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Abstract. To increase the use of phytochemical supplements 
as chemoprevention or adjuvant drugs in cancer treatment, it 
is necessary to verify their biological effects and correlative 
mechanisms. Recently, S-allylcysteine (SAC) was identified as 
a potent compound derived from garlic. The aim of this study 
was to evaluate the anticancer effects of SAC on androgen-
independent human prostate cancer (PC-3) cells and to 
elucidate the possible mechanisms. PC-3 cells were incubated 
with SAC at three different concentrations. Cell growth was 
determined by Cell Counting Kit-8 and 5-ethynyl-2'-deoxy-
uridine assay. Cell cycle and apoptosis were determined by 
flow cytometric assay. The expression of apoptosis-related 
molecules was detected by Western blot analysis. We found 
that SAC suppressed the proliferation of PC-3 cells and led to 
cell cycle arrest at the G0/G1 phases, as well as inducing cell 
apoptosis which was accompanied by the decreased expres-
sion of Bcl-2 and increased expression of Bax and caspase 8. 
This study demonstrated the chemopreventive activity of SAC 
in vitro, and that SAC may be a promising candidate for pros-
tate cancer treatment.

Introduction

Prostate cancer is the most commonly diagnosed malignancy 
and continues to be one of the leading causes of cancer-related 
mortality in American men (1). The incidence of prostate 
cancer in China is also rising year by year (2). Prostate cancers 
usually progress from androgen-dependent to androgen-
independent with highly metastatic properties (3). The main 
treatments for advanced prostate cancers are hormonal 
treatments, chemotherapy or radiation. Unfortunately, these 

treatments do not appear to offer sufficient benefit in terms 
of improving the patient survival rate (4,5). Dietary phyto-
chemicals are a promising group of chemopreventive agents 
due to their low toxicity and their health benefits associated 
with other chronic diseases (6). Therefore, phytochemicals 
have been recognized as a new preventative and therapeutic 
approach for prostate cancer in recent years (7).

Allium vegetables, such as garlic, have been used for 
medicinal purposes throughout recorded history (8). Recent 
scientific investigations have shown that garlic has antioxida-
tive (9), antihepatotoxic (10) and antihypertensive components 
(11), and also inhibits carcinogenesis at a variety of sites 
(12-14). S-allylcysteine (SAC) is the most abundant organo-
sulfur compound in aged garlic extract, and is reported to 
have multiple functions, including anticancer effects (15-18). 
In the prostate cancer context, Chu et al reported that SAC 
demonstrated antiproliferation effects in prostate cell lines and 
pro-apoptotic effects in a CWR22R prostate cancer xenograft 
(17,18). However, the mechanisms of the anticancer effects of 
SAC are not clear.

In the present study, to further determine the role of SAC 
as an anticancer phytochemical and explore the possible 
molecular mechanisms of this, the PC-3 cell line, a cell model 
for androgen-independent prostate cancer, was treated with 
various concentrations of SAC. Cell growth characteristics, 
including proliferation, cell cycle duration, apoptosis and the 
expression of apoptosis-related molecules, were evaluated. We 
found that SAC suppressed the proliferation of PC-3 cells and 
led to cell cycle arrest at the G0/G1 phases, as well as inducing 
cell apoptosis which was accompanied with the decreased 
expression of Bcl-2 and increased expression of Bax and 
caspase 8. Our results demonstrated for the first time that SAC 
induces cell cycle arrest in prostate cells.

Materials and methods

Reagents, antibodies and SAC preparation. RPMI-1640 
medium and supplements were obtained from Invitrogen 
(Grand Island, NY, USA). Fetal bovine serum (FBS) was 
obtained from Hyclone (Logan, UT, USA). Cell Counting Kit-8 
(CCK-8) was purchased from Dojindo (Kumamoto, Japan). 
5-Ethynyl-2'-deoxyuridine (EdU) assay kit was obtained 
from Ribobio Co., Ltd. (Guangzhou, China). Antibodies to 
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Bcl-2, Bax and caspase 8 were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). SAC was purchased 
from TCI Chemical Co. (Tokyo, Japan). A stock solution of 
SAC (100 mM) was prepared freshly in distilled water, and 
added to the culture medium at a calculated final concentra-
tion of 5, 10 and 15 mM.

Cell culture. The human androgen-independent prostate 
cancer cell line PC-3 was obtained from the American Type 
Culture Collection (ATCC; Manassas, VA, USA). PC-3 cells 
were grown in RPMI-1640 medium containing 5% (v/v) FBS, 
0.37% (w/v) NaHCO3, penicillin (100 U/ml) and streptomycin 
(100 U/ml) in a humidified incubator with 5% CO2 and 95% 
air at 37˚C. The cells were harvested following trypsiniza-
tion (0.025% trypsin and 0.02% EDTA) and washed twice 
with phosphate-buffered saline (PBS). When the cell density 
reached ~80% confluence, the cells were subcultured, and 
SAC was then added to the cells following a 12-h incubation.

CCK-8 and EdU assay. The impact of SAC on prostate cell 
proliferation was measured by colorimetric cell proliferation 
assay using CCK-8, according to the manufacturer's instruc-
tions. Briefly, PC-3 cells at 1x103 per well were cultured in 
12-well plates, divided into four groups, and treated with 
different concentrations of SAC (0, 5, 10 and 15 mM) for 
5 days. Cell proliferation was assayed with CCK-8 every 
24 h.

Cell proliferation was also tested by EdU incorporation 
assay using EdU assay kit (Ribobio, China), according to the 
manufacturer's instructions. Briefly, following a 5-day incuba-
tion, cells were exposed to 50 µmol/l EdU for an additional 2 h 
at 37˚C. After fixing with 4% formaldehyde and treating with 
0.5% Triton X-100, the cells were reacted with 1X Apollo reac-
tion cocktail for 30 min. Subsequently, the DNA contents of 
the cells were stained with Hoechst 33342 (5 µg/ml) for 30 min 
and visualized under a fluorescence microscope.

Flow cytometric analysis. The cell cycle was determined by 
flow cytometry (FCM; Becton-Dickinson). Following incuba-
tion with SAC for 5 days, the cells were collected from the 
different groups, fixed with 70% ice ethanol for 24 h, treated 
with 20 µg/ml RNase A (Sigma-Aldrich, St. Louis, MO, USA), 
stained with 20 µg/ml propidium iodide (PI) (BD Pharmingen, 
San Diego, CA, USA), and analyzed using a flow cytometer 
(Beckman Coulter FC500) for cell cycle distribution.

Cell apoptosis was also tested by FCM using double staining 
with FITC-conjugated Annexin V and PI. Following incuba-
tion with SAC for 5 days, cells were harvested and incubated 
in a binding buffer containing Annexin V-FITC and PI at room 
temperature for 15 min. Fluorescence analysis was performed 
using a flow cytometer.

Western blot analysis. Total protein was extracted according 
to the manufacturer's instructions (Sigma-Aldrich) and 50 µg  
protein was loaded onto a 10% SEMS-polyacrylamide gel and 
transferred to nitrocellulose filters. The filters were blocked 
with TBS-T buffer (10 mM Tris-HCl, pH 8.0, 0.15 M NaCl, 
0.05% Tween-20) containing 5% non-fat milk. The filters 
were then incubated with primary antibodies (Santa Cruz 
Biotechnology) overnight against Bcl-2, Bax and Caspase 8, 

followed by incubation with horseradish peroxidase-linked 
IgG. Signals were visualized using an enhanced chemilu-
minescence (ECL) Western blotting system (Amersham, 
Piscataway, NJ, USA). The expression of GAPDH was assessed 
as an internal loading control.

Statistical analysis. Experiments were repeated three times. 
All measurement data were expressed as the means ± SEM. 
SPSS 12.0 statistical software (SPSS Inc., Chicago, IL, USA) 
was used for data analysis. The one-way analysis of variance 
(ANOVA) and the Student-Newman-Keuls (SNK) q-test were 
used to analyze the differences between groups. P<0.05 was 
considered to be statistically significant.

Results

SAC inhibits cell proliferation in PC-3 cells. Firstly, PC-3 
cells presented morphological changes following 5 days of 
incubation with SAC. The normal PC-3 cells maintained a flat, 
spindle shape (Fig. 1A), but the treated cells typically exhib-
ited a megagon, elongated shape (Fig. 1B).

To test the effect of SAC on prostate cell proliferation, 
PC-3 cells were incubated with different concentrations of 
SAC, and the cell proliferative capacity was determined 
by CCK-8 and EdU incorporation assays. As shown in 
Fig. 2, the growth of PC-3 cells in medium containing SAC 
was significantly inhibited compared to that in the control 

Figure 1. SAC induces morphological changes in PC-3 cells. (A) Normal PC-3 
cells maintained a flat, spindle shape. (B) Following treatment with SAC, the 
cells typically exhibited a megagon, elongated shape. Microscopic images 
were captured at x100 magnification. SAC, S-allylcysteine.

Figure 2. The different cell groups were treated with 0, 5, 10 and 15 mM SAC 
for 5 days. Cell proliferation was tested by CCK-8 assay. SAC inhibited cell 
proliferation in PC-3 cells in a dose-dependent manner. Data are shown as the 
means ± SEM. *P<0.05 compared to the control group. SAC, S-allylcysteine.
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medium, and the inhibitory effect of SAC increased with 
increasing concentration. A significant statistical differ-
ence was observed between groups. Next, we used the EdU 
incorporation assay, a more sensitive and specific method, to 

examine the inhibitory effects of the different concentrations 
of SAC (Fig. 3A). Similarly, the number of EdU+ cells was 
significantly reduced in SAC-treated groups compared to the 
control (Fig. 3B).

Figure 3. EdU incorporation assay was used to examine the inhibitory effects of SAC more sensitively and specifically. (A) EdU-labeled replicating cells were 
examined under a fluorescent microscope. Images were captured at x100 magnification. (B) The number of EdU+ cells was significantly reduced in the SAC-
treated groups compared to the control. Data are from three independent experiments (n=6 per group). The values not sharing the same letter were significantly 
different (P<0.05). SAC, S-allylcysteine; EdU, 5-ethynyl-2'-deoxyuridine.

  A   B

Figure 4. SAC induces PC-3 cell cycle arrest at the G0/G1 phases. PC-3 cells were treated with different concentrations of SAC for 5 days. Then, the cells were 
harvested and stained with propidium iodide, followed by FCM to assess the distribution of the cell cycle. Data are from three independent experiments (n=6 
per group) and shown as the means ± SEM. Values not sharing the same letter are significantly different (P<0.05). SAC, S-allylcysteine.

Figure 5. SAC induces cell apoptosis in PC-3 cells. The frequency of apoptotic cells (%) treated with SAC (0-15 mM) for 5 days was analyzed by FCM. Data 
are from three independent experiments (n=6 per group) and shown as the means ± SEM. Values not sharing the same letter are significantly different (P<0.05). 
SAC, S-allylcysteine.
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SAC induces PC-3 cell cycling arrest at the G0/G1 phases. 
Cell cycling is associated with proliferation and its arrest leads 
to the inhibition of proliferation. To determine the impact of 
SAC on the cell cycle of prostate cancer cells, PC-3 cells were 
treated with different concentrations of SAC, and their cell 
cycle was characterized by FCM. The cells incubated with 10 
and 15 mM SAC displayed a significantly higher frequency of 
cells at the G0/G1 phases, but there was no significant differ-
ence between the 5-mM SAC group and the control group 
(Fig. 4).

SAC induces cell apoptosis in PC-3 cells. The analysis of the 
different groups of cells revealed that the frequency of apop-
totic cells was significantly higher in the SAC-treated groups 
than in the control group, and the pro-apoptotic effect of SAC 
increased with increasing concentration (Fig. 5).

Apoptosis-related proteins are regulated by SAC. To elucidate 
the possible mechanisms underlying the pro-apoptotic effect 
of SAC, the expression changes of apoptosis-related proteins 
Bcl-2, Bax and caspase 8 were examined by Western blot 
analysis. The expression of Bcl-2 decreased, but the expression 
of Bax and caspase 8 increased in a time-dependent manner 
following treatment with SAC (Fig. 6).

Discussion

The aim of this study was to evaluate the anticancer effects 
of SAC on androgen-independent human prostate cancer cells 
and to elucidate the possible mechanisms. We used PC-3 cells 
as an in vitro model. First, we revealed that SAC suppressed 
the proliferation of PC-3 cells in a dose-dependent manner, 
and induced a higher frequency of arrested cells at the G0/
G1 phases. In conjunction with other studies into the antipro-
liferation function of SAC in prostate cancer (17,18), our results 
provided additional support to the notion that SAC induces cell 
cycle arrest. Next, we found that SAC also induced cell apop-
tosis, and this effect was accompanied with decreased Bcl-2 
expression and increased expression of Bax and caspase 8.

Cell cycle checkpoints are critical in cancer pathogenesis, 
and may affect the effectiveness of cancer chemotherapy 
(19,20). Numerous studies have suggested that cancer progres-
sion involves the loss of cell cycle checkpoint controls that 

regulate the passage through the cell cycle (21-24). Androgen 
exerts its actions through the androgen receptor (AR), which is 
crucial for the development and progression of prostate cancer 
(25). At the initial stage, androgen ablation inhibits cancer 
growth by inducing cell cycle arrest in prostate cancer cells (26). 
Under this selection pressure, certain cancer cells are driven to 
evolve mechanisms that restore AR activity and escape from 
cell cycle arrest under androgen-ablated conditions (27). This 
is a proposed mechanism of androgen-independent prostate 
cancer. Our data were consistent with a previous study that 
SAC inhibited the growth of androgen-independent prostate 
cancer cells (17). Next, we further examined the cell cycle 
phases. Our findings of the present study extended previous 
findings that SAC induced PC-3 cell arrest at the G0/G1 
phases. We aimed to clarify the precise mechanism by which 
SAC regulates the cell cycle in androgen-independent prostate 
cancer cells.

A previous study demonstrated that SAC induces apoptosis 
in a CWR22R prostate cancer xenograft in vivo (18). Since the 
growth of prostate cancer cells is much more complex in vivo 
and many factors may affect cell growth, our present in vitro 
study is a supplement to the previous study. In accordance with 
our expectation, our data showed that SAC induced apoptosis 
of PC-3 cells in vitro. To analyze the potential mechanisms 
underlying the pro-apoptotic effect of SAC, we examined 
the apoptosis-associated proteins Bcl-2, Bax and caspase 8. 
We confirmed that SAC induced the decreased expression 
of Bcl-2 and the increased expression of Bax and caspase 8. 
These results are similar to the findings of Velmurugan et al 
in experimental gastric cancer (28). The proteins of the Bcl-2 
family play a primary role in regulating apoptosis by inducing 
a process called mitochondrial outer membrane permeabiliza-
tion (MOMP) (29,30). If MOMP occurs, proteins present in the 
mitochondrial intermembrane space gain access to the cytosol 
and cause the activation of caspases, such as caspase 3 and 8 
(31). The process of MOMP is antagonized by members of the 
anti-apoptotic Bcl-2 family, such as Bcl-2, Bcl-W, Bcl-xL and 
MCL-1, which inhibit the permeabilization function of Bax 
and Bak (32-34). Therefore, the ratio of Bcl-2/Bax is recog-
nized as a good variable in predicting the propensity of a cell 
to undergo apoptosis. Our findings indicated that the Bcl-2/
Bax pathway may be a possible mechanism by which SAC 
induces the apoptosis of PC-3 cells.

Figure 6. Expression of apoptosis-related proteins Bcl-2, Bax and caspase 8 was examined following incubation with SAC for 0, 3 and 5 days, respectively. 
Expression of Bcl-2 decreased, but the expression of Bax and caspase 8 increased in a time-dependent manner following treatment with SAC. Values not 
sharing the same letter are significantly different (P<0.05). SAC, S-allylcysteine.
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In conclusion, SAC reduced PC-3 prostate cancer cell 
growth in vitro by inducing cell cycle arrest and apoptosis, 
and Bcl-2/Bax regulation may be involved in the tumor cell 
apoptosis induced by SAC. Our in vitro study indicated that 
SAC may be a potential phytochemical in the management of 
androgen-independent prostate cancer. Considering the rela-
tively slow speed at which SAC takes effect, it may be more 
suitable for prevention, although in vivo study is required to 
confirm this.
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