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Matrine inhibits proliferation and induces apoptosis of the
androgen-independent prostate cancer cell line PC-3
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Abstract. Current strategies to treat androgen-independent
prostate cancer are associated with a number of challenges
and are not yet curative. Matrine is a naturally occurring
alkaloid extracted from the Chinese herb Sophora flavescens.
Matrine has shown anti-proliferative properties in a number of
types of cancer, including breast, gastric, lung and pancreatic
tumors. Matrine was also found to promote apoptosis and
inhibit invasion of cancer cells. We evaluated the antitumor
effects of matrine on androgen-independent PC-3 prostate
cancer cells. The effects of matrine on cell cycle progression
and apoptosis of PC-3 cells were tested. Matrine-treated PC-3
cells underwent GO/Gl1 cell cycle arrest. There was a signifi-
cant reduction in the number of S phase and G2/M phase
cells in the treated group when compared to untreated cells.
Flow cytometry, as well as Annexin-V/PI staining, showed a
significant, dose-dependent increase in the number of early,
as well as late, stage apoptotic cells in matrine-treated cells
compared to untreated cells. There was also an increase in the
number of necrotic cells in the matrine-treated group when
compared to untreated cells. Matrine treatment resulted in
increased levels of caspase-3 and Bax and decreased levels of
Bcl-2. Our data suggest that matrine inhibits the proliferation
of androgen-independent prostate cancer cells by causing G0/
Gl cell cycle arrest and promoting apoptosis. Matrine-induced
apoptosis was mediated by downregulation of Bcl-2/Bax ratios
and upregulation of caspase-3 levels. Based on our data, we
suggest that matrine may be a novel addition to the current
arsenal of strategies used to treat androgen-independent pros-
tate cancer.
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Introduction

Prostate cancer is the most common cancer of the male
urogenital system in the US, and the second leading cause of
cancer-related mortality, accounting for almost 28% of the
cancer-related mortality in 2010 (1). Although the incidence
of prostate cancer in Asia is low, prolongation of the life span,
environmental factors and more efficient diagnostic tech-
niques have resulted in a recent increase in the prevalence of
prostate cancer in China (2,3). Prostate cancer now ranks third
in China among cancers of the urogenital system, after bladder
and kidney cancers (2).

The molecular pathogenesis of prostate cancer remains
to be elucidated. However, the advent of improved screening
techniques for prostate-specific antigen (PSA) has facilitated
earlier diagnosis and the opportunity to initiate treatment
earlier than was previously possible (4). Almost two-thirds of
prostate cancer patients are asymptomatic at the early stages
and often present to the clinic at stages C or D. Although radical
prostatectomy and local radical radiotherapy are accepted
treatments in the early stages of prostate cancer, half of these
patients may experience recurrence and/or metastasis (5).

In early-stage prostate cancer, androgens are the major
regulators of cellular proliferation, and tumor growth is
androgen-dependent (6). The treatment of choice for these
patients, who are not suitable for surgical intervention, is
androgen deprivation treatment (ADT) (7). However, ADT
has been reported to have long-term adverse effects (8). ADT
is also not curative and the cancer recurs as a metastatic and
androgen-independent tumor in approximately 70-80% of the
patients (9). Androgen-independent prostate cancer is thought
to result from a number of factors such as genetic instability,
inactivation of detoxifying enzymes, such as GST-vy, activa-
tion of certain oncogenes or amplification of the androgen
receptor (AR) (10). Current treatment for such tumors includes
docetaxel-based chemotherapy, which only offers a survival
advantage of 3 months and is not curative (11,12). Other treat-
ment options for androgen-independent prostate cancer include
brachytherapy (13), cryotherapy and high intensity focused
ultrasound treatment (14), radio-frequency ablation (15),
chemotherapy (16,17), angiogenic inhibitor treatment (18),
gene therapy (19), immunotherapy (16) and tumor vaccine
treatment (20). The goal of these treatments is to inhibit the
growth of prostate cancer cells, promote apoptosis, inhibit
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angiogenesis and enhance the immune function to result
in the elimination of cancer cells. Treatment of androgen-
independent prostate cancer has therefore become a significant
focus of recent research and it is imperative to explore novel
therapeutic modalities in the treatment of such tumors.

Matrine (dodecahydro-3a,7a,diaza-benzo(de)anthracen-8-one)
is an alkaloid extracted from a traditional Chinese herb
(Sophora flavescens Ait.) (21). The pharmacological effects of
matrine have been extensively documented in viral hepa-
titis (21,22), cardiac arrhythmia (23) and atopic dermatitis (24).
The antitumor activity of matrine has also been recently docu-
mented. Matrine has been reported to inhibit proliferation and
induce apoptosis in breast (25), pancreatic (26), hepatoma (27)
and lung cancer (28), and cervical cancer cells (29). The
mechanisms underlying the antitumor effect of matrine have
been extensively investigated. At the molecular level, matrine
was reported to regulate apoptotic pathways by modulating the
Bcl-2/Bax ratio (26) as well as by modulating the expression
levels of Fas/FasL. members (30), p53 and pRb (31) and
C-myc (32). Although matrine has been used clinically in
recent years to treat a number of types of cancer, the thera-
peutic efficacy of matrine in prostate cancer remains poorly
understood.

In the present study, we investigated the effect of matrine on
the androgen-independent prostate cancer cell line PC-3. We
evaluated cell proliferation, cell cycle and apoptosis in order
to explore the mechanisms underlying the antitumor activity
of matrine on these cells. Our study aimed to provide new
strategies for the clinical treatment of androgen-independent
prostate cancer.

Materials and methods

Cell culture and reagents. The androgen-independent, human
prostate cancer cell line PC-3 was provided by the Molecular
Biology Laboratory, School of Medicine of the Xi'an Jiaotong
University, China. This cell line was derived from the bone
metastatic foci of a 62-year-old Caucasian patient with prostate
cancer. PC-3 cells exhibit low level activity of acid phospha-
tase and Sa-reductase. They do not produce PSA or express
AR. PC-3 cells were maintained in RPMI-1640 complete
medium containing 10% inactivated fetal calf serum, 100 U/
ml penicillin and 100 U/ml streptomycin. The cell culture
reagents including media, serum and antibiotics were all
purchased from Gibco (Invitrogen, Carlbad, CA, USA). Cell
cultures were maintained at 37°C in the presence of 5% CO,.
Bcl-2, Bax antibodies were purchased from Boshide, Wuhan,
China.

Western blot analysis. Protein extracts from untreated and
matrine-treated cells were separated on SDS-PAGE and
transferred to polyvinylidene fluoride (PVDF) membranes.
Membranes were blocked and then incubated with mouse anti-
human Bcl-2, or Bax monoclonal antibody (1:1000 dilution),
mouse anti-human caspase-3 antibody or mouse anti-human
[-actin polyclonal antibody (1:5000). Membranes were washed
extensively and then incubated with horseradish peroxidase-
conjugated goat anti-mouse IgG (1:1000). The optical density
of bands was analyzed with Quantitive One software (Bio-
Rad, CA, USA).
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Cell cycle characterization and cell death analysis. Cell cycle
analysis was performed with PC-3 cells, which were seeded
in a 24-well plate at a density of 5x10° cells/well. The cells
were treated with matrine for the specified time periods and
harvested. Untreated and treated cells were fixed in 75%
pre-chilled ethanol (-20°C) overnight at 4°C, resuspended
in PI buffer (50 g/l PI and 15 g/l RNase) and incubated at
room temperature for 20 min in the dark. Cells were then
washed twice (3 min each wash) with PBS and subjected to
flow cytometry (10* cells/sample) (FASCalibur from FALS
CALIBAR BD, USA). The excitation wavelength was 488 nm
and the red fluorescence was collected through a 630 nm long-
pass filter. DNA analysis was performed with FACSort Cell
Quest software (BD, USA).

Apoptosis was evaluated using the Annexin V/FITC
Apoptosis Detection kit from BD, USA. PC-3 cells were seeded
in a 24-well plate (5x10° cells/well) and cultured at 37°C in a
humidified atmosphere with 5% CO, for 4 h. The medium was
then replaced with fresh matrine solution at various concentra-
tions (100 ul/well), supplemented with RPMI-1640 complete
medium (the final volume in each well was 2 ml) and incuba-
tion was carried out at 37°C in a humidified atmosphere for
24 h. Cells were harvested and centrifuged twice at 1000 rpm
(5 min each spin). The cells were washed twice in binding
buffer (3 min each), resuspended in 1 ml of binding buffer, 5 ul
of Annexin V-FITC and 5 ul of PI and incubated in the dark at
room temperature for 15 min. Flow cytometry was performed
with an excitation wavelength of 488 nm. The FACSort Cell
Quest software (BD, USA) was used for DNA analysis. Scatter
plots were delineated based on the FITC fluorescence and PI
fluorescence. The scatter plot was divided into four quadrants:
left lower quadrant: Annexin V-FITC(-) and PI(-) represents
viable cells; left upper quadrant: Annexin V-FITC(-) and
PI(+) represents necrotic cells; right lower quadrant: Annexin
V-FITC(+) and PI(-) represents early apoptotic cells; right
upper quadrant: Annexin V-FITC(+) and PI(+) represents late
apoptotic cells.

Statistical analysis. Data are expressed as the mean with
standard deviation. The one-way ANOVA with Bonferroni
adjustments for post-hoc tests was performed for comparisons
between groups. The Spearman correlation coefficient (o)
was performed to test the dose-dependence between matrine
doses and other variables. Statistical analyses were set with a
significance level of 0.05 and performed with SPSS® version
15.0 statistical software (SPSS, Chicago, IL, USA).

Results

Cell cycle. PC-3 cells treated with 25, 50, 75 or 100 mg/l of
matrine showed a significant increase in the percentage of
G,/G, phase cells compared with the untreated control cells
(Fig. 1). This was accompanied by a significant decrease in
the percentages of S and G,/M phase cells in all four treatment
groups when compared with the control cells. There was also
a significant, dose-dependent increase in the percentage of
apoptotic cells in all four treatment groups when compared
to untreated cells. Cells treated with 50 mg/l of matrine had
a significantly higher number of apoptotic cells compared to
the 25 mg/l and control groups, while the 75 mg/l and the
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Figure 1. Summary of cell cycle distribution in matrine-treated PC-3 cells.
“Indicates a significant difference compared to the control group. ‘Indicates
a significant difference compared to the matrine 25 mg/L group. ‘Indicates a
significant difference compared to the matrine 50 mg/L group.
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Figure 2. Summary of Annexin V/PI analysis of matrine-treated PC-3 cells.
“Indicates a significant difference compared to the control group. ‘Indicates
a significant difference compared to the matrine 25 mg/L group. ‘Indicates a
significant difference compared to the matrine 50 mg/L group.

100 mg/1 groups had significantly higher numbers of apoptotic
cells compared to the 50 mg/1 group (Fig. 1).

Annexin V/PI analysis. We used the Annexin V/PI assay to
evaluate apoptosis in matrine-treated PC-3 cells. A significant
increase was noted in the number of late apoptotic cells in the
four treatment groups when compared to the untreated cell
groups (20.5, 14.6,21.0, 15.1 vs. 2.5%). Notably, the number of
necrotic cells was also higher in the 100 mg/l matrine-treated
group when compared to the 50 mg/1 group and untreated cells
(18.6 vs. 4.7 and 1.1% respectively).

The percentage of normal cells was significantly lower in
the four matrine-treated groups when compared to the control
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Figure 3. Analysis of caspase-3 expression in matrine treated PC-3 cells. (A)
Western blot analysis of caspase-3 expression in matrine-treated PC-3 cells.
(B) Quantitation result of caspase-3 expression levels by densitometer using
beta-actin as internal control. “Indicates a significant difference compared to
the control group.

group (41.0, 61.7, 43.3, 45.3 vs. 85.6%). The percentage of
normal cells was significantly higher in the matrine 50 mg/1
group when compared to the 25 mg/l group. However, the
matrine 75 mg/l and 100 mg/I groups had significantly lower
numbers of normal cells when compared with the 50 mg/l
group (Fig. 2).

Caspase-3. We used Western blotting to evaluate the expres-
sion of caspase-3 levels in untreated and matrine-treated PC-3
cells (Fig. 3). Matrine treatment resulted in an increase in
caspase-3 protein levels (Fig. 3A). Quantitation of the bands
showed a dose-dependent increase in the level of caspase-3
(from 0.307 to 0.438). There was a significantly higher expres-
sion of caspase-3 in the 75 and 100 mg/l matrine treatment
groups compared to the control group (0.433 and 0.438 vs.
0.307) (Fig. 3B).

Bax and Bcl-2. Using Western blotting, we showed that
PC-3 cells treated with increasing concentrations of matrine,
exhibited an increase in the levels of Bax and a decrease in
the levels of Bcl-2 (Fig. 4A). Quantitation of the bands showed
a dose-dependent increase in the expression of Bax in the
four matrine treatment groups (from 0.28 to 0.39; 0=0.672;
p<0.001). PC-3 cells treated with 75 or 100 mg/l of matrine
showed significantly higher levels of Bax when compared
to the control and 25 mg/l matrine-treated groups (0.37 and
0.39 vs. 0.28 and 0.31). The 100 mg/l matrine treatment group
exhibited significantly higher levels of Bax than the matrine
50 mg/1 group (0.39 vs. 0.33).
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Figure 4. Analysis of Bcl-2 and Bax protein expression in matrine treated
PC-3 cells. (A) Western blot analysis of Bcl-2, top penel, and Bax, middle
panel, expression in matrine-treated PC-3 cells. Beta-actin was used as
loading control. (B) Quantitation of Bax and Bcl-2 expression levels by
densitometer using beta-actin as internal control. “Indicates a significant
difference compared to the control group. “Indicates a significant difference
compared to the matrine 25 mg/L group, “Indicates a significant difference
compared to the matrine 50 mg/L group.

By contrast, there was a dose-dependent decrease in the
levels of Bcl-2 in the four matrine-treatment groups (0=-0.493,
P<0.001). The 75 mg/l and 100 mg/l treatment groups had
significantly lower levels of Bcl-2 when compared with the
control group (0.38 and 0.36 vs.0.45) and the 100 mg/I treat-
ment group had significantly lower Bcl-2 expression compared
to the 25 mg/1 group (0.36 vs. 0.43) (Fig. 4).

Discussion

In this study, we evaluated the antitumor effect of the natu-
rally occurring alkaloid, matrine, on an androgen-independent
prostate cancer cell line. We used flow cytometry to show that
PC-3 cells treated with matrine were arrested at the GO/G1
phase of the cell cycle. We also used Annexin-V/PI staining
to show a significantly higher number of apoptotic cells in
the matrine-treated group compared to the untreated group.
Matrine-treated PC-3 cells showed upregulation of the pro-
apoptotic protein Bax, and downregulation of the anti-apoptotic
protein Bcl-2. Our data provide a mechanistic basis for the
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development of a novel strategy to treat androgen-resistant
prostate cancer.

There are numerous drawbacks to the existing pros-
tate cancer treatment strategies, making treatment of
androgen-independent prostate cancer a challenge. Although
chemotherapy is used to debulk the tumor, it is not curative.
Additionally, the adverse effects observed with chemotherapy
and radiotherapy compromise tolerability. The use of angio-
genesis inhibitors results in impaired repair processes. The
transfection efficiency, in vivo expression of the target gene
and selection of vectors and safety are factors that have not
been validated in gene therapy. Immunotherapy is dependent
on the immune response of the host. Novel treatment strate-
gies, which are capable of overcoming such drawbacks, are
therefore urgently required.

The antitumor effects of matrine have been previously
demonstrated in a number of types of cancer (25-27,29).
Matrine was previously reported to inhibit proliferation
of tumor cells by causing cell cycle arrest at the GO/G1 or
S-phase (25,27,32,33), Evaluation of cell proliferation using
PCNA or Ki-67 also showed a significant decrease in prolif-
eration in matrine-treated cells (26). Our data agreed with
these reports and showed that PC-3 cells treated with matrine
were arrested at the GO/G1 phase of the cell cycle. The length
of the cell cycle is predominantly determined by the G,/G,
phase and cell cycle arrest at this stage would therefore result
in slower proliferation. We showed a dose-dependent increase
in the number of GO/G1 cells in the matrine-treated group
when compared to untreated cells, accompanied by decreased
proportions of cells in the S and G,/M phases.

The antitumor effects exerted by a number of Chinese
medicines have been shown to be mediated via induction
of apoptosis. The complex, multistep, apoptotic pathway
is orchestrated by interactions between a large number of
pro- and anti-apoptotic proteins such as Bcl-2, Bel-x1, Mcl-1,
Bax and Bak, among others (34). It has been suggested that
pro-apoptotic Bax is sequestered by the anti-apoptotic Bcl-2
and is activated/liberated by specific apoptotic signals to
initiate the apoptotic cascade (34). Mechanistic studies have
shown that matrine-mediated apoptosis was accompanied
by reduced Bcl-2/Bax ratios and upregulation in caspase 3, 8
and 9 expression levels in a number of different cancer cell
types (26,27,35,36). In addition to causing S-phase cell cycle
arrest and reducing the Bcl-2/Bax ratio in breast cancer cells,
matrine also inhibited invasion of breast cancer cells (25).
Notably, matrine was shown to induce autophagy in human
hepatoma cells (27).

In the present study, we used AnnexinV/PI staining to
show a significant, dose-dependent increase in the number
of early as well as late apoptotic cells in matrine-treated
PC-3 cells when compared to untreated cells. We evaluated
the mechanism underlying matrine-induced apoptosis of
PC-3 cells by looking at the expression levels of key pro-
and anti-apoptotic proteins. Our data showed a significant,
dose-dependent upregulation in the levels of caspase-3
following 24 h of treatment with matrine, suggesting that
apoptosis is mediated via the mitochondria-cytochrome
C/caspase-9/caspase-3 pathway. We evaluated the Bcl-2/
Bax ratio in matrine-treated cells and showed a significant
upregulation in Bax levels and a significant downregulation



MOLECULAR MEDICINE REPORTS 5: 783-787, 2012

in Bcl-2 levels in PC-3 cells treated with matrine, when
compared to control cells.

Of note, we also showed increased necrosis in PC-3 cells
treated for prolonged periods of time with high doses of
matrine. Matrine was previously reported to cause widespread
necrosis, in addition to apoptosis in hepatocellular carcinoma
tumor-bearing mice treated with matrine (37). It will be
interesting to more completely understand the mechanisms
underlying cell death decisions mediated by matrine.

Some significant limitations of our study are that we only
evaluated the effect of matrine on one androgen-independent
prostate cancer cell line. We aim to validate our results using
additional androgen-independent prostate cancer cell lines.
We would also like to evaluate the effect of matrine on adhe-
sion and invasion of prostate cancer cells. It will be interesting
to establish xenografts from androgen-independent prostate
cancer cell lines and to evaluate the effect of matrine in these
tumor-bearing mice. It is crucial to understand the mechanisms
underlying the anti-proliferative effects of matrine in vivo.

In conclusion, we showed that the naturally occurring
alkaloid matrine had an anti-proliferative effect on androgen-
independent prostate cancer cells. To the best of our knowledge,
we are the first to show that matrine induces a GO/G1 cell cycle
arrest and mediates apoptosis via upregulation of caspase-3
and downregulation of the Bcl-2/Bax ratio in PC-3 cells. Our
data help clarify the anti-proliferative mechanisms of matrine
and open new avenues in the treatment of prostate cancer.
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