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Summary

Purpose: Many drugs have been tested to increase the 
sensitivity of prostate cancer cells to radiotherapy. Gossypol, 
a natural polyphenolic compound extracted from the cotton 
plant, is one of the agents the efficacy of which has been in-
vestigated in the treatment of prostate cancer for this pur-
pose. The main aim of this study was to investigate the best 
gossypol application with irradiation, when gossypol was ap-
plied either sequentially (24 h before and after irradiation) or 
concurrently in PC-3 hormone-refractory and radioresistant 
prostate cancer cells.

Methods: The XTT viability assay was used to evaluate 
the cytotoxicity of different concentrations of gossypol in PC-
3 cells. Irradiation was applied to PC-3 cells via 6 MV photon 

linear accelerator and delivered 24 h before, 24 h after radia-
tion or at the same time with gossypol administration.

Results: Gossypol caused radiosensitization of PC-3 
cells that are known to be radioresistant, with high Bcl-2 lev-
els. Among different applications of gossypol and irradia-
tion (before, after and concurrent) in prostate cancer cells, 
the best results were observed by the application of gossypol 
24 h before irradiation.

Conclusion: Our study suggests that gossypol repre-
sents a promising novel anticancer treatment for radiosensi-
tization of human hormone-refractory prostate cancer cells.
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Introduction

Prostate cancer is one of the most common malig-
nancies affecting mainly elderly men in the developed 
world [1]. In advanced disease stages, androgen depri-
vation therapy remains the standard of care for these pa-
tients. However, the disease progresses to a hormone-
refractory state within approximately 2 years [2].

Although there is no randomized trial for the treat-
ment of early-stage prostate cancer, it is understood that 
there is no difference between radical prostatectomy and 
definitive radiation therapy both in biochemical recur-
rence and in disease-free survival [3]. However, results 
from several trials have shown that local tumor control is 
directly associated with the radiation dose which requires 
above 70 Gy in order to ensure local control, due to the 
cellular characteristics of prostate cancer treated with 
radiotherapy [4]. Increased cure rates may be achieved 

either by using advanced radiotherapy techniques or 
increasing doses of radiation or using some agents to 
overcome radioresistance of tumor cells in recent years. 
Therefore, many agents were tested for radiosensitiza-
tion of prostate cancer cells in order to enhance both the 
efficacy of radiotherapy and lower its doses [5].

Overexpression of Bcl-2/ Bcl-XL antiapoptotic 
proteins is observed in 80-100% of hormone-refractory 
prostate cancer [6,7]. Overexpression of these proteins 
is associated with decreased apoptosis and results in 
resistance to chemo- and radiotherapy [8]. Thus, new 
treatment approaches are needed in this area.

Gossypol is a natural polyphenolic compound ex-
tracted from the cotton plant (Gossypium species) and 
tropical tree (Thespesia populnea) [9]. Recently, gossypol 
was reported to have potent anticancer activities in many 
types of malignancies, including prostate cancer [10]. 
Gossypol was shown to be a potent inhibitor of Bcl-2/ Bcl-
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to different increasing concentrations of gossypol at 24, 
48, 72 h and XTT cell viability assay was performed 
(Roche Applied Science, Mannheim, Germany).

Briefly, cells (3×104cell/well) were seeded into 
96-well flat-bottomed microtiter plates containing 200 µL 
of growth medium in the presence or absence of increas-
ing concentrations of gossypol and increasing doses of ra-
diation treatment at 37° C in 5% CO2 after verifying cell 
viability by trypan blue dye exclusion test using Cellom-
eter automatic cell counter (Nexcelom Inc., USA). After 
an incubation period of indicated time intervals, 100 µL 
of XTT were added to each well and plates were incubat-
ed at 37° C for another 4 h. Absorbance was measured at 
450 nm against a reference wavelength of 650 nm using 
a microplate reader (DTX 880 Multimode Reader, Beck-
man Coulter, USA). The mean of triplicate experiments 
for each dose was used to calculate the IC50 value.

Irradiation

Irradiation was delivered to PC-3 cells at Ege Uni-
versity, School of Medicine Radiation Oncology De-
partment. The irradiation-alone group received 4-16 Gy 
and the gossypol plus irradiation group received 8 Gy 
via 6 MV photon linear accelerator. One and 5 μM con-
centrations of gossypol and 8 Gy irradiation dose were 
selected for this set of experiments. These were doses 
below IC50 levels for both gossypol and radiotherapy. 
Irradiation was delivered to cancer cells from 1 cm dis-
tance “bolus” from the posterior field of the wells.

Statistical analysis

Data were analyzed by using GraphPad PRISM 
5.0 software (San Diego, CA, USA). Data were ana-
lyzed using Student’s t-test to compare the results in two 
groups. A p-value<0.05 was considered significant.

Results

PC-3 cells cytotoxicity after gossypol exposure

A time- and dose-dependent cytotoxicity was ob-
served in PC-3 cells by gossypol exposure.

There were parallel decreases in the percentage 
of cell viability in a time- and dose-dependent manner. 
The time to highest cytotoxicity was at 72 h.

As shown in Figure 1 there was a 38, 53, and 65% 
decrease in PC-3 cells viability exposed to 5, 10, and 20 
µM of gossypol, respectively, as compared to the untreat-
ed control. The IC50 value of gossypol at 72 h was calcu-
lated from the dose-response curve and was 9.3 µM.

XL, however the exact mechanisms responsible for inhibi-
tion of cell growth and stimulation of apoptosis have not 
been elucidated [11,12]. In the literature, there are studies 
demonstrating that gossypol increases the sensitivity of 
prostate cancer cells to conventional cytotoxic treatment 
without causing any significant toxicity [13,14].

Prostate cancer is a genetically and phenotypical-
ly heterogeneous disease. This may be a consequence 
of mutations of different cell types resulting in different 
malignant evolution pathways. PC-3 cell line is derived 
from bone metastasis of prostate cancer cells which are 
androgen receptor-negative and highly aggressive. From 
the literature it is well known that PC-3 cells exert high-
er expression levels of the anti-apoptotic protein Bcl-2, 
leading to greater resistance to cytotoxic agents and ra-
diation [15,16]. Thus, in this study, the antitumor activity 
of racemic gossypol - which is the main form of the agent 
found in nature - with irradiation by 3 different treatment 
approaches in human hormone-refractory and radioresis-
tant prostate cancer cells, PC-3, was investigated.

Methods

Cell lines and reagents

Human hormone-refractory and radioresistant 
PC-3 prostate cancer cell line was obtained from ICLC 
(Genova, Italy). Cells were grown as monolayers and 
cultured in RPMI 1640 supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 1% L-glutamine, 
1% penicillin-streptomycin in 75 cm2 polystyrene flasks 
(Corning Life Sciences, UK), and maintained at 37° C 
in a humidified atmosphere with 5% CO2. Growth and 
morphology were monitored and cells were passaged 
when they had reached 90% confluence. Cell culture 
supplies were obtained from Biological Industries 
(Kibbutz Beit Haemek, Israel). Gossypol (>98% pu-
rity) was purchased from Sigma Chemical Co, USA. A 
stock solution of gossypol (10-2M) was prepared in di-
methyl sulfoxide (DMSO, Sigma Chemical Co, USA). 
The DMSO concentration in the assay did not exceed 
0.1% and was not cytotoxic to the tumor cells. The final 
dilutions were made immediately before use, and new 
stock solutions were made for each experiment. All oth-
er chemicals, unless mentioned, were purchased from 
Sigma. All the experimental results were compared with 
the results of untreated controls taken as reference.

Viability assay

In order to investigate the cytotoxic effect of gos-
sypol in prostate cancer cells, PC-3 cells were exposed 
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totoxicity was found close to each other at 48 and 72 h 
by sequential treatment. Thus, as Figure 3 clearly shows, 
adding gossypol to PC-3 cells 24 h before irradiation sig-
nificantly enhanced irradiation-induced cytotoxicity as 
compared to concurrent administration or 24 h after ir-
radiation (p<0.01). Although, treating cells with irradia-
tion and gossypol at the same time or with gossypol 24 
h after irradiation showed enhancement of cytotoxicity 
as compared to controls this was not statistically signifi-
cant (Figures 4,5).

PC-3 cells cytotoxicity after irradiation

Cell death in PC-3 cells rose with increasing dos-
es of irradiation.

As shown in Figure 2, at 72 h there was a 37,40,52, 
and 55% decrease in the proliferation of PC-3 cells 
when exposed to 4,8,12, and 16 Gy, respectively, as 
compared to the untreated controls. The IC50 value of 
PC-3 cells at 72 h was 10.5 Gy.

Optimal time to gossypol administration in relation to 
irradiation

Gossypol sensitized PC-3 cells to irradiation at 
most when administered 24 h before irradiation. When 
1 µM gossypol was applied 24 h before irradiation with 8 
Gy, no significant cytotoxicity was observed at 24 h, but 
71% cytotoxicity was observed at 48 h and 76% at 72 h. 
Similarly, with 5 µM gossypol given 24 h before irradia-
tion with 8 Gy, no significant cytotoxicity was seen at 24 
h, but 73% cytotoxicity was observed at 48 h and 82% at 
72 h (Figure 3). In contradistinction to monotreatment 
with either gossypol or irradiation, the percentage of cy-

Figure 1. Cytotoxic effect of gossypol in PC-3 hormone-refractory 
prostate cancer cells. The effect was in a time-and dose-dependent 
manner. IC50 value of gossypol at 72 h was 9.3 µM.

Figure 2. Cytotoxic effect of radiotherapy in PC-3 hormone-refrac-
tory prostate cancer cells. The effect rose as the dose increased.

Figure 3. Cytotoxic effect of gossypol (GP) plus irradiation when 
GP (5 µM) was applied either sequentially (24 h before or after ir-
radiation) or concurrently. GP sensitized PC-3 cells to irradiation 
most when applied 24 h before irradiation (p < 0.01).

Figure 4. Treating cells with irradiation and gossypol (GP) 1 and 5 
µM) at the same time showed potentiation of cytotoxicity as com-
pared to control but without statistical significance (p>0.05).

Figure 5. Treating cells with irradiation 24 h before gossypol (GP) 
exposure (1 and 5 µM) showed potentiation of cytotoxicity as com-
pared to control but without statistical significance (p>0.05).



766

refractory prostate cancer [23]. Moreover, Karaca et al. 
have recently showed that gossypol treatment signifi-
cantly decreased the secretion of some pivotal angio-
genic molecules in PC-3 cells [22].

In our study, we have demonstrated that treatment 
of PC-3 cells with gossypol significantly reduced the ra-
dioresistance of PC-3 cells. Among 3 different treatment 
approaches, the most positive results were observed by 
administering gossypol 24 h before irradiation. Although 
it is clear that exposure to gossypol before irradiation 
significantly sensitizes cancer cells to undergo apopto-
sis, it remains to be elucidated whether gossypol- medi-
ated radiosensitization is through inhibition of Bcl-2/
Bcl-XL or other molecular targets in the apoptotic path-
way. Furthermore, another point needing explanation is 
the difference between the therapeutic effect of gossypol 
and irradiation and why it is best to give gossypol before 
irradiation. This may somehow be related to the inhibi-
tion of antiapoptotic molecules, which cause radioresis-
tance, by gossypol.

In conclusion, our study suggests that gossypol 
represents a promising novel anticancer agent for mo-
lecular targeted radiosensitization of human hormone-
refractory prostate cancer. We are currently planning 
detailed studies to elucidate the pathways involved in 
radiosensitization of prostate cancer cells by gossypol. 
Further in vitro and in vivo studies of gossypol in com-
bination with radiation therapy may prove this approach 
as a treatment option for hormone-refractory prostate 
cancer, especially with high levels of Bcl-2/Bcl-XL.
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