities of PoPx on the
growth and proliferation of several prostate cancer cell lines. We
find that PoPx inhibited DU145, PC3 and TRAMP-C1 prostate cancer
cells viabilities in a dose- and time-dependent manner. To get into
the mechanism of PoPx’s anti-proliferation effects, we studied
PoPx’s effects on the apoptosis pathway. Flow cytometry analysis
indicated that apoptosis contributed to the decreased cell viability
after PoPx treatment. Further studies implied that PoPx might
induce apoptosis via mitochondrial intrinsic pathway.

There is growing evidence that mitochondrial dysfunction
contribute to apoptosis, which is associated with a decreasing
mitochondrial transmembrane potential, Dcm [21]. Besides, it’s
reported that the accumulation of ROS can change the intracellular
environment and disrupt the intracellular homeostasis [22].
Disruption of mitochondrial membrane permeability and loss of
mitochondrial transmembrane potential (Dcm) are important
events in the intrinsic apoptotic pathway. In this study, we found a
pronounced loss of Dcm in prostate cancer cells after PoPx
treatment. Reactive oxygen species (ROS) are mainly produced in
mitochondria and generation of ROS in cancer cells could lead to
cell apoptosis because cancer cells are under much oxidative stress.
After PoPx treatment, ROS levels in prostate cancer cells increased,
which might contribute the apoptosis [23].

To gain more insight into the precise mechanism of PoPx to
induce apoptosis, expression level of Bax, Bcl2 and cleaved-
caspase-3 were detected, which are crucial signaling regulators of
intrinsic apoptosis [24]. Caspase-3 is generally considered as an



Fig. 5. Inhibition of migratory and invasive in TRAMP-C1 cells by PoPx �treated. (A) TRAMP-C1 cells were seeded on six-well plates. A single scratch was made after the cells
grew about 80% confluence. After treatment of PoPx for 48 h, the cells were fixed and photographed (10�). The lines indicate the area occupied by the initial scraping and
migrated cells were quantified. (B) TRAMP-C1 cells were seeded in the top chamber of transwell with serum-free medium and treated with vehicle or different concentrations
of PoPx. After about 48 h, migrated cells were fixed, stained, photographed and quantified (20�). (C)TRAMP-C1 cells were treated with different concentrations of PoPx and
allowed to invade through Matrigel for 48 h. Invaded cell number was counted (20�). (*p < 0.05, **p < 0.01, ***p < 0.001 compared with control) (D) TRAMP-C1 cells were
treated with different doses of PoPx for 48 h, cells were harvested and western blot assay was carried out to detect the expression of MMP2, MMP9 and TIMP2. b-actin served
as loading control. (E) Protein expression of MMP-2, MMP-9 and TIMP2 were quantified by the densitometry analysis using Image-Pro Plus and normalized against b-actin
expression. Data are expressed as mean � SD from three experiments. (**p < 0.01, ***p < 0.001, compared to control).
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important effector protease that is cleaved and activated during
apoptosis [25]. Bcl2 family protein plays important role in
mitochondrial-dependent apoptosis and alteration in the balance
between anti-apoptotic Bcl2 and pro-apoptotic Bax plays the
decisive role in cell’s susceptibility to apoptosis [26,27]. The data in
this study showed that PoPx-induced apoptosis was accompanied
by the activation of caspase-3, increased Bax/Bcl2 ratio. The
present work indicated that PoPx-induced apoptosis might be via
mitochondria-dependent intrinsic pathway. Notably, these obser-
vations are in accordance with apoptosis of other cancer cells
induced by pomegranate peel extract reported previously
[16,21,28]. These findings suggested that PoPx is able to inhibit
the growth of TRAMP-C1 by inducing mitochondria-dependent
intrinsic apoptosis.

It’s known that decreasing cancer cell invasion and migration is
one possible strategy to prevent or treat cancer metastasis. Matrix
metalloproteinases (MMPs) are critical proteolytic enzymes to
destruct the integraty of extracellular matrix in the microenviron-
ment, an important process for successful cancer metastasis
[29,30]. Among them, MMP2 and MMP9 are generally secreted into
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the extracellular space, and their expressions have been strongly
correlated with the invasion of many types of cancer cells and poor
patient prognosis [31–34]. Migration and invasion are two
important step in metastasis. We carried out some assays to
investigate the anti-metastasis ability of PoPx in vitro. In both
wound healing assay and transwell migration and invasion assay,
it’s clear that treatment with PoPx significantly restrained TRAMP-
C1 cells migration and invasion ability. PoPx treatment also down-
regulated MMP2 and MMP9 expression in TRAMP-C1 cells. The
present in vitro data implied that PoPx might has the potential for
controlling cancer metastasis, which need to be further assessed.
The balance between MMPs and TIMPs is important for tumor cell
invasion and metastasis. Tissue inhibitor of matrix metalloprotei-
nase 2(TIMP2), a specific inhibitor of MMP2, is closely associated
with the activation status of MMP2. MMP2/TIMP2 system is
believed to play a significant role in tumorigenesis and progression
[35] In this study, exposure to PoPx lead to upregulation of TIMP2,
which might contribute to the downregulation of MMP2 and
MMP9 and decreased prostate cancer migration and invasion.

In summary, we have demonstrated that PoPx presented
obvious inhibition effects on the growth and viabilities of prostate
cancer cells. PoPx could also induce prostate cancer cells apoptosis,
which is accompanied by increased expression of cleaved caspase-
3. PoPx treatment also increased the Bax/Bcl2 expression ratio and
ROS production level and a loss of Dcm, indicating the involving of
mitochondrial-mediated intrinsic apoptotic pathway. Additionally,
PoPx can impaired prostate cancer cell migration and invasion,
accompanied with a decreased expression of MMP2 and MMP9
and increasing expression of TIMP2, implying the potential of PoPx
to treat or prevent cancer metastasis. These findings provide the
theoretical basis for the further investigation of PoPx and other
natural compound, giving us a better way to find drugs to treat
cancer and other disease.
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