
Received: 2018.09.20
Accepted: 2018.11.15

Published: 2018.12.11

 1758   —   6   29

Resveratrol Induces Apoptosis in Murine 
Prostate Cancer Cells via Hypoxia-Inducible 
Factor 1-alpha (HIF-1a)/Reactive Oxygen Species 
(ROS)/P53 Signaling

 ABC 1 Delong Wang
 CDE 2  Zefeng Gao
 EFG 2 Xin Zhang

 Corresponding Author: Delong Wang, e-mail: delongwangyx@163.com
 Source of support: Departmental sources

 Background: Resveratrol, a polyphenol found on the surface of red fruits, is able to suppress many kinds of malignancies. 
Nevertheless, its mechanism of action is not yet clear. Consequently, this study aimed to elucidate its influence 
and explore the etiology of PCCs (prostate cancer cells).

 Material/Methods: The proliferation of prostate cancer cells was determined by CCK-8 assay. Cell apoptosis was determined by 
Hoechst staining FC assay. Cell migration was detected by scratch test. The levels of apoptosis-related protein 
were detected by Western blot analysis.

 Results: It was discovered that resveratrol suppresses cellular survival and migration and enhances cell death. In ad-
dition, it was revealed that resveratrol elevated ROS concentration and expression of biomarker of cell death 
Bax, while inhibiting Bcl2, an anti-apoptotic protein, and reinforcing expression of p53. Moreover, resveratrol 
remarkably increased the expressions of HIF-1a and p53 in PC cells. Resveratrol suppressed cell survival and 
promoted cell death, but its effects were reversed after HIF-1a knockdown, suggesting that the effects of res-
veratrol in PC are mediated via HIF-1a.

 Conclusions: Our findings indicate that resveratrol induces apoptosis via HIF-1a/ROS/p53 signaling in prostate cancer cells 
and may be a useful therapeutic agent against prostate cancer.
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Background

Prostate cancer is one of the most common forms of cancer. 
A series of innovative therapies aimed at treating terminal PC 
has emerged recently [1]. Nevertheless, taking public health 
into consideration, drugs which could prevent the development 
of PC, as well as drugs that could act during early stages of PC, 
matter the most [2]. Similar to other malignancies, PC also ex-
hibits a few peculiar characteristics of its own and there is an 
urgent need to develop innovative therapeutic agents because 
of a series of adverse effects, as well as lack of effective con-
ventional treatment strategies [3]. Recently, new innovative 
strategies have emerged that shift our attention from artifi-
cial/chemical agents to more natural agents [4,5]. Recent find-
ings suggest that the use of dietary compounds could be an 
alternate strategy to control prostate cancer progression [6,7].

Resveratrol (RES) was initially discovered in polyphenol phy-
toalexin extracted from roots of white hellebore and was later 
found on the surface of various vegetables and fruits [8]. RES 
participates is effective against atherosclerosis [9], inflam-
mation [10], and various malignancies [11]. Previous studies 
have reported the anticancer effects of resveratrol via regula-
tion of cell death, growth, and metastasis, as well as genera-
tion of vessels [12,13]. In monocyte endothelium, RES triggers 
cell proliferation via regulation of the stimulation of protein 
kinases C and D [14]. Moreover, in MCF-7 cells, RES triggers 
cell death via inhibition of NF-kB and AP1[15]. Clinical trials 
have assessed the use of RES as a cancer preventive and ther-
apeutic agent. However, the role of RES in prostate cancer and 
the underlying mechanisms responsible remain unclear. The 
present study was conducted to explore the mechanisms in-
volved in the effect of RES against prostate cancer in murine 
prostate cancer TRAMP cells.

Material and Methods

Cell lines and cultivation

TRAMP cells were purchased from the American Type Culture 
Collection (www.ATCC.org) before being preserved in DMEM 
containing 10% FBS (v/v), bovine insulin (0.005 mg/ml), antibi-
otics/antimycotics (1%), and dehydroisoandrosterone (10 nM) 
in 5% CO2 at 37°C. This study was approved by the Ethics 
Committee of the Affiliated Zhongshan Hospital of Dalian 
University.

Evaluation of cell survival

CCK-8 assay was used to evaluate cell survival. In brief, at a 
predetermined time point before treatment termination, each 
cell-containing well was supplemented with 100 μl CCK-8 

solution. The cells were incubated for 4 h at 37°C. A multi-well 
spectrophotometer (Bio-Rad, USA) was used to measure the 
absorbance at 450 nm.

Flow cytometry (FC)

Cold PBS was used to wash the harvested cells twice. The cells 
were centrifuged at 1000 rpm for 5 min and the supernatant 
was discarded. Binding buffer was used for resuspension. The 
buffer was supplemented with FITC-Annexin V and propidium 
iodide (PI). The mixture was incubated for 10 min at room tem-
perature. An FACS scan flow cytometer (Becton, Dickinson and 
Company, Franklin Lakes, NJ, USA) was used to measure the 
fluorescence signals. The rate of cell death was calculated with 
the help of FlowJo software version 7.6.

Hoechst staining (HS)

Hoechst 33342 (Sigma) was used to stain fixed cells to calcu-
late the number of dead cells. A Nikon Optical TE2000-S in-
verted fluorescence microscope was used to observe the mor-
phology of dead cells. More than 400 cells from 12 randomized 
visual fields were assessed to quantify dead cells. Each proce-
dure was conducted twice.

Scratch test

Trypsin was used for digestion in 6-well plates containing cells 
at the density of 4×105/well. Scratches were introduced in the 
monolayer of adhered cells using a sterile pipette tip (10 µL). 
Aseptic PBS was used to wash the cells and cells that washed 
off were eliminated. Medium was renewed with fresh medium 
without serum. Scratch distance was evaluated and recorded 
immediately and at 24 h.

Investigation of intracellular ROS

A fluorescent probe CM-H2DCFDA specific to ROS was used 
to examine the ROS inside the cells. Thirty-minute incubation 
was carried out in 25 μM H2 DCF-DA, followed by PBS washing. 
A multi-well spectrophotometer was used to examine the fluo-
rescence at 485–530 nm. ROS generation in the control group 
was arbitrarily considered to be 100%.

siRNA and cell transfection

Fifty nanomoles of HIF-1a siRNA oligoribonucleotide purchased 
from Santa Cruz Biotechnology underwent transfection using 
RNAiFect transfection reagent (Qiagen, Inc.). Negative siRNA 
served as the control. After 6 h of incubation at 37°C, admix-
ture was eliminated. An additional 24-h incubation was car-
ried out in the presence of medium with 0.5% serum prior to 
activation.
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Western blot (WB) analysis

Homogenization was conducted using lysis buffer (Beyotime, 
China). Bradford assay (Bio-Rad, Hercules, CA, USA) was 
used for protein quantification. SDS-PAGE was used for pro-
tein quantification. We used 8–15% Tris-HCl polyacrylamide 
gels (Bio-Rad) to isolate the proteins, which were transferred 
to PVDF membranes (Millipore, Bedford, MA) after isolation. 
Immunoblots were incubated overnight in the presence of pri-
mary antibodies (anti-caspase-3, anti-Bcl2, anti-p53, anti-Bax, 
anti-b-actin, and anti-HIF-1a, all purchased from Cell Signaling 
Technology, Beverly, MA, USA) in TBST at 4°C. Subsequently, 
secondary antibodies conjugated to HRP were added to the 
mixture. ECL plus detection agent (Pierce, Rockford, IL, USA) 
was used to examine immunoreactive bands. The Omega 16ic 
Chemiluminescence Imaging System (Ultra-Lum, CA, USA) was 
used for analysis.

Statistical analysis

Results are presented as mean ±SEM. Differences between var-
ious groups were evaluated with a 2-tailed, unequal-variance 
t test or ANOVA prior to Tukey’s post hoc analysis. Differences 
were regarded as significant at P<0.05.

Results

Resveratrol enhances apoptosis in TRAMP cells

To test the effect of resveratol on TRAMP cells, a cell-killing 
assay was performed. As shown in Figure 1A, resveratol signifi-
cantly inhibited cell viability. Further cell apoptosis assays were 
measured by Hoechst staining and flow cytometry. Resveratrol 
increased cell apoptosis (Figure 1B, 1C). These data indicate 
that resveratrol kills tumor cells.

Resveratrol inhibits migration of TRAMP cells

The scratch test was used to determine cell migration to assess 
whether resveratrol influenced migration of TRAMP cells. In 
comparison to control, cell migration was remarkably sup-
pressed in the experimental group (Figure 2).

Resveratrol triggers ROS generation in TRAMP cells

To assess the influence of resveratrol on ROS in TRAMP cells, 
ROS levels inside the cells were evaluated using H2DCF-DA 
assay. Resveratrol noticeably enhanced generation of ROS, as 
indicated by H2DCFDA fluorescence (Figure 3), suggesting that 
resveratrol triggers ROS generation in TRAMP cells.

Resveratrol regulates expression of Bax and Bcl2 in 
TRAMP cells

WB was used to examine the effect of RES on expression of 
Bcl2 and Bax. RES supplementation remarkably downregulated 
Bcl2 expression and upregulated Bax expression in TRAMP 
cells (Figure 4A–4C). Moreover, RES supplementation upreg-
ulated the expression of cleaved caspase-3 in TRAMP cells 
(Figure 4D). This indicates that resveratrol enhanced the ex-
pression of pro-apoptotic proteins.

Resveratrol promotes expression of HIF-1a and p53 in 
TRAMP cells

WB was used to assess of the effect of RES on expression 
of p53 and HIF-1a in PCCs of mice, that is, TRAMP cells. RES 
remarkably upregulated HIF-1a expression in TRAMP cells 
(Figure 5A, 5B). In addition, p53 expression was also elevated 
in the RES-treated group (Figure 5C).
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Figure 1.  Resveratrol enhanced cell death among TRAMP cells. TRAMP cells received a supplement of resveratrol (50 μM) for 24 h. 
(A) CCK-8 assay was used to evaluate cell survival. (B) Cell death was revealed by HS. (C) FC was used to evaluate cell death. 
Results are presented in the form of mean ±SEM from 3 independent experiments. ** P<0.01 vs. control group.
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Resveratrol kills malignant cells via HIF-1a

To assess the influence of HIF-1 on cell apoptosis regulated 
by RES, we used siRNA specific to HIF-1a, showing that HIF-1 
expression was downregulated in TRAMP cells (Figure 6A). 
RES suppressed cell survival and promoted cell death, but its 
effects were reversed after HIF-1a knockdown, as shown in 
Figure 6B, 6C. This suggests that the effects of RES in PC are 
mediated via HIF-1a.

Discussion

There is an urgent need to develop innovative strategies to pre-
vent and treat PC [16]. Previous in vitro studies have revealed 
that resveratrol influences various agents associated with 
development of malignant cells [17–19]. With respect to PC, 
previous in vitro studies have revealed the influence of resvera-
trol on cell development, cell death, and cell cycle arrest [12,13]. 
Resveratrol promotes sensitivity to radiation and can downreg-
ulate androgen receptor (AR). Several in vivo studies in mice 
have suggested that resveratrol inhibits generation and prolif-
eration of spontaneous PCs and xenograft malignancies [20]. 
In our study, we discovered that resveratrol suppressed cell 
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Figure 2.  Resveratrol suppressed migration of TRAMP cells. TRAMP cells received a supplement of resveratrol (50 μM) for 24 h. 
(A) Scratch test revealed migration. (B) Cell migration distance. Results are presented as mean ± SEM from 3 independent 
experiments. ** P<0.01 vs. control group.
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Figure 3.  Resveratrol triggers ROS generation in TRAMP cells. TRAMP cells received a supplement of resveratrol (50 μM) for 24 h. 
(A) ROS inside the cells was assessed via oxidation of H2DCF-DA. (B) Quantification of ROS within TRAMP cells. Results are 
presented in the form of mean ± SEM from 3 independent experiments. ** P<0.01 vs. control group.
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Figure 4.  Resveratrol regulates expression of Bax, Bcl2, and caspase-3 in TRAMP cells. TRAMP cells received a supplement of 
resveratrol (50 μM) for 24 h. (A–D) Representative immunoblots (A) as well as quantification of Bcl2 (B), Bax (C), and cleaved 
caspase-3 (D) with regard to TRAMP cells. Results are presented in the form of mean ±SEM from 3 independent experiments. 
** P < 0.01 vs. control group.
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Figure 5.  Resveratrol promotes expression of p53 and HIF-1a in TRAMP cells. TRAMP cells received a supplement of resveratrol 
(50 μM) for 24 h. (A–C) Representative immunoblots (A) as well as quantification of HIF-1a (B) and p53 (C) in TRAMP cells. 
Results are presented in the form of mean ± SEM from 3 independent experiments. ** P<0.01 vs. control group.
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survival and enhanced cell death in TRAMP cells characterized 
by elevated ROS level. Enhanced mitochondrial ROS levels cause 
malfunction in endoplasmic reticulum and mitochondria, which 
triggers cell death. Moreover, Bcl2 participates in regulation of 
cell death mediated via the mitochondria-dependent pathway. 
Bax and Bcl2 are upstream regulators of mitochondria [21]. The 
ratio of Bax to Bcl2 plays an important part in triggering cell 
death. Consequently, in our study, resveratrol inhibited Bcl2 
expression and enhanced Bax expression. Reinforced Bax ex-
pression triggers cell death. Furthermore, as a protein respon-
sive to DNA damage as well as being a protector of cells, p53 
also participates in triggering cell death [22]. Consequently, 
p53 expression was evaluated in TRAMP cells that received a 
supplement of resveratrol. Expression of p53 was elevated in 
TRAMP cells in comparison with the control group, suggesting 
that cell death triggered by resveratrol in TRAMP cells is related 
to enhanced p53 expression.
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Figure 6.  Resveratrol kills cancer cells via HIF-1a. TRAMP cells underwent 24-h transfection with HIF-1a siRNA and were subsequently 
supplemented with resveratrol (50 μM) for 24 h. (A, B) Representative immunoblots (A) as well as quantification of HIF-1a 
(B) in TRAMP cells. Results are presented in the form of mean ± SEM from 3 independent experiments. ** P<0.01 vs. control 
group. (C) CCK-8 assay was used to evaluate cell survival. (D) FC was used to evaluate cell death. Results are presented in the 
form of mean ±SEM from 3 independent experiments. ** P<0.01 vs. control group; # P<0.05, ## P<0.01 vs. resveratrol group.

HIF-1a is induced under hypoxic conditions in various cancers. 
HIF-1a stimulates generation of vessels necessary for genera-
tion of malignancy, leading to aggression and progression [23]. 
HIF-1a plays an important role in physiological reaction to lack 
of oxygen, but its effect on malignancies is ambiguous [24]. 
Enhanced HIF-1a expression in several tumor cells, such as 
breast and kidney tumors, has been reported to enhance gen-
eration of vessels and viability of malignancies. However, in 
other tumors, such as ovarian carcinoma, enhanced HIF-1a ex-
pression promotes cell death [25]. With respect to PC, enhanced 
HIF-1a expression is associated with a shorter time before 
a biochemical recurrence in patients undergoing surgery or 
radiotherapy [26,27]. HIF-1a is upregulated independent of lim-
ited oxygen via various factors such as growth factors, free rad-
icals, and oncogenes [28, 29]. In the present study, HIF-1a ex-
pression was always elevated in the resveratrol group compared 
to the control group of PCCs. Furthermore, HIF-1a knockdown 
eliminated the effects of resveratrol on cell death. Resveratrol 
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promoted expression of HIF-1a, elevating ROS concentration, 
which induced expression of p53 and Bax, and suppressed Bcl2 
expression. This was followed by enhanced caspase-3 expres-
sion, finally leading to cell death. The above findings suggest that 
HIF-1a is an important suppressor of the effects of resveratrol.

Conclusions

The most remarkable finding of this study is that the HIF-
1a/ROS/p53 axis regulates the action of RES in TRAMP cells. 

RES upregulates HIF-1a expression, which enhances ROS con-
centration, and promotes expression of Bax and p53 while 
downregulating the expression of Bcl2. RES restores cas-
pase-3 induction and promotes cell death. In summary, our 
study proves that resveratrol triggers cell death via the HIF-
1a/ROS/p53 axis in PCCs. Our findings could provide innova-
tive strategies to treat PC.
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