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Epigallocatechin gallate (EGCG) and curcumin are well known 
to naturally-occurring anticancer agents. The aim of this study 
was to verify the combined beneficial anticancer effects of cur-
cumin and EGCG on PC3 prostate cancer cells, which are re-
sistant to chemotherapy drugs and apoptosis inducers. EGCG 
showed weaker inhibitory effect on PC3 cell proliferation than 
two other prostate cancer cell lines, LNCaP and DU145. 
Co-treatment of curcumin improved antiproliferative effect of 
EGCG on PC3 cells. The protein expressions of p21 were sig-
nificantly increased by the co-treatment of EGCG and curcu-
min, whereas it was not changed by the treatment with each 
individual compound. Moreover, treatments of EGCG and cur-
cumin arrested both S and G2/M phases of PC3 cells. These re-
sults suggest that the enhanced inhibitory effect of EGCG on 
PC3 cell proliferation by curcumin was mediated by the syner-
gic up-regulation of p21-induced growth arrest and followed 
cell growth arrest. [BMB Reports 2015; 48(8): 461-466]

INTRODUCTION

Prostate cancer is adenocarcinoma that develops in the pros-
tate gland, a male reproductive organ. Rate of prostate cancer 
is increasing in the developing as well as developed regions of 
the world. Factors including age, genetic background and diet 
have been implicated in the development of prostate cancer 

(1). Many men with early prostate cancer often have no symp-
toms or similar symptoms of diseases such as prostatic hyper-
plasia, and undergo no therapy. Prostate cancer may metasta-
size from the prostate to other parts of the body, particularly to 
the bones and lymph nodes (2-4). Globally, prostate cancer-re-
lated deaths constitute the sixth leading cause of death in men 
(1, 5).

Various bioactive agents have been used alone or as ad-
juncts to conventional chemotherapy to improve efficacy and 
reduce drug-induced toxicity (6). For example, clinical and ex-
perimental studies have shown that ingredients in green tea 
and turmeric roots are beneficial for patients undergoing che-
motherapy, by inhibiting proliferation and inducing apoptosis 
against malignancies, including those of prostate cancer (7-9).

Epigallocatechin gallate (EGCG), also known as eapigalloca-
techin-3-gallate, is the most abundant catechin in green tea. 
EGCG has been intensively studied as a chemopreventive 
agent for head, neck, lung and prostate cancers in vitro and in 
vivo (7, 8, 10, 11). In prostate cancer, EGCG has been re-
ported to induce changes in intracellular pathways, such as 
down-regulation of ERK1/2- and Akt-mediated signaling, in-
hibition of PMA-dependent PKC activation, alteration of Bcl-2 
family member ratio and up-regulation of caspases (12-16). 
Also, inactivation of p53 using small interfering RNA rendered 
prostate cancer cells resistant to EGCG-mediated apoptosis 
(17). Curcumin, a component of turmeric, is one of the most 
commonly used and well-studied phytochemicals. Curcumin 
has been researched for its anti-tumor effects on various cancer 
cells and in animal models (18-20). Curcumin inhibits various 
cell signaling pathways at multiple levels, such as survival, 
proliferation, enzymes, transcription factors and cell cycle 
pathways (21).

It is proposed that prevention of cancer is more feasible and 
holds a better promise with the use of multiple agents that can 
hit multiple targets in the process of carcinogenesis (22, 23). 
There is also currently an increasing interest in the use of a 
combination of two or more agents, at low doses with differing 
modes of action, for chemoprevention (24-27). Consistent with 
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Fig. 1. Inhibitory effects of natural and synthetic anticancer agents 
on prostate cancer cell proliferation. (A) Comparison in inhibitory 
effect of EGCG on the proliferation of 3 prostate cancer cells 
(LNcaP, DU145 and PC3). (B) Comparison in inhibitory effect of 
etoposide, cisplatin, ginsenoside Rg3 and curcumin on the pro-
liferation of PC3 cells.

this view, we sought to identify whether the combined benefi-
cial anticancer effects of EGCG and curcumin exist in PC3 
prostate cancer, with cells that are resistant to many chemo-
therapy drugs and apoptosis inducers.

RESULTS AND DISCUSSION

Combinations of natural compounds have been used success-
fully in the treatment of various types of cancer to gain higher 
therapeutic effect with lower dosage and to reduce drug resist-
ance and/or side effects (28). Suganuma et al. recently identi-
fied that anticancer compounds from edible plants would 
strengthen their anticancer effect when in combination with 
green tea catechins (29). In the present study, we have inves-
tigated optimal adjuvant candidate of EGCG for prostate can-
cer treatment and identified its action mechanism.

To compare cell proliferation inhibitory effect of EGCG on 
three prostate cancer cell types (LNCaP, DU145 and PC3), 
Ez-cytox cell viability assay was performed at various concen-
trations for 24 h. As shown in Fig. 1A, prostate cancer cell via-
bility was significantly decreased in a dose-dependent manner 
by the treatment with EGCG. The IC50 values of EGCG were 
159.3, 40.6 and 189.8 M for LNCaP, DU145 and PC3 cells, 
respectively. Therefore, EGCG showed weaker inhibitory ef-
fect on PC3 cell proliferation than in the other prostate cancer 
cell lines, LNCaP and DU145. This result is in line with earlier 
studies. In the literature, EGCG showed strong antiproliferative 
effect and increased the expression of p53 protein and its 
downstream targets p21 and Bax in prostate cancer LNCaP 
cells (28). However, prostate cancer PC3 cell treated with 
EGCG showed lower anti-proliferation (17).

Next, we compared the anticancer effects of several syn-
thetic and natural anticancer compounds on PC3 cells to de-
termine optimal adjuvant candidate of EGCG for prostate can-
cer treatment. Two synthetic (cisplatin and etoposide) and two 
natural compounds (curcumin and ginsenoside Rg3) were 
chosen based on literature search. As shown in Fig. 1B, all of 
the synthetic and natural compounds showed anticancer ef-
fects on PC3 cells in a dose-dependent manner. The anticancer 
effects of natural reagents were stronger than synthetic 
reagents. In particular, the anticancer effect of curcumin on 
PC3 cells was stronger than other reagents containing EGCG. 
Therefore, curcumin was suggested to be optimal adjuvant 
candidate of EGCG.

To evaluate the combined beneficial effect of curcumin on 
EGCG-induced anticancer action, PC3 cells were treated with 
EGCG at concentrations of 50 and 100 M, in the presence or 
absence of 50 M curcumin. As shown in Fig. 2A, EGCG in-
hibited PC3 cell proliferation to 11.2 and 24.3% at 50 and 100 
M, respectively. Curcumin inhibited PC3 cell proliferation to 
34.8% at 50 M. In comparison with each treatment of EGCG 
(50 and 100 M) or curcumin (50 M), anticancer effect was 
markedly improved by the co-treatment of EGCG and 
curcumin. Also, changes in cellular morphology were ob-

served by microscopy as shown in Fig. 2B. A small portion of 
shrinkage in the cell morphology was shown following curcu-
min treatment, and progressive condensing and breaking up 
(karyorrhexis) in the nucleus were shown in most cells after 
co-treatment of EGCG and curcumin.

Based on the antiproliferative effect of co-treatment of EGCG 
and curcumin on prostate cancer PC3 cells, its action mecha-
nism was further identified by investigating the expression of 
tumor survival molecule p-Akt, cell cycle-related protein p21 
and p-Rb and apoptotic protein caspase 3, using Western blot. 
As shown in Fig. 3, the expression of tumor survival molecule 
p-Akt was not changed by the treatments of EGCG, curcumin 
and co-treatment of EGCG and curcumin. However, the ex-
pression level of p21 protein was activated by the treatment of 
curcumin and more significantly by the co-treatment of EGCG 
and curcumin. The expression levels of p-Rb were slightly de-
creased by the treatment of EGCG and more strongly by curcu-
min and co-treatment of EGCG and curcumin. On the other 
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Fig. 3. Combined beneficial effects of EGCG and curcumin on 
the protein expressions related to apoptosis, cell cycle and tumor 
suppresser genes in PC3 cells. The band intensities from each blot 
were quantified using Image J software and normalized to GAPDH.

Fig. 2. Combined beneficial effects of EGCG and curcumin on 
the proliferation of PC3 prostate cancer cells. (A) Comparison in 
inhibitory effects of EGCG, curcumin and co-treatment of EGCG 
and curcumin on the proliferation of PC3 cells. (B) Representative
morphological changes in cells confirmed by phase-contrast microscopy. 
P ＜ 0.05 compared to the control value. 

hand, the expression of cleaved caspase 3 was not changed by 
the treatments of EGCG, curcumin and co-treatment of EGCG 
and curcumin. Therefore, induction of p21 and inhibition of 
p-Rb may be the main mechanisms related to the inhibition of 
PC3 cell proliferation.

Cell cycle is one of several anti-cancer targets. Down-regu-
lation of cell cycle on uncontrolled cell proliferation and tu-
morigenesis can be targeted to suppress cancer progression 
(30). Either EGCG or curcumin is a strong inhibitor of cell cy-
cle kinases and cell cycle related proteins (31, 32). However, 
the differences in actions of EGCG and curcumin on specific 
phases of cell cycle are not well known. Co-treatment of the 
two natural compounds may simultaneously affect multiple 
cell cycle-related target pathways. To determine whether 
co-treatment of EGCG and curcumin induced cancer cell cycle 

arrest, flow cytometry analysis was performed to measure the 
distribution of cell cycles using PI staining. Flow cytometry re-
veals distribution of cells in three major phases of the cycle 
(G1 vs. S vs. G2/M) and makes it possible to detect apoptotic 
cells. As shown in Fig. 4A, EGCG (100 M) mainly arrested S 
phase of PC3 cells over control cells. However, curcumin (50 
M) arrested G2/M phase of PC3 cells over control cells. 
Arrests in both S and G2/M phases of cell cycle were observed 
by the co-treatment of EGCG and curcumin (Fig. 4B). 
Therefore, the combined beneficial effect of curcumin on 
EGCG-induced anticancer effect in PC3 cells was mediated by 
the induction of their different actions on cell cycle arrest.

While curcumin has versatile anticancer properties, its poor 
absorption and low bioavailability are the challenges for its de-
velopmentas chemopreventive agent (33). The low bioavail-
ability of EGCG is also confirmed in other literature (34). 
However, it was reported that (-)-epicatechin, another kind of 
green tea polyphenol, significantly increased the amounts of 
intracellular curcumin concentration (35), where the exact 
mechanism is not as yet understood. Further studies on the 
chemical derivatization or optimal production methods are 
neededfor clinical application. 

In summary, antiproliferative effect of EGCG on PC3 cells 
was weaker than that on LNCaP and DU145 cells. However, 
antiproliferative effect of EGCG in PC3 cells was significantly 
improved after co-treatment of curcumin. The expression lev-
els of p-Rb and p21 were decreased and increased, re-
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Fig. 4. Combined beneficial effects of EGCG and curcumin on 
the cell cycle of PC3 cells. (A) Comparison in effects of EGCG, 
curcumin and co-treatment of EGCG and curcumin on PC3 cell 
cycle. (B) Quantitative graph for FACS analysis results. P ＜ 0.05 
compared to the control value.

spectively, after co-treatment of EGCG and curcumin. EGCG 
and curcumin mainly arrested S and G2/M phases of PC3 cells 
over control cells, respectively, when treated separately. 
Co-treatment of EGCG and curcumin arrested both S and 
G2/M phases of cell cycle. These results suggest that the en-
hanced inhibitory effect of EGCG on PC3 cell proliferation by 
curcumin was mediated by the synergic up-regulation of p21 
and followed cell growth arrest. 

MATERIALS AND METHODS

Chemicals and reagents
EGCG was purchased from Tocris Bioscience (Bristol, UK). 
Etoposide, cisplatin, ginsenoside Rg3, curcumin and poly-
phenon 60 green tea extract were purchased from Sigma 
Chemical Co. (Missouri, USA). A stock solution of chemicals 
were prepared in 100% dimethylsulfoxide (DMSO), and stored 

at -20oC until use. When required, the stock solution was di-
luted with cell culture media to the appropriate concentration. 
The final concentrations of DMSO were adjusted to less than 
0.5% (v/v) in the culture media. 

Cell culture
The human prostate cancer cells LNCaP, DU145 and PC3 
were purchased from the American Type Culture Collection 
(ATCC, Rockville, USA). LNCaP and PC3 cell were maintained 
in RPMI-1640 (Gibco, Gaithersburg, USA) medium supple-
mented with 10% fetal bovine serum (Gibco, Gaithersburg, 
USA), 100 units/ml penicillin and 100 g/ml streptomycin and 
DU145 was grown in Minium Essential Medium (MEM) 
(Gibco, Gaithersburg, USA) supplemented with 10% fetal bo-
vine serum, 100 units/ml penicillin and 100 g/ml streptomy-
cin, and incubated at 37oC in a humidified incubator with 5% 
CO2.

Analysis of cell viability
Ez-cytox Cell viability assay kit (DOGEN, Seuol, Korea) was 
used to determine cell viability. Exponentially growing cells 
were seeded in a 96-well plate at a density of 1 × 104 
cells/well in triplicate. The next day, the cells were treated 
with various samples at various concentrations. After in-
cubation for 24 h, media were changed to avoid interference 
by the colored compounds. Subsequently, 10 l of the kit re-
agent was added and the cells were incubated for an addi-
tional 1 h. Then, the cell culture supernatant was collected 
and cell viability was measured by scanning the absorbance of 
supernatant with a microplate reader at 450 nm. Control cells 
were exposed to culture media containing 0.5% (v/v) DMSO.

Preparation of whole-cell extracts
Human prostate cancer cells were grown in 60 mm dishes and 
treated with various concentration of EGCG, curcumin and 
mixture of 100 M EGCG and 50 M curcumin or were not 
treated for 24 h. Whole cell extracts were prepared according 
to the manufacturer’s instructions using RIPA buffer (Cell 
Signaling, Beverly, USA) supplemented with 1x protease in-
hibitor cocktail and 1 mM phenylmethylsulfonyl fluoride (PMSF).

Western blot analysis
Proteins (whole cell extracts: 30 g/lane) were separated by 
electrophoresis through a NuPAGE 4-12% Bis-tris gel (Invitrogen, 
Carlsbad, USA), blotted onto a PVDF transfer membrane, and 
analyzed with the epitope-specific primary and secondary 
antibodies. The bound antibodies were visualized using ECL 
Advance Western Blotting Detection Reagents (GE Healthcare, 
Waukesha, USA) and LAS-4000 (Fujifilm, Tokyo, Japan). Mo-
noclonal antibodies to p-Akt (Ser 473), p21, GAPDH and ploy-
clonal antibodies to PTEN, Akt, p53, Bcl-2 and p-Rb were pur-
chased from Cell Signaling Technology, Inc. (Beverly, USA). 
The band intensities from each blot were quantified using 
Image J software and normalized to GAPDH.
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Flow cytometric analysis
Cell cycle arrest was assessed by PI staining using an Annex-
in-V-FLUOS staining Kit (Roche, Indianapolis, USA) according 
to the manufacturer’s recommendations. Briefly, whole cells 
were collected, rinsed with DPBS, incubated with 300 l of 
DPBS involved 10 g/ml RNase A for 15 min and 12 l of PI at 
RT for 15 min in the dark, and analyzed by a FACSCalibur flow 
cytometer. At least 20000 events were evaluated in these 
experiments.

Statistical analysis
Statistical significance was determined through one-way analy-
sis of variance (ANOVA) followed by a multiple comparison 
test with a Bonferroni adjustment. P values of less than 0.05 
were considered statistically significant.
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