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ABSTRACT

Found in the skins of red fruits, including grapes, resveratrol (RES) is a 
polyphenolic compound with cancer chemopreventive activity. Because of this 
activity, it has gained interest for scientific investigations. RES inhibits tumor growth 
and progression by targeting mitochondria-dependent or -independent pathways. 
However, further investigations are needed to explore the underlying mechanisms.

The present study is focused on examining the role of RES-induced, mitochondria-
mediated, caspase-independent apoptosis of prostate cancer cells, namely transgenic 
adenocarcinoma of mouse prostate (TRAMP) cells. These cells were exposed to 
RES for various times, and cell killing, cell morphology, mitochondrial membrane 
potential (Δψm), expression of Bax and Bcl2 proteins, the role of caspase-3, and DNA 
fragmentation were analyzed.

TRAMP cells exposed to RES showed decreased cell viability, altered cell 
morphology, and disrupted Δψm, which led to aberrant expression of Bax and Bcl2 
proteins. Furthermore, since the caspase-3 inhibitor, z-VAD-fmk (benzyloxycarbonyl-
valine-alanine-aspartic acid-fluoromethyl ketone), had no appreciable impact on 
RES-induced cell killing, the killing was evidently caspase-independent. In addition, 
RES treatment of TRAMP-C1, TRAMP-C2, and TRAMP-C3 cells caused an appreciable 
breakage of genomic DNA into low-molecular-weight fragments.

These findings show that, in inhibition of proliferation of TRAMP cells, RES 
induces mitochondria-mediated, caspase-independent apoptosis. Therefore, RES may 
be utilized as a therapeutic agent to control the proliferation and growth of cancer 
cells.

INTRODUCTION

In Western populations, prostate cancer is the 
second leading cause of death (after heart disease) in men 
older than 65 years of age [1–6]. It arises through the 
change of pre-neoplastic lesions into adenocarcinomas, 
and thereafter progresses to metastatic disease [6–9]. 
Recent advances have found genetic alterations that 
enhance the probability of prostate cancer development 
[10, 11]. To limit the growth of prostate cancer, high doses 

of chemotherapeutic drugs and high-frequency radiation 
have been used, but the limited efficacy and side effects 
of these treatments raise a concern [12, 13]. Therefore, 
it is desirable to find anti-cancer agents that are non-
toxic and effective in inducing apoptosis in cancer cells. 
Previous studies have demonstrated that treatment with 
anti-androgens is beneficial in the early stages of prostate 
cancer development, suggesting that their growth may be 
dependent on androgens [14–17]. In contrast, androgen-
independent prostate cancer cells do not undergo apoptosis 
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[14–17]. In view of these results, advanced therapies that 
target the proliferation of both androgen-dependent and 
-independent prostate cancer cells are needed.

Compounds naturally occurring and present 
in the human diet are generally nontoxic, and some 
have beneficial effects on human health. Among these 
dietary components, resveratrol (RES), a polyphenol 
found in the skin of red fruits, exhibits anti-cancer, 
anti-proliferative, anti-inflammatory, and anti-oxidative 
effects [18, 19]. The anti-cancer properties of RES are 
facilitated through various changes in apoptotic signaling, 
metabolic pathways, and other signaling pathways that 
regulate apoptosis, cell cycle progression, inflammation, 
proliferation, metastasis, and angiogenesis [18, 20]. 
Furthermore, cells exposed to RES show inhibition 
of PI3K/AKT signaling, which stimulates apoptosis 
[21–29]. RES induces the death receptor (TRAIL/DR4 
and TRAIL-R2/DR5)-mediated apoptosis [7, 30–39], 
and it is involved in mitochondrial-mediated apoptosis 
[40–45]. Mitochondria are the primary provider of ATP 
in most mammalian cells, they regulate both necrotic and 
apoptotic cell death pathways [46]. Thus, apoptosis is 
considered to be the most likely mechanism adopted by 
cells after activation of death signals. Apoptosis may be 
triggered intrinsically or extrinsically, depending on the 
type of apoptotic signals [40, 41, 43–45].

In human lung adenocarcinoma cells, RES activates 
the intrinsic apoptotic pathway by inducing release of 
apoptosis-inducing factor (AIF) [47]. Intrinsic signals of 
apoptosis function mainly through mitochondria [48]. In 
healthy cells, the outer mitochondrial membrane expresses 
the B-cell lymphoma-2 (Bcl-2) family of proteins, which 
controls the release of pro-apoptotic factors from the inner-
membrane space in mitochondria [49–52]. In response to 
internal damage to the cells, a Bcl-2 associated protein, 
Bax, migrates to the mitochondrial membrane and inhibits 
the action of Bcl-2, causing damage to the mitochondrial 
membrane that in turn releases cytochrome-c [49–52]. 
Cytochrome-c binds with the apoptotic protease activator 
factor-1 (Apaf-1) and forms a multimeric protein structure 
called the “apoptosome.” The apoptosome activates 
caspase-9, which triggers the activation of caspase-3 and 
caspase-7 [53–59]. Their activation initiates proteolytic 
activity that leads to cell death [53–59]. The extrinsic 
pathway of apoptosis, however, is triggered by external 
signals that stimulate death receptors, such as ligands 
Fas-L and TNF-α (tumor necrosis factor-α), which activate 
caspase-8 [60]. This activated molecule initiates a cascade 
of caspase activity, which facilitates cell death [60].

RES shows anti-cancer, anti-proliferative, anti-
inflammatory, and anti-oxidative properties, which are 
involved in the mitochondrial pathway of apoptosis 
[18, 20, 40–44, 61, 62]. However, how RES-induced, 
mitochondria-mediated, caspase-independent apoptosis 
operates in controlling the progression of tumor cells is 
not clear.

In the present effort, we examined the effects of 
RES on mitochondria-mediated, caspase-independent 
apoptosis in transgenic adenocarcinoma of mouse 
prostate (TRAMP-C1, TRAMP-C2, and TRAMP-C3) 
cells. TRAMP cells exposed to RES showed, in a time- 
and dose-dependent manner, increased cell killing and 
altered cell morphology. Furthermore, RES treatment 
resulted in disrupted mitochondrial membrane potential 
(Δψm), which triggered disproportionate expression 
of Bax and Bcl2 proteins. In addition, RES treatment 
did not induce marked fragmentation of DNA into low-
molecular-weight segments. As determined by exposure 
of cells to the caspase-3 inhibitor, z-VAD-fmk, caspase-3 
was not involved in RES-mediated cell killing. Thus, these 
findings indicate that RES induces mitochondria-mediated, 
caspase-independent apoptosis and delays proliferation of 
prostate cancer cells. Therefore, RES may be an agent for 
treatment of prostate cancer.

RESULTS

RES kills tumor cells

To test the effect of RES on TRAMP cells, a cell-
killing assay was performed. First, we determined the 
optimal time and concentration of RES needed to kill 
TRAMP cells. Annexin V-FITC+ and double positive 
(FITC+, PI+) cells showed sign of early and late apoptosis 
respectively; however, PI+ cells considered as dead cells 
as shown in representative Figure 1A. We established 
that 16 hours was the optimal time for maximum killing 
(Figure 1B). These experiments were repeated 5 times 
independently in triplicates. Data are represented as mean 
values ±SEM (Standard Error of the Mean) in Figure 1B. 
We also conducted experiments at 24 hours and 48 hours 
but did not find any significant difference in RES-mediated 
cell killing (data not shown). Cells incubated with 50 μM 
or 100 μM of RES showed a concentration-dependent 
increase in the percent of cells killed (Figure 1B). Further 
analysis revealed that RES (100 μM) treatment resulted in 
a significantly greater (*P<0.001) killing of TRAMP-C3 
cells (43±5%) as compared to TRAMP-C1 (21±5%) 
and TRAMP-C2 (6±5%) cells (Figure 1B). In addition, 
TRAMP cells were incubated with RES in the presence 
or absence of Nec-1, a necroptosis blocker, to confirm 
whether RES-mediates apoptosis or necroptosis. We found 
that RES exhibited a similar pattern of cell killing in the 
presence or absence of Nec-1 (Supplementary Figure 1A; 
TRAMP-C1, Supplementary Figure 1B; TRAMP-C2, and 
Supplementary Figure 1C; TRAMP-C3).

RES treatment alters cell morphology

To evaluate the impact of RES on cell morphology, 
phase contrast microscopy was conducted. Cells were 
treated with 100 μM of RES for 16h exhibited altered 
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cell morphology in a concentration-dependent manner 
(Figure 1C). Furthermore, cells exposed to 100 μM of 
RES showed more prominent morphological alterations in 
TRAMP as compared to cells treated with 50 μM of RES 
(Figure 1C). Additionally, TRAMP-C3 cells were more 
sensitive to 100 μM of RES as compared to TRAMP-C1 
and TRAMP-C2 cells (Figure 1C). TRAMP-C3 cells 
showed more oval shapes as compared to TRAMP-C1 and 
TRAMP-C2 cells, suggesting loss of adherence and loss 
of cell-to-cell contact.

RES induces mitochondrial membrane potential

To examine the effect of RES on mitochondria, the 
Δψm was measured using fluorescence microscopy and 
flow cytometry. TRAMP cells treated with RES (50 or 100 
μM) showed disrupted Δψm as compared to appropriate 
control (Figure 2A). Observed under a fluorescence 
microscope, DePsipher-stained TRAMP cells exhibited 
a distinct fluorescence color: red, green, or an overlap of 
green and red that results in orange/yellow. Cells with red 
fluorescence were considered to be healthy and normal; 
cells with green fluorescence were considered to have 
disrupted Δψm, indicating apoptosis. Cells with orange/
yellow fluorescence were considered to have collapsed 
mitochondria. Most of the treated TRAMP cells showed 
green and orange/yellowish color, indicating that these cells 

had disrupted Δψm (Figure 2A); however, TRAMP-C3 
cells showed significantly disrupted Δψm as compared to 
TRAMP-C1 and TRAMP-C2 cells (Figure 2A).

Further, the Δψm was validated by flow cytometric 
analysis of TRAMP cells treated with 100 μM RES 
as demonstrated in representative Figure 2B. In this 
figure, three cell populations were evident: (i) TRAMP 
cells showing only green fluorescence (FL1: 488/530 
nm) corresponding to those with disrupted (low) Δψm 
following apoptosis as compared to control cells. (ii) 
Cells with different intensities of green and red or 
yellow/orange were also considered to have intermediate 
disrupted Δψm. (iii) Cells emitting red fluorescence (FL2: 
488/585nm) were considered to demonstrate high Δψm. 
Further analysis revealed that, with exposure to 100 μM 
RES, the percentages of TRAMP-C3 cells showing green 
fluorescence, that is, with disrupted Δψm, were higher 
relative to TRAMP-C1 and TRAMP-C2 cells (Figure 2C). 
This experiment was performed 5 times independently 
in triplicates; the sum of all experimental data (± SEM) 
is shown in the histogram Figure 2C (*p<0.05 and 
**p<0.01).

RES modulates the expression of Bax and Bcl2

Western blots were performed to investigate 
the effect of RES on the expression of Bax and Bcl2 

Figure 1: RES kills TRAMP cells in a dose- and time-dependent manner. TRAMP cells were treated with RES (50 μM or 
100 μM), and cell killing and cell morphology were examined. A. Representative figure of gating strategies to study percent cell killing after 
RES treatment using a flow cytometer. B. Mean average values with ±SEM of cell death at 0, 2, 4, 8, 12, and 16 hours. C. Morphological 
changes in cells due to RES treatment (* indicates p<0.05 and ** indicates p<0.01).
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proteins. It was found that RES treatment modulated 
the expression of Bax and Bcl2 proteins in TRAMP-C1, 
TRAMP-C2 and TRAMP-C3 cells as compared to the 
control (Figure 3A). Further, densitometric analysis 
revealed that treatment with 50 μM or 100 μM of 
RES resulted in significantly high expression of Bax 
in TRAMP-C1 (*p<0.02), TRAMP-C2 (*p<0.001) 
and TRAMP-C3 (*p<0.001) cells when compared to 
the respective control (Figure 3C). In contrast to Bax, 
Bcl2 expression repressed significantly in TRAMP-C2 
(*p<0.03) and TRAMP-C3 (*p<0.02) cells after 100 μM 
of RES treatment (Figure 3B). In addition, TRAMP-C1 
(#p>0.05) cells did not show a significant difference 
in the expression of Bcl2 protein in comparison to the 
control (Figure 3B).

RES induces caspase-independent cell killing

To evaluate the role of caspase-3 in RES-mediated cell 
killing, caspase-3 activation was blocked with an inhibitor 
(z-VAD-fmk). RES treatment with and without z-VAD-fmk 
induced RES-mediated cell killing (Figure 4A). TRAMP-C3 
cells exposed to 100 μM of RES with or without z-VAD-
fmk showed significantly (**p<0.001) higher percentage 
of cell death as compared to TRAMP-C1 (*p<0.05) and 
TRAMP-C2 (*p<0.05) cells (Figure 4A). However, there 
was no significant difference in TRAMP cells treated with 
either RES or with RES plus z-VAD-fmk (Figure 4A). 
There were corresponding results when cells were analyzed 
morphologically under a phase contrast microscope 
(Figure 4B: resultant morphology of TRAMP cell after 
100μM of RES+z-VAD-fmk treatment). In addition, 

Figure 2: RES disrupts Δψm. Cells were treated with 100 μM of RES for 16 hours, and Δψm was examined by using DePsipher 
dye. A. Fluorescence microscopy of TRAMP cells. B. Representative gating of cells. (i) cells with disrupted (low) Δψm are indicated as 
DePsipher-monomers (34.52%), (ii) cells with intermediate Δψm (4.26%), and (iii) cell with high Δψm indicated as DePsipher-aggregates 
(11.89%). C. Percent of cells with disrupted Δψm. Data represented as mean values ± SEM (* indicates p<0.05 and ** indicates p<0.01).
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treatment with Nec-1 (an inhibitor of necroptosis) did not 
change RES-mediated cell killing in the presence or in the 
absence of z-VAD-fmk (Supplementary Figure 2). Thus, 
in TRAMP-C1, TRAMP-C2, and TRAMP-C3 cells, the 
caspase-3 inhibitor, z-VAD-fmk, and Nec-1, had negligible 
effects on RES-mediated apoptosis (Supplementary Figure 
2A; TRAMP-C1, Supplementary Figure 2B; TRAMP-C2, 
and Supplementary Figure 2C; TRAMP-C3 cells).

RES modulates the γ-H2A.X expression

To test the effect of 50 and 100μM of RES treatment 
on the expression of γ-H2A.X in TRAMP cells. The 
expression of γ-H2A.X was examined using western 
blot analysis which demonstrated significantly (*p<0.05) 
higher expression in TRAMP-C2 and TRAMP-C3 cells 
when compared to the control (Figure 5A and 5B). 
However, in TRAMP-C1 cells, γ-H2A.X expression 
was not significant (#p>0.05) as compared to the control 
(Figure 5A and 5B). These findings suggest that RES 

treatment sensitizes DNA damage which further leads to 
apoptosis of TRAMP cells.

DISCUSSION

Resistance to anti-cancer therapies is facilitated 
through an array of mechanisms that vary across tumor 
types [63, 64]. In the present study, we demonstrated 
that RES modulates mitochondria-mediated, caspase-
independent apoptosis in murine prostate cancer cells. 
These results reveal that dietary compounds such as 
RES may play a critical role in inducing mitochondria-
dependent apoptotic pathway(s) in murine prostate cancer 
cells (Figure 6).

Dietary compounds can be used to target 
mitochondria-mediated, caspase-independent apoptosis. 
This pathway is characterized by changes in Δψm and 
by maintenance of an optimal ratio of Bcl2/Bax [65]. 
A high Δψm and a high Bcl2/Bax ratio are believed to 
promote cell proliferation and enhanced cell survival, 

Figure 3: RES modulates the expression of Bax and Bcl2. Results indicated altered expression of Bax and Bcl2 in TRAMP cells 
after Res treatment. A. Representative western blot of Bax, Bcl-2 and β-actin for the respective doses of RES in TRAMP-C1, TRAMP-C2 
and TRAMP-C3 cells. B. Expression of Bcl-2 relative to the control. C. Expression of Bax relative to the control. Results are representative 
of three independent experiments (* indicates p<0.05 and # indicates p>0.05).
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thereby contributing to cancer progression. Dietary 
compounds such as RES inhibit cell growth in several 
types of human cancers, including prostate cancers [8, 
66–70]. Consistent with results of previous studies, our 
data demonstrate that RES treatment results in enhanced 
cell killing in a time and dose-dependent manner. As 
cell viability decreases, altered cell morphology, a 
characteristic of apoptosis, increases [71]. RES induces 
cellular morphological changes similar to those caused 
by other anti-cancer drugs [40–45, 61, 62, 72]. To 
confirm our preliminary results relating to viability, 
we determined the effect of RES on the expression of 
Bcl2 and Bax proteins, Δψm, caspase-3 activity, and 
DNA fragmentation. TRAMP-C3 and TRAMP-C2 
cells exhibited significant difference in Bax expression 
as compared to control at 50 μM and 100 μM of RES; 
however, TRAMP-C1 showed significant difference at 
100 μM of RES, not at 50 μM when compared to the 
control (Figure 3C). In contrast to Bax, Bcl2 expression 
in TRAMP-C1, TRAMP-C2 and TRAMP-C3 was 

observed altered as compared to control at both 50 μM 
and 100 μM of RES (Figure 3B). Additionally, Bcl2 was 
found significantly repressed at 50 μM and 100 μM of 
RES in TRAMP-C2 and TRAMP-C3 when compared to 
control (Figure 3B). Furthermore, RES treatment also 
caused disrupted Δψm, which is associated with apoptosis 
[73]. Most TRAMP-C3 cells showed decreased Δψm 
relative to TRAMP-C1 and TRAMP-C2 cells. Thus, RES 
treatment induced killing of TRAMP cells in a caspase-3-
independent manner, for the caspase-3 inhibitor (z-VAD-
fmk), failed to prevent RES-mediated cell killing. 
Therefore, apoptosis of TRAMP cells induced by RES 
apparently acts through the mitochondrial mediated, 
caspase-independent pathway (Figure 6).

Changes in Δψm are evident in mitochondria-
mediated, caspase-independent apoptosis [74, 75]. As 
shown in the present effort, RES treatment decreases 
Δψm in TRAMP-C3 cells compared to TRAMP-C1 and 
TRAMP-C2 cells. However, RES induces apoptosis of 
colon cancer cells independently of the tumor suppressor 

Figure 4: RES causes caspase-independent cell killing. Cells were treated with 100 μM of RES with or without 10 μM of z-VAD-
fmk (a broad-spectrum caspase-3 inhibitor) and incubated for 16 hours. Thereafter, annexin V-PI staining was accomplished. A. The percent 
of cell killing by RES in the presence or absence of 10 μM of z-VAD-fmk. B. Morphological alterations in TRAMP cells caused by 100μM 
of RES treatment in the presence of z-VAD-fmk. Data indicated mean values of ± SEM (* indicates p<0.05 and ** indicates p<0.001).
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p53 via epithelial differentiation and mitochondrial 
membrane collapse [76, 77]. The present data correspond 
with these findings, which suggest that RES treatment 
induces a collapse of Δψm [76, 77].

Proteins of the Bcl2 family, particularly Bcl2 and 
Bax, are involved in mitochondria-mediated apoptotic 
pathways [65]. After treatment of HCT-116 colon 
carcinoma cells with RES, Bax is involved in alteration of 

Figure 6: RES induces apoptosis in TRAMP cells. A schematic representation of the mechanism of RES-mediated, caspase-
independent apoptosis in TRAMP cells.

Figure 5: RES treatment induced DNA fragmentation in TRAMP cells. TRAMP cells were incubated with 50 μM and 100 μM 
of RES to examine the expression of γ-H2A.X in TRAMP cells. The resulting western blots of γ-H2A.X showed that the expression of 
γ-H2A.X was found significantly higher in TRAMP-C2 and TRAMP-C3 cells when compared to the control. Furthermore, TRAMP-C1 
cells, did not show a significant difference in γ-H2A.X expression when compared to the control (* indicates p<0.05 and # indicates p>0.05).
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mitochondrial membrane permeability [78–80]. However, 
by up-regulation of Bcl2 and inhibition of p53 and Bax, 
RES reverses cadmium chloride-induced testicular damage 
and subfertility [79]. In bladder cancer cells, RES also 
induces apoptosis by down-regulating the expression of 
Bcl2 proteins [81, 82]. However, the current results show 
that RES modulates the expression of Bax and Bcl2 in 
TRAMP-C1, TRAMP-C2, and TRAMP-C3 cells compared 
to the control cells; however, in TRAMP-C1 cells Bax at 
50 μM of RES and Bcl2 at 50 μM and 100 μM of RES 
were found insignificant. These findings corroborated with 
other reports [65, 81, 82].

RES decreased cell viability and Δψm, and 
modulated the expression of Bax and Bcl2 proteins in 
TRAMP-C1, TRAMP-C2, and TRAMP-C3 cells. In an 
investigation of the involvement of caspase-3 in RES-
mediated cell killing and DNA fragmentation, we found 
that RES treatment with or without the caspase-3 inhibitor, 
z-VAD-fmk, resulted in similar cell killing. This result was 
supported by morphological examination of the cells after 
DePsipher staining. The mechanism of action, however, 
is not yet defined. RES induces apoptosis by depolarizing 
the mitochondrial membranes in a caspase-independent 
manner [73] [48, 83, 84]. Nevertheless, in U937 cells, 
overexpression of Bcl2 attenuates RES-mediated apoptosis 
by blocking caspase-3 activation [53]. Moreover, RES 
induces caspase-dependent and -independent apoptosis in 
various cancer cells [85–87]. In colon cancer cells, RES 
induces caspase-2 activation that subsequently triggers 
Bax-Bak-dependent and -independent cell death [79]. 
In human lung adenocarcinoma cells, RES stimulates 
mitochondria-mediated and caspase-dependent cell death 
[88]. Conversely, in primary mouse fibroblasts, RES 
exhibits a cytoprotective effect by acting against caspase-3 
[89]. The present results show that, for TRAMP cells, the 
caspase-3 inhibitor, z-VAD-fmk, and Nec-1, which blocks 
necroptosis, had a negligible effect on RES-mediated 
cell killing. Thus, in these cells, RES induces caspase-
independent apoptosis.

The present results show that RES treatment to 
TRAMP cells caused significant cleavage of genomic 
DNA, which was accomplished by the expression of 
γ-H2A.X, an evolutionary conserved variant of histone 
H2A, has been identified as one of the key histones 
to undergo various post-translational modification in 
response to double stranded DNA breaks [90, 91]. DNA 
damage caused by radiation, UV light, or anti-cancer 
agents results in phosphorylation of Histone γ-H2A.X at 
ser-139 by PI3K-like kinases, including ATM, ATR, and 
DNA-PK [92–94]. The DNA damage response during 
DNA fragmentation is required for DNA-damage response 
proteins including DNA-PK that phosphorylates γ-H2A.X 
[95, 96]. Phosphorylation of γ-H2A.X at Tyr142 inhibits 
the recruitment of DNA repair proteins and promotes 
binding of pro-apoptotic factors such as JNK1 [97, 98]. 
Thus, γ-H2A.X expression was significantly higher in 

TRAMP-C2 and TRAMP-C3 cells after 50 and 100μM 
of RES treatment as compared to the control. However, in 
TRAMP-C1 cells, γ-H2A.X expression was not significant 
as compared to the control. These findings are consistent 
with the previous results, which show RES-mediated 
caspase-independent cell killing. Furthermore, previous 
studies have demonstrated that RES induces apoptosis 
and DNA fragmentation in several types of cancer cells 
[99–102]. These properties of RES suggest that it could be 
used as a therapeutic agent to treat prostate cancer.

Our results demonstrate that, for TRAMP-C1, 
TRAMP-C2, and TRAMP-C3 cells, RES increases cell 
killing in a dose- and time-dependent manner, induces 
morphological alterations, and triggers apoptosis. In 
these cells, RES causes a disrupted Δψm that leads 
to modulated expression of Bax and Bcl2 proteins. 
Additionally, caspase-3 is not involved in RES-mediated 
cell killing, showing that, in TRAMP cells, RES induces 
caspase-independent apoptosis. In these cells, RES 
treatment contributed to DNA fragmentation which 
enhanced γ-H2A.x expression in treated TRAMP-C2 and 
TRAMP-C3 cells, but not in TRAMP-C1 when compared 
to the control, indicating the sign of DNA damage after 
RES treatment [92]. Therefore, RES may be a promising 
dietary compound for the treatment of prostate cancer. 
However, further investigations are necessary to uncover 
the underlying mechanisms.

MATERIALS AND METHODS

Cell lines and culture conditions

TRAMP-C1, TRAMP-C2, and TRAMP-C3 cells 
were obtained from American Type Culture Collection 
(www.ATCC.org) and were maintained at 370 C under 
5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) (v/v), 
bovine insulin (0.005 mg/ml), dehydroisoandrosterone (10 
nM), and antibiotics/antimycotics (1%).

Cell killing assay

To assess percentages of cell death, 70-80% 
confluent cells were harvested by trypsinization, counted, 
and seeded (105) in 24-well plates in 1 ml of culture 
medium. Cells were treated with 50 μM or 100 μM of RES 
and were analyzed by flow cytometry at 0, 2, 4, 8, 12, and 
16 hours. They were stained with annexin V-propidium 
iodide (PI) as directed by manufacturer. Briefly, into 
each tube, annexin V (5 μl of 600 μg/ml) and PI (5 μl 
of 30 μg/ml) were added, and tubes were then incubated 
for 15 min at 40C. Cells were washed with Dulbecco’s 
phosphate buffered saline (DPBS) and centrifuged. 
For flow cytometric analysis, the cells were suspended 
in 200-500 μl of annexin V binding buffer. Data were 
acquired by use of a 13-color flow cytometer (Novocyte, 
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Acea Biosciences, San Diego, CA). PI+, Annexin V+, and 
Annexin V+ PI+ cells were counted as dead populations; 
PI/Annexin V FITC- cells were counted as live cells. All 
experiments were performed in triplicate.

Assessment of cell morphology

Cells were exposed to 50 μM or 100 μM of RES for 
16 hours. Media were removed, and after media removal, 
cells were washed with DPBS and then suspended in 50 
μl of DPBS. To assess morphological changes, cells were 
observed under a phase-contrast microscope (Life Tech, 
Grand Island, NY).

Assessment of mitochondrial membrane 
potential

To examine Δψm, cells in DMEM supplemented 
with 10% FBS were exposed to RES (50 μM or 100 
μM) for 16 hours. After incubation, cells were harvested, 
washed, stained with the mitochondria-specific dye, 
DePsipher (Trevigen, Gaithersburg, MD) and flow 
analyzed as suggested by the manufacturer. DePsipher, a 
cationic dye (5,5’6,6’-tetrachloro-1,1’,3,3’-tetraethylbenz
imidazolylcarbocyanine iodide) stains both healthy cells 
and cells with disrupted Δψm. The dye enters into healthy 
mitochondria and, in its multimeric form, fluoresces 
red. However, in apoptotic cells, the dye remains in the 
cytoplasm and fluoresces green while in its monomeric 
form. Thus, cells with disrupted mitochondria can be 
differentiated from healthy cells. Cells were observed 
under a fluorescent microscope for morphology (Nikon 
ECLIPSE Ti, Melville, NY).

Western blotting

Total protein was extracted from TRAMP cells 
(106) treated with RES (50 μM or 100 μM) by use of 
2x radioimmunoprecipitation assay buffer (RIPA). The 
concentrations of total proteins in lysates were estimated 
according to Bradford et al. [57], using bovine serum 
albumin as the standard. Estimated concentration of total 
proteins (30-40 μg/well) was run on 12% SDS-PAGE. 
Protein complexes were then transferred to nitrocellulose 
membranes, which were blocked in 5% skimmed milk 
and then incubated overnight with mouse anti-Bax (1:500) 
or anti-Bcl2 (1:100) monoclonal antibodies (Trevigen, 
Gaithersburg, MD and Thermo Scientific, NY, respectively). 
After repeated washing, the membranes were treated with 
a goat anti-mouse secondary antibody (1:1000) for 1 hour 
at room temperature. Proteins on the membranes were 
detected using an ECL-liquid substrate system (BioRad, 
Hercules CA). As an internal control, β-actin antibody 
(Grand Island, NY) was used to measure β-actin.

Next, in a separate experiment, estimated 
concentration of total proteins (20-40μg/well) were 

electrophoresed on 10% SDS-polyacrylamide gels. Protein 
complexes were transferred on nitrocellulose membranes 
(cat#162-0112: BioRad, CA, USA) and incubated with 
rabbit anti-γ-H2A.X polyclonal antibody (cat#2595: Cell 
signaling technology, MA, USA). Membranes were washed 
and incubated with goat anti-rabbit secondary antibody 
(cat#31460: Thermoscientific, NY, USA). Protein blots 
were visualized using super signal west femto ECL western 
blotting detection system (cat#34095: Thermoscientific, 
NY, USA), equal amount of proteins loading were tested 
by reprobing with anti-b-actin antibody (cat#3700S: Cell 
signaling technology, MA, USA).

Assessment of caspase-independent cell death

To determine the role of caspases in RES-mediated 
cell death, cells were exposed to RES (100 μM) with or 
without 10 μM of z-VAD-fmk (a broad-spectrum caspase 
inhibitor) (Thermo Fisher Scientific, Grand Island, NY) 
for 16 hours. After incubation, caspase-independent cell 
death was determined. To accomplish this, cells were 
stained with annexin V (5 μl of 600 μg/ml) and PI (5 μl 
of 30 μg/ml) for 15 min at 40C. Cells were washed with 
DPBS and suspended in 200-500 μl of annexin V buffer 
for flow cytometric analysis. Data were acquired by use of 
a 13-color flow cytometer (Novocyte, Acea Biosciences, 
San Diego, CA).

Statistical analysis

Statistical significance of data was determined using 
Student’s t test to determine the p value. For comparison of 
differences among the groups, single factor or multifactor 
one-way analysis of variance (ANOVA) followed by 
post hoc Bonferroni and Tukey test was used. Data were 
considered statistically significant at value p<0.05.

ACKNOWLEDGMENTS

We thank Dr. Donald Hill for his critical review of 
the manuscript.

CONFLICTS OF INTEREST

There is no conflict of interest among the authors. 
The authors alone are responsible for the content and 
writing of the manuscript.

GRANT SUPPORT

The authors have been partially supported by 
National Institutes of Health grants P20CA192976 
(MKM) and P20CA192973 (UM); US Department 
of Defense grants W911NF-12-1-0073 (MKM) and 
W911NF-14-1-0064 (MKM); and National Science 
Foundation grant 1154214 (MKM).



Oncotarget10www.impactjournals.com/oncotarget

REFERENCES

1.	 Bieri U, Moch H, Dehler S, Korol D and Rohrmann S. 
Changes in autopsy rates among cancer patients and their 
impact on cancer statistics from a public health point of 
view: a longitudinal study from 1980 to 2010 with data 
from Cancer Registry Zurich. Virchows Arch. 2015; 
466:637-643.

2.	 Chen W. Cancer statistics: updated cancer burden in China. 
Chin J Cancer Res. 2015; 27:1.

3.	 Jung KW, Won YJ, Kong HJ, Oh CM, Cho H, Lee DH and 
Lee KH. Cancer statistics in Korea: incidence, mortality, 
survival, and prevalence in 2012. Cancer Res Treat. 2015; 
47:127-141.

4.	 Siegel RL, Miller KD and Jemal A. Cancer statistics, 2015. 
CA Cancer J Clin. 2015; 65:5-29.

5.	 Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J and 
Jemal A. Global cancer statistics, 2012. CA Cancer J Clin. 
2015; 65:87-108.

6.	 DeSantis CE, Lin CC, Mariotto AB, Siegel RL, Stein KD, 
Kramer JL, Alteri R, Robbins AS and Jemal A. Cancer 
treatment and survivorship statistics, 2014. CA Cancer J 
Clin. 2014; 64:252-271.

7.	 Ganapathy S, Chen Q, Singh KP, Shankar S and Srivastava 
RK. Resveratrol enhances antitumor activity of TRAIL in 
prostate cancer xenografts through activation of FOXO 
transcription factor. PloS one. 2010; 5:e15627.

8.	 Harper CE, Patel BB, Wang J, Arabshahi A, Eltoum IA and 
Lamartiniere CA. Resveratrol suppresses prostate cancer 
progression in transgenic mice. Carcinogenesis. 2007; 
28:1946-1953.

9.	 Li J, Chong T, Wang Z, Chen H, Li H, Cao J, Zhang P and 
Li H. A novel anticancer effect of resveratrol: reversal of 
epithelialmesenchymal transition in prostate cancer cells. 
Mol Med Rep. 2014; 10:1717-1724.

10.	 Dimitriadis E, Kalogeropoulos T, Velaeti S, Sotiriou S, 
Vassiliou E, Fasoulis L, Klapsas V, Synesiou M, Apostolaki 
A, Trangas T and Pandis N. Study of genetic and epigenetic 
alterations in urine samples as diagnostic markers for 
prostate cancer. Anticancer Res. 2013; 33:191-197.

11.	 Ozen M and Pathak S. Genetic alterations in human prostate 
cancer: a review of current literature. Anticancer Res. 2000; 
20:1905-1912.

12.	 Prostate cancer. Part B: Imaging techniques, radiotherapy, 
chemotherapy, and management issues. Proceedings of 
the Second International Symposium on Prostate Cancer. 
Paris, France, June 16-18, 1986. Prog Clin Biol Res. 1987; 
243B:1-545.

13.	 Xie H, Li C, Dang Q, Chang LS and Li L. Infiltrating 
mast cells increase prostate cancer chemotherapy and 
radiotherapy resistances via modulation of p38/p53/p21 and 
ATM signals. Oncotarget. 2016; 7:1341-1353.

14.	 Halin S, Hammarsten P, Wikstrom P and Bergh A. Androgen-
insensitive prostate cancer cells transiently respond to 

castration treatment when growing in an androgen-dependent 
prostate environment. The Prostate. 2007; 67:370-377.

15.	 Kyprianou N. Apoptosis: therapeutic significance in the 
treatment of androgen-dependent and androgen-independent 
prostate cancer. World J Urol. 1994; 12:299-303.

16.	 Li W. Treatment of prostate cancer cells with adenoviral 
vector-mediated antisense RNA using androgen-dependent 
and androgen-independent promoters. Med Oncol. 2010; 
27:519-530.

17.	 Sirotnak FM, She Y, Lee F, Chen J and Scher HI. Studies 
with CWR22 xenografts in nude mice suggest that ZD1839 
may have a role in the treatment of both androgen-
dependent and androgen-independent human prostate 
cancer. Clin Cancer Res. 2002; 8:3870-3876.

18.	 Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, 
Kalra A, Prabhu VV, Allard JS, Lopez-Lluch G, Lewis K, 
Pistell PJ, Poosala S, Becker KG, Boss O, Gwinn D, Wang 
M, et al. Resveratrol improves health and survival of mice 
on a high-calorie diet. Nature. 2006; 444:337-342.

19.	 Baur JA and Sinclair DA. Therapeutic potential of 
resveratrol: the in vivo evidence. Nat Rev Drug Discov. 
2006; 5:493-506.

20.	 Delmas D, Solary E and Latruffe N. Resveratrol, a 
phytochemical inducer of multiple cell death pathways: 
apoptosis, autophagy and mitotic catastrophe. Curr Med 
Chem. 18:1100-1121.

21.	 Chang L, Graham PH, Ni J, Hao J, Bucci J, Cozzi PJ and 
Li Y. Targeting PI3K/Akt/mTOR signaling pathway in the 
treatment of prostate cancer radioresistance. Crit Rev Oncol 
Hematol. 2015.

22.	 Choudhury Y, Yang Z, Ahmad I, Nixon C, Salt IP and Leung 
HY. AMP-activated protein kinase (AMPK) as a potential 
therapeutic target independent of PI3K/Akt signaling in 
prostate cancer. Oncoscience. 2014; 1:446-456.

23.	 Han I, Yun M, Kim EO, Kim B, Jung MH and Kim SH. 
Umbilical cord tissue-derived mesenchymal stem cells 
induce apoptosis in PC-3 prostate cancer cells through 
activation of JNK and downregulation of PI3K/AKT 
signaling. Stem Cell Res Ther. 2014; 5:54.

24.	 Hatashita M, Taniguchi M, Baba K, Koshiba K, Sato 
T, Jujo Y, Suzuki R and Hayashi S. Sinodielide A exerts 
thermosensitizing effects and induces apoptosis and G2/M 
cell cycle arrest in DU145 human prostate cancer cells via 
the Ras/Raf/MAPK and PI3K/Akt signaling pathways. Int 
J Mol Med. 2014; 33:406-414.

25.	 Kim SM, Park JH, Kim KD, Nam D, Shim BS, Kim SH, 
Ahn KS, Choi SH and Ahn KS. Brassinin induces apoptosis 
in PC-3 human prostate cancer cells through the suppression 
of PI3K/Akt/mTOR/S6K1 signaling cascades. Phytotherapy 
research : PTR. 2014; 28:423-431.

26.	 Kumar D, Shankar S and Srivastava RK. Rottlerin induces 
autophagy and apoptosis in prostate cancer stem cells via 
PI3K/Akt/mTOR signaling pathway. Cancer letters. 2014; 
343:179-189.



Oncotarget11www.impactjournals.com/oncotarget

27.	 Lee SH, Johnson D, Luong R and Sun Z. Crosstalking 
between androgen and PI3K/AKT signaling pathways in 
prostate cancer cells. The Journal of biological chemistry. 
2015; 290:2759-2768.

28.	 Liang F, Yue J, Wang J, Zhang L, Fan R, Zhang H and 
Zhang Q. GPCR48/LGR4 promotes tumorigenesis of 
prostate cancer via PI3K/Akt signaling pathway. Med 
Oncol. 2015; 32:49.

29.	 Blagosklonny MV. Inhibition of S6K by resveratrol: 
in search of the purpose. Aging (Albany NY). 2009; 
1:511-514.

30.	 Delmas D, Rebe C, Micheau O, Athias A, Gambert 
P, Grazide S, Laurent G, Latruffe N and Solary E. 
Redistribution of CD95, DR4 and DR5 in rafts accounts 
for the synergistic toxicity of resveratrol and death 
receptor ligands in colon carcinoma cells. Oncogene. 2004; 
23:8979-8986.

31.	 Horndasch M and Culig Z. SOCS-3 antagonizes pro-
apoptotic effects of TRAIL and resveratrol in prostate 
cancer cells. The Prostate. 2011; 71:1357-1366.

32.	 Ivanov VN, Partridge MA, Johnson GE, Huang SX, Zhou 
H and Hei TK. Resveratrol sensitizes melanomas to TRAIL 
through modulation of antiapoptotic gene expression. 
Experimental cell research. 2008; 314:1163-1176.

33.	 Shankar S, Chen Q, Siddiqui I, Sarva K and Srivastava RK. 
Sensitization of TRAIL-resistant LNCaP cells by resveratrol 
(3, 4’, 5 tri-hydroxystilbene): molecular mechanisms and 
therapeutic potential. J Mol Signal. 2007; 2:7.

34.	 Shankar S, Siddiqui I and Srivastava RK. Molecular 
mechanisms of resveratrol (3,4,5-trihydroxy-trans-
stilbene) and its interaction with TNF-related apoptosis 
inducing ligand (TRAIL) in androgen-insensitive prostate 
cancer cells. Molecular and cellular biochemistry. 2007; 
304:273-285.

35.	 Tameda M, Sugimoto K, Shiraki K, Inagaki Y, Ogura S, 
Kasai C, Yoneda M, Okamoto R, Yamamoto N, Takei Y, 
Ito M and Nobori T. Resveratrol sensitizes HepG2 cells 
to TRAIL-induced apoptosis. Anti-cancer drugs. 2014; 
25:1028-1034.

36.	 Toume K, Habu T, Arai MA, Koyano T, Kowithayakorn T 
and Ishibashi M. Correction to Prenylated Flavonoids and 
Resveratrol Derivatives Isolated from Artocarpus communis 
with the Ability to Overcome TRAIL Resistance. J Nat 
Prod. 2015; 78:968.

37.	 Toume K, Habu T, Arai MA, Koyano T, Kowithayakorn 
T and Ishibashi M. Prenylated flavonoids and resveratrol 
derivatives isolated from Artocarpus communis with the 
ability to overcome TRAIL resistance. J Nat Prod. 2015; 
78:103-110.

38.	 Fulda S and Debatin KM. Resveratrol-mediated sensitisation 
to TRAIL-induced apoptosis depends on death receptor and 
mitochondrial signalling. Eur J Cancer. 2005; 41:786-798.

39.	 Halicka HD, Zhao H, Li J, Lee YS, Hsieh TC, Wu JM and 
Darzynkiewicz Z. Potential anti-aging agents suppress the 

level of constitutive mTOR- and DNA damage- signaling. 
Aging (Albany NY). 2012; 4:952-965.

40.	 Bai T, Dong DS and Pei L. Resveratrol mitigates isoflurane-
induced neuroapoptosis by inhibiting the activation of the 
Akt-regulated mitochondrial apoptotic signaling pathway. 
Int J Mol Med. 2013; 32:819-826.

41.	 Brito PM, Simoes NF, Almeida LM and Dinis TC. 
Resveratrol disrupts peroxynitrite-triggered mitochondrial 
apoptotic pathway: a role for Bcl-2. Apoptosis : an 
international journal on programmed cell death. 2008; 
13:1043-1053.

42.	 Danz ED, Skramsted J, Henry N, Bennett JA and Keller RS. 
Resveratrol prevents doxorubicin cardiotoxicity through 
mitochondrial stabilization and the Sirt1 pathway. Free 
radical biology & medicine. 2009; 46:1589-1597.

43.	 Sun W, Wang W, Kim J, Keng P, Yang S, Zhang H, Liu C, 
Okunieff P and Zhang L. Anti-cancer effect of resveratrol is 
associated with induction of apoptosis via a mitochondrial 
pathway alignment. Adv Exp Med Biol. 2008; 614:179-186.

44.	 Tinhofer I, Bernhard D, Senfter M, Anether G, Loeffler M, 
Kroemer G, Kofler R, Csordas A and Greil R. Resveratrol, 
a tumor-suppressive compound from grapes, induces 
apoptosis via a novel mitochondrial pathway controlled 
by Bcl-2. FASEB journal : official publication of the 
Federation of American Societies for Experimental Biology. 
2001; 15:1613-1615.

45.	 Zhou X, Chen M, Zeng X, Yang J, Deng H, Yi L and Mi 
MT. Resveratrol regulates mitochondrial reactive oxygen 
species homeostasis through Sirt3 signaling pathway in 
human vascular endothelial cells. Cell death & disease. 
2014; 5:e1576.

46.	 Rizvi F, Heimann T, Herrnreiter A and O’Brien WJ. 
Mitochondrial dysfunction links ceramide activated HRK 
expression and cell death. PLoS One. 2011; 6:e18137.

47.	 Zhang W, Wang X and Chen T. Resveratrol induces 
apoptosis via a Bak-mediated intrinsic pathway in human 
lung adenocarcinoma cells. Cellular signalling. 2012; 
24:1037-1046.

48.	 Dorrie J, Gerauer H, Wachter Y and Zunino SJ. Resveratrol 
induces extensive apoptosis by depolarizing mitochondrial 
membranes and activating caspase-9 in acute lymphoblastic 
leukemia cells. Cancer research. 2001; 61:4731-4739.

49.	 Bhatt K, Feng L, Pabla N, Liu K, Smith S and Dong Z. 
Effects of targeted Bcl-2 expression in mitochondria or 
endoplasmic reticulum on renal tubular cell apoptosis. Am 
J Physiol Renal Physiol. 2008; 294:F499-507.

50.	 Soane L, Siegel ZT, Schuh RA and Fiskum G. Postnatal 
developmental regulation of Bcl-2 family proteins in brain 
mitochondria. J Neurosci Res. 2008; 86:1267-1276.

51.	 Metrailler-Ruchonnet I, Pagano A, Carnesecchi S, Ody 
C, Donati Y and Barazzone Argiroffo C. Bcl-2 protects 
against hyperoxia-induced apoptosis through inhibition of 
the mitochondria-dependent pathway. Free Radic Biol Med. 
2007; 42:1062-1074.



Oncotarget12www.impactjournals.com/oncotarget

52.	 de Graaf AO, van den Heuvel LP, Dijkman HB, de 
Abreu RA, Birkenkamp KU, de Witte T, van der Reijden 
BA, Smeitink JA and Jansen JH. Bcl-2 prevents loss of 
mitochondria in CCCP-induced apoptosis. Exp Cell Res. 
2004; 299:533-540.

53.	 Park JW, Choi YJ, Suh SI, Baek WK, Suh MH, Jin IN, Min 
DS, Woo JH, Chang JS, Passaniti A, Lee YH and Kwon 
TK. Bcl-2 overexpression attenuates resveratrol-induced 
apoptosis in U937 cells by inhibition of caspase-3 activity. 
Carcinogenesis. 2001; 22:1633-1639.

54.	 Hu Q, Wu D, Chen W, Yan Z and Shi Y. Proteolytic 
processing of the caspase-9 zymogen is required for 
apoptosome-mediated activation of caspase-9. The Journal 
of biological chemistry. 2013; 288:15142-15147.

55.	 Hu Q, Wu D, Chen W, Yan Z, Yan C, He T, Liang Q and 
Shi Y. Molecular determinants of caspase-9 activation 
by the Apaf-1 apoptosome. Proceedings of the National 
Academy of Sciences of the United States of America. 
2014; 111:16254-16261.

56.	 Marsden VS, O’Connor L, O’Reilly LA, Silke J, Metcalf D, 
Ekert PG, Huang DC, Cecconi F, Kuida K, Tomaselli KJ, 
Roy S, Nicholson DW, Vaux DL, Bouillet P, Adams JM and 
Strasser A. Apoptosis initiated by Bcl-2-regulated caspase 
activation independently of the cytochrome c/Apaf-1/
caspase-9 apoptosome. Nature. 2002; 419:634-637.

57.	 Saikumar P, Mikhailova M and Pandeswara SL. Regulation 
of caspase-9 activity by differential binding to the 
apoptosome complex. Front Biosci. 2007; 12:3343-3354.

58.	 Shi Y. Apoptosome: the cellular engine for the activation of 
caspase-9. Structure. 2002; 10:285-288.

59.	 Wurstle ML, Laussmann MA and Rehm M. The central role 
of initiator caspase-9 in apoptosis signal transduction and the 
regulation of its activation and activity on the apoptosome. 
Experimental cell research. 2012; 318:1213-1220.

60.	 Byun HS, Song JK, Kim YR, Piao L, Won M, Park KA, 
Choi BL, Lee H, Hong JH, Park J, Seok JH, Lee YJ, 
Kang SW and Hur GM. Caspase-8 has an essential role in 
resveratrol-induced apoptosis of rheumatoid fibroblast-like 
synoviocytes. Rheumatology (Oxford). 2008; 47:301-308.

61.	 Gosslau A, Chen M, Ho CT and Chen KY. A methoxy 
derivative of resveratrol analogue selectively induced 
activation of the mitochondrial apoptotic pathway in 
transformed fibroblasts. British journal of cancer. 2005; 
92:513-521.

62.	 Sha H, Ma Q, Jha RK, Xu F, Wang L, Wang Z, Zhao Y 
and Fan F. Resveratrol ameliorates hepatic injury via 
the mitochondrial pathway in rats with severe acute 
pancreatitis. Eur J Pharmacol. 2008; 601:136-142.

63.	 Silberstein JL, Taylor MN and Antonarakis ES. Novel 
Insights into Molecular Indicators of Response and 
Resistance to Modern Androgen-Axis Therapies in Prostate 
Cancer. Curr Urol Rep. 2016; 17:29.

64.	 Thelen P, Gschwend J, Wolff JM and Miller K. 
[Mechanisms of Resistance in Antihormone Therapies of 
Advanced Prostate Cancer]. Aktuelle Urol. 2016; 47:79-85.

65.	 Benadiba M, Dos Santos RR, Silva Dde O and 
Colquhoun A. Inhibition of C6 rat glioma proliferation by 
[Ru2Cl(Ibp)4] depends on changes in p21, p27, Bax/Bcl2 
ratio and mitochondrial membrane potential. Journal of 
inorganic biochemistry. 2010; 104:928-935.

66.	 Bhardwaj A, Sethi G, Vadhan-Raj S, Bueso-Ramos C, 
Takada Y, Gaur U, Nair AS, Shishodia S and Aggarwal BB. 
Resveratrol inhibits proliferation, induces apoptosis, and 
overcomes chemoresistance through down-regulation of 
STAT3 and nuclear factor-kappaB-regulated antiapoptotic 
and cell survival gene products in human multiple myeloma 
cells. Blood. 2007; 109:2293-2302.

67.	 Cai Y, Zhao L, Qin Y, Zhang M and He Y. Resveratrol 
inhibits proliferation and induces apoptosis of 
nasopharyngeal carcinoma cell line C666-1 through AMPK 
activation. Die Pharmazie. 2015; 70:399-403.

68.	 Ding XZ and Adrian TE. Resveratrol inhibits proliferation 
and induces apoptosis in human pancreatic cancer cells. 
Pancreas. 2002; 25:e71-76.

69.	 Fang Y, DeMarco VG and Nicholl MB. Resveratrol 
enhances radiation sensitivity in prostate cancer by 
inhibiting cell proliferation and promoting cell senescence 
and apoptosis. Cancer Sci. 2012; 103:1090-1098.

70.	 Garcia-Zepeda SP, Garcia-Villa E, Diaz-Chavez J, 
Hernandez-Pando R and Gariglio P. Resveratrol induces 
cell death in cervical cancer cells through apoptosis 
and autophagy. European journal of cancer prevention : 
the official journal of the European Cancer Prevention 
Organisation. 2013; 22:577-584.

71.	 Dai W, Wang F, Lu J, Xia Y, He L, Chen K, Li J, Li S, Liu 
T, Zheng Y, Wang J, Lu W, Zhou Y, Yin Q, Abudumijiti 
H, Chen R, et al. By reducing hexokinase 2, resveratrol 
induces apoptosis in HCC cells addicted to aerobic 
glycolysis and inhibits tumor growth in mice. Oncotarget. 
2015; 6:13703-13717.

72.	 Kim HJ, Yang KM, Park YS, Choi YJ, Yun JH, Son CH, 
Suh HS, Jeong MH and Jo WS. The novel resveratrol 
analogue HS-1793 induces apoptosis via the mitochondrial 
pathway in murine breast cancer cells. Int J Oncol. 2012; 
41:1628-1634.

73.	 Zhang J, Ma K, Qi T, Wei X, Zhang Q, Li G and Chiu JF. 
P62 regulates resveratrol-mediated Fas/Cav-1 complex 
formation and transition from autophagy to apoptosis. 
Oncotarget. 2015; 6:789-801.

74.	 Ho CH, Hsu JL, Liu SP, Hsu LC, Chang WL, Chao CC 
and Guh JH. Repurposing of phentolamine as a potential 
anticancer agent against human castration-resistant prostate 
cancer: A central role on microtubule stabilization and 
mitochondrial apoptosis pathway. The Prostate. 2015; 
75:1454-1466.

75.	 Dussmann H, Rehm M, Kogel D and Prehn JH. Outer 
mitochondrial membrane permeabilization during apoptosis 
triggers caspase-independent mitochondrial and caspase-
dependent plasma membrane potential depolarization: a 
single-cell analysis. J Cell Sci. 2003; 116:525-536.



Oncotarget13www.impactjournals.com/oncotarget

76.	 Mahyar-Roemer M, Katsen A, Mestres P and Roemer 
K. Resveratrol induces colon tumor cell apoptosis 
independently of p53 and precede by epithelial 
differentiation, mitochondrial proliferation and membrane 
potential collapse. Int J Cancer. 2001; 94:615-622.

77.	 Ma XD, Yan F, Ma AD and Wang HJ. [Resveratrol induces 
HepG2 cell apoptosis by depolarizing mitochondrial 
membrane]. Nan fang yi ke da xue xue bao = Journal of 
Southern Medical University. 2006; 26:406-408, 413.

78.	 Crek C, Mutlu Altundag E, Karademir B, Kocturk S, Kartal 
Ozer N and Taga Y. The effect of resveratrol on signal 
transduction pathways and the role of pro-apoptotic Bax 
protein on apoptosis in HCT- 116 colon carcinoma cell 
lines. Free Radic Biol Med. 2014; 75:S27.

79.	 Mohan J, Gandhi AA, Bhavya BC, Rashmi R, Karunagaran 
D, Indu R and Santhoshkumar TR. Caspase-2 triggers 
Bax-Bak-dependent and -independent cell death in colon 
cancer cells treated with resveratrol. J Biol Chem. 2006; 
281:17599-17611.

80.	 Gogada R, Prabhu V, Amadori M, Scott R, Hashmi S and 
Chandra D. Resveratrol induces p53-independent, X-linked 
inhibitor of apoptosis protein (XIAP)-mediated Bax protein 
oligomerization on mitochondria to initiate cytochrome 
c release and caspase activation. J Biol Chem. 2011; 
286:28749-28760.

81.	 Zhou C, Ding J and Wu Y. Resveratrol induces apoptosis of 
bladder cancer cells via miR21 regulation of the Akt/Bcl2 
signaling pathway. Mol Med Rep. 2014; 9:1467-1473.

82.	 Li YJ and Xu HJ. [Relationship between apoptotic effect 
of Resveratrol on KG-1 cells and expression of bcl-2/
bax]. Zhongguo Shi Yan Xue Ye Xue Za Zhi. 2008; 
16:1026-1029.

83.	 Shimizu T, Nakazato T, Xian MJ, Sagawa M, Ikeda Y 
and Kizaki M. Resveratrol induces apoptosis of human 
malignant B cells by activation of caspase-3 and p38 
MAP kinase pathways. Biochemical pharmacology. 2006; 
71:742-750.

84.	 Li Y, Liu J, Liu X, Xing K, Wang Y, Li F and Yao L. 
Resveratrol-induced cell inhibition of growth and apoptosis 
in MCF7 human breast cancer cells are associated with 
modulation of phosphorylated Akt and caspase-9. Appl 
Biochem Biotechnol. 2006; 135:181-192.

85.	 Pozo-Guisado E, Merino JM, Mulero-Navarro S, Lorenzo-
Benayas MJ, Centeno F, Alvarez-Barrientos A and 
Fernandez-Salguero PM. Resveratrol-induced apoptosis 
in MCF-7 human breast cancer cells involves a caspase-
independent mechanism with downregulation of Bcl-2 
and NF-kappaB. International journal of cancer Journal 
international du cancer. 2005; 115:74-84.

86.	 Liu B, Zhou Z, Zhou W, Liu J, Zhang Q, Xia J, Liu J, Chen 
N, Li M and Zhu R. Resveratrol inhibits proliferation in 
human colorectal carcinoma cells by inducing G1/Sphase 

cell cycle arrest and apoptosis through caspase/cyclinCDK 
pathways. Mol Med Rep. 2014; 10:1697-1702.

87.	 Singh N, Nigam M, Ranjan V, Sharma R, Balapure AK and 
Rath SK. Caspase mediated enhanced apoptotic action of 
cyclophosphamide- and resveratrol-treated MCF-7 cells. J 
Pharmacol Sci. 2009; 109:473-485.

88.	 Zhang W, Wang X and Chen T. Resveratrol induces 
mitochondria-mediated AIF and to a lesser extent caspase-
9-dependent apoptosis in human lung adenocarcinoma 
ASTC-a-1 cells. Mol Cell Biochem. 2011; 354:29-37.

89.	 Ulakcsai Z, Bagamery F, Vincze I, Szoko E and Tabi T. 
Protective effect of resveratrol against caspase 3 activation 
in primary mouse fibroblasts. Croat Med J. 2015; 56:78-84.

90.	 Johansson P, Fasth A, Ek T and Hammarsten O. Validation 
of a flow cytometry-based detection of gamma-H2AX, to 
measure DNA damage for clinical applications. Cytometry 
B Clin Cytom. 2016.

91.	 Sedelnikova OA, Pilch DR, Redon C and Bonner WM. 
Histone H2AX in DNA damage and repair. Cancer Biol 
Ther. 2003; 2:233-235.

92.	 Rogakou EP, Pilch DR, Orr AH, Ivanova VS and Bonner 
WM. DNA double-stranded breaks induce histone H2AX 
phosphorylation on serine 139. J Biol Chem. 1998; 
273:5858-5868.

93.	 Burma S, Chen BP, Murphy M, Kurimasa A and Chen DJ. 
ATM phosphorylates histone H2AX in response to DNA 
double-strand breaks. J Biol Chem. 2001; 276:42462-42467.

94.	 Walters DK, Wu X, Tschumper RC, Arendt BK, Huddleston 
PM, Henderson KJ, Dispenzieri A and Jelinek DF. Evidence 
for ongoing DNA damage in multiple myeloma cells 
as revealed by constitutive phosphorylation of H2AX. 
Leukemia. 2011; 25:1344-1353.

95.	 Yuan J, Adamski R and Chen J. Focus on histone variant 
H2AX: to be or not to be. FEBS Lett. 2010; 584:3717-3724.

96.	 Mukherjee B, Kessinger C, Kobayashi J, Chen BP, Chen 
DJ, Chatterjee A and Burma S. DNA-PK phosphorylates 
histone H2AX during apoptotic DNA fragmentation in 
mammalian cells. DNA Repair (Amst). 2006; 5:575-590.

97.	 Cook PJ, Ju BG, Telese F, Wang X, Glass CK and 
Rosenfeld MG. Tyrosine dephosphorylation of H2AX 
modulates apoptosis and survival decisions. Nature. 2009; 
458:591-596.

98.	 Ferreira RF, Souza DR and Souza AS. Factors that Induce 
DNA Damage Involving Histone H2AX Phosphorylation. 
Radiology. 2015; 277:307-308.

99.	 Demoulin B, Hermant M, Castrogiovanni C, Staudt C and 
Dumont P. Resveratrol induces DNA damage in colon 
cancer cells by poisoning topoisomerase II and activates the 
ATM kinase to trigger p53-dependent apoptosis. Toxicol In 
Vitro. 2015; 29:1156-1165.

100.	Sengottuvelan M, Deeptha K and Nalini N. Resveratrol 
ameliorates DNA damage, prooxidant and antioxidant 



Oncotarget14www.impactjournals.com/oncotarget

imbalance in 1,2-dimethylhydrazine induced rat colon 
carcinogenesis. Chem Biol Interact. 2009; 181:193-201.

101.	Seve M, Chimienti F, Devergnas S, Aouffen M, Douki T, 
Chantegrel J, Cadet J and Favier A. Resveratrol enhances 
UVA-induced DNA damage in HaCaT human keratinocytes. 
Med Chem. 2005; 1:629-633.

102.	Tyagi A, Gu M, Takahata T, Frederick B, Agarwal C, 
Siriwardana S, Agarwal R and Sclafani RA. Resveratrol 
selectively induces DNA Damage, independent of Smad4 
expression, in its efficacy against human head and 
neck squamous cell carcinoma. Clin Cancer Res. 2011; 
17:5402-5411.



Oncotarget2www.impactjournals.com/oncotarget

[14–17]. In view of these results, advanced therapies that 
target the proliferation of both androgen-dependent and 
-independent prostate cancer cells are needed.

Compounds naturally occurring and present 
in the human diet are generally nontoxic, and some 
have beneficial effects on human health. Among these 
dietary components, resveratrol (RES), a polyphenol 
found in the skin of red fruits, exhibits anti-cancer, 
anti-proliferative, anti-inflammatory, and anti-oxidative 
effects [18, 19]. The anti-cancer properties of RES are 
facilitated through various changes in apoptotic signaling, 
metabolic pathways, and other signaling pathways that 
regulate apoptosis, cell cycle progression, inflammation, 
proliferation, metastasis, and angiogenesis [18, 20]. 
Furthermore, cells exposed to RES show inhibition 
of PI3K/AKT signaling, which stimulates apoptosis 
[21–29]. RES induces the death receptor (TRAIL/DR4 
and TRAIL-R2/DR5)-mediated apoptosis [7, 30–39], 
and it is involved in mitochondrial-mediated apoptosis 
[40–45]. Mitochondria are the primary provider of ATP 
in most mammalian cells, they regulate both necrotic and 
apoptotic cell death pathways [46]. Thus, apoptosis is 
considered to be the most likely mechanism adopted by 
cells after activation of death signals. Apoptosis may be 
triggered intrinsically or extrinsically, depending on the 
type of apoptotic signals [40, 41, 43–45].

In human lung adenocarcinoma cells, RES activates 
the intrinsic apoptotic pathway by inducing release of 
apoptosis-inducing factor (AIF) [47]. Intrinsic signals of 
apoptosis function mainly through mitochondria [48]. In 
healthy cells, the outer mitochondrial membrane expresses 
the B-cell lymphoma-2 (Bcl-2) family of proteins, which 
controls the release of pro-apoptotic factors from the inner-
membrane space in mitochondria [49–52]. In response to 
internal damage to the cells, a Bcl-2 associated protein, 
Bax, migrates to the mitochondrial membrane and inhibits 
the action of Bcl-2, causing damage to the mitochondrial 
membrane that in turn releases cytochrome-c [49–52]. 
Cytochrome-c binds with the apoptotic protease activator 
factor-1 (Apaf-1) and forms a multimeric protein structure 
called the “apoptosome.” The apoptosome activates 
caspase-9, which triggers the activation of caspase-3 and 
caspase-7 [53–59]. Their activation initiates proteolytic 
activity that leads to cell death [53–59]. The extrinsic 
pathway of apoptosis, however, is triggered by external 
signals that stimulate death receptors, such as ligands 
Fas-L and TNF-α (tumor necrosis factor-α), which activate 
caspase-8 [60]. This activated molecule initiates a cascade 
of caspase activity, which facilitates cell death [60].

RES shows anti-cancer, anti-proliferative, anti-
inflammatory, and anti-oxidative properties, which are 
involved in the mitochondrial pathway of apoptosis 
[18, 20, 40–44, 61, 62]. However, how RES-induced, 
mitochondria-mediated, caspase-independent apoptosis 
operates in controlling the progression of tumor cells is 
not clear.

In the present effort, we examined the effects of 
RES on mitochondria-mediated, caspase-independent 
apoptosis in transgenic adenocarcinoma of mouse 
prostate (TRAMP-C1, TRAMP-C2, and TRAMP-C3) 
cells. TRAMP cells exposed to RES showed, in a time- 
and dose-dependent manner, increased cell killing and 
altered cell morphology. Furthermore, RES treatment 
resulted in disrupted mitochondrial membrane potential 
(Δψm), which triggered disproportionate expression 
of Bax and Bcl2 proteins. In addition, RES treatment 
did not induce marked fragmentation of DNA into low-
molecular-weight segments. As determined by exposure 
of cells to the caspase-3 inhibitor, z-VAD-fmk, caspase-3 
was not involved in RES-mediated cell killing. Thus, these 
findings indicate that RES induces mitochondria-mediated, 
caspase-independent apoptosis and delays proliferation of 
prostate cancer cells. Therefore, RES may be an agent for 
treatment of prostate cancer.

RESULTS

RES kills tumor cells

To test the effect of RES on TRAMP cells, a cell-
killing assay was performed. First, we determined the 
optimal time and concentration of RES needed to kill 
TRAMP cells. Annexin V-FITC+ and double positive 
(FITC+, PI+) cells showed sign of early and late apoptosis 
respectively; however, PI+ cells considered as dead cells 
as shown in representative Figure 1A. We established 
that 16 hours was the optimal time for maximum killing 
(Figure 1B). These experiments were repeated 5 times 
independently in triplicates. Data are represented as mean 
values ±SEM (Standard Error of the Mean) in Figure 1B. 
We also conducted experiments at 24 hours and 48 hours 
but did not find any significant difference in RES-mediated 
cell killing (data not shown). Cells incubated with 50 μM 
or 100 μM of RES showed a concentration-dependent 
increase in the percent of cells killed (Figure 1B). Further 
analysis revealed that RES (100 μM) treatment resulted in 
a significantly greater (*P<0.001) killing of TRAMP-C3 
cells (43±5%) as compared to TRAMP-C1 (21±5%) 
and TRAMP-C2 (6±5%) cells (Figure 1B). In addition, 
TRAMP cells were incubated with RES in the presence 
or absence of Nec-1, a necroptosis blocker, to confirm 
whether RES-mediates apoptosis or necroptosis. We found 
that RES exhibited a similar pattern of cell killing in the 
presence or absence of Nec-1 (Supplementary Figure 1A; 
TRAMP-C1, Supplementary Figure 1B; TRAMP-C2, and 
Supplementary Figure 1C; TRAMP-C3).

RES treatment alters cell morphology

To evaluate the impact of RES on cell morphology, 
phase contrast microscopy was conducted. Cells were 
treated with 100 μM of RES for 16h exhibited altered 
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cell morphology in a concentration-dependent manner 
(Figure 1C). Furthermore, cells exposed to 100 μM of 
RES showed more prominent morphological alterations in 
TRAMP as compared to cells treated with 50 μM of RES 
(Figure 1C). Additionally, TRAMP-C3 cells were more 
sensitive to 100 μM of RES as compared to TRAMP-C1 
and TRAMP-C2 cells (Figure 1C). TRAMP-C3 cells 
showed more oval shapes as compared to TRAMP-C1 and 
TRAMP-C2 cells, suggesting loss of adherence and loss 
of cell-to-cell contact.

RES induces mitochondrial membrane potential

To examine the effect of RES on mitochondria, the 
Δψm was measured using fluorescence microscopy and 
flow cytometry. TRAMP cells treated with RES (50 or 100 
μM) showed disrupted Δψm as compared to appropriate 
control (Figure 2A). Observed under a fluorescence 
microscope, DePsipher-stained TRAMP cells exhibited 
a distinct fluorescence color: red, green, or an overlap of 
green and red that results in orange/yellow. Cells with red 
fluorescence were considered to be healthy and normal; 
cells with green fluorescence were considered to have 
disrupted Δψm, indicating apoptosis. Cells with orange/
yellow fluorescence were considered to have collapsed 
mitochondria. Most of the treated TRAMP cells showed 
green and orange/yellowish color, indicating that these cells 

had disrupted Δψm (Figure 2A); however, TRAMP-C3 
cells showed significantly disrupted Δψm as compared to 
TRAMP-C1 and TRAMP-C2 cells (Figure 2A).

Further, the Δψm was validated by flow cytometric 
analysis of TRAMP cells treated with 100 μM RES 
as demonstrated in representative Figure 2B. In this 
figure, three cell populations were evident: (i) TRAMP 
cells showing only green fluorescence (FL1: 488/530 
nm) corresponding to those with disrupted (low) Δψm 
following apoptosis as compared to control cells. (ii) 
Cells with different intensities of green and red or 
yellow/orange were also considered to have intermediate 
disrupted Δψm. (iii) Cells emitting red fluorescence (FL2: 
488/585nm) were considered to demonstrate high Δψm. 
Further analysis revealed that, with exposure to 100 μM 
RES, the percentages of TRAMP-C3 cells showing green 
fluorescence, that is, with disrupted Δψm, were higher 
relative to TRAMP-C1 and TRAMP-C2 cells (Figure 2C). 
This experiment was performed 5 times independently 
in triplicates; the sum of all experimental data (± SEM) 
is shown in the histogram Figure 2C (*p<0.05 and 
**p<0.01).

RES modulates the expression of Bax and Bcl2

Western blots were performed to investigate 
the effect of RES on the expression of Bax and Bcl2 

Figure 1: RES kills TRAMP cells in a dose- and time-dependent manner. TRAMP cells were treated with RES (50 μM or 
100 μM), and cell killing and cell morphology were examined. A. Representative figure of gating strategies to study percent cell killing after 
RES treatment using a flow cytometer. B. Mean average values with ±SEM of cell death at 0, 2, 4, 8, 12, and 16 hours. C. Morphological 
changes in cells due to RES treatment (* indicates p<0.05 and ** indicates p<0.01).
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proteins. It was found that RES treatment modulated 
the expression of Bax and Bcl2 proteins in TRAMP-C1, 
TRAMP-C2 and TRAMP-C3 cells as compared to the 
control (Figure 3A). Further, densitometric analysis 
revealed that treatment with 50 μM or 100 μM of 
RES resulted in significantly high expression of Bax 
in TRAMP-C1 (*p<0.02), TRAMP-C2 (*p<0.001) 
and TRAMP-C3 (*p<0.001) cells when compared to 
the respective control (Figure 3C). In contrast to Bax, 
Bcl2 expression repressed significantly in TRAMP-C2 
(*p<0.03) and TRAMP-C3 (*p<0.02) cells after 100 μM 
of RES treatment (Figure 3B). In addition, TRAMP-C1 
(#p>0.05) cells did not show a significant difference 
in the expression of Bcl2 protein in comparison to the 
control (Figure 3B).

RES induces caspase-independent cell killing

To evaluate the role of caspase-3 in RES-mediated cell 
killing, caspase-3 activation was blocked with an inhibitor 
(z-VAD-fmk). RES treatment with and without z-VAD-fmk 
induced RES-mediated cell killing (Figure 4A). TRAMP-C3 
cells exposed to 100 μM of RES with or without z-VAD-
fmk showed significantly (**p<0.001) higher percentage 
of cell death as compared to TRAMP-C1 (*p<0.05) and 
TRAMP-C2 (*p<0.05) cells (Figure 4A). However, there 
was no significant difference in TRAMP cells treated with 
either RES or with RES plus z-VAD-fmk (Figure 4A). 
There were corresponding results when cells were analyzed 
morphologically under a phase contrast microscope 
(Figure 4B: resultant morphology of TRAMP cell after 
100μM of RES+z-VAD-fmk treatment). In addition, 

Figure 2: RES disrupts Δψm. Cells were treated with 100 μM of RES for 16 hours, and Δψm was examined by using DePsipher 
dye. A. Fluorescence microscopy of TRAMP cells. B. Representative gating of cells. (i) cells with disrupted (low) Δψm are indicated as 
DePsipher-monomers (34.52%), (ii) cells with intermediate Δψm (4.26%), and (iii) cell with high Δψm indicated as DePsipher-aggregates 
(11.89%). C. Percent of cells with disrupted Δψm. Data represented as mean values ± SEM (* indicates p<0.05 and ** indicates p<0.01).
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treatment with Nec-1 (an inhibitor of necroptosis) did not 
change RES-mediated cell killing in the presence or in the 
absence of z-VAD-fmk (Supplementary Figure 2). Thus, 
in TRAMP-C1, TRAMP-C2, and TRAMP-C3 cells, the 
caspase-3 inhibitor, z-VAD-fmk, and Nec-1, had negligible 
effects on RES-mediated apoptosis (Supplementary Figure 
2A; TRAMP-C1, Supplementary Figure 2B; TRAMP-C2, 
and Supplementary Figure 2C; TRAMP-C3 cells).

RES modulates the γ-H2A.X expression

To test the effect of 50 and 100μM of RES treatment 
on the expression of γ-H2A.X in TRAMP cells. The 
expression of γ-H2A.X was examined using western 
blot analysis which demonstrated significantly (*p<0.05) 
higher expression in TRAMP-C2 and TRAMP-C3 cells 
when compared to the control (Figure 5A and 5B). 
However, in TRAMP-C1 cells, γ-H2A.X expression 
was not significant (#p>0.05) as compared to the control 
(Figure 5A and 5B). These findings suggest that RES 

treatment sensitizes DNA damage which further leads to 
apoptosis of TRAMP cells.

DISCUSSION

Resistance to anti-cancer therapies is facilitated 
through an array of mechanisms that vary across tumor 
types [63, 64]. In the present study, we demonstrated 
that RES modulates mitochondria-mediated, caspase-
independent apoptosis in murine prostate cancer cells. 
These results reveal that dietary compounds such as 
RES may play a critical role in inducing mitochondria-
dependent apoptotic pathway(s) in murine prostate cancer 
cells (Figure 6).

Dietary compounds can be used to target 
mitochondria-mediated, caspase-independent apoptosis. 
This pathway is characterized by changes in Δψm and 
by maintenance of an optimal ratio of Bcl2/Bax [65]. 
A high Δψm and a high Bcl2/Bax ratio are believed to 
promote cell proliferation and enhanced cell survival, 

Figure 3: RES modulates the expression of Bax and Bcl2. Results indicated altered expression of Bax and Bcl2 in TRAMP cells 
after Res treatment. A. Representative western blot of Bax, Bcl-2 and β-actin for the respective doses of RES in TRAMP-C1, TRAMP-C2 
and TRAMP-C3 cells. B. Expression of Bcl-2 relative to the control. C. Expression of Bax relative to the control. Results are representative 
of three independent experiments (* indicates p<0.05 and # indicates p>0.05).
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thereby contributing to cancer progression. Dietary 
compounds such as RES inhibit cell growth in several 
types of human cancers, including prostate cancers [8, 
66–70]. Consistent with results of previous studies, our 
data demonstrate that RES treatment results in enhanced 
cell killing in a time and dose-dependent manner. As 
cell viability decreases, altered cell morphology, a 
characteristic of apoptosis, increases [71]. RES induces 
cellular morphological changes similar to those caused 
by other anti-cancer drugs [40–45, 61, 62, 72]. To 
confirm our preliminary results relating to viability, 
we determined the effect of RES on the expression of 
Bcl2 and Bax proteins, Δψm, caspase-3 activity, and 
DNA fragmentation. TRAMP-C3 and TRAMP-C2 
cells exhibited significant difference in Bax expression 
as compared to control at 50 μM and 100 μM of RES; 
however, TRAMP-C1 showed significant difference at 
100 μM of RES, not at 50 μM when compared to the 
control (Figure 3C). In contrast to Bax, Bcl2 expression 
in TRAMP-C1, TRAMP-C2 and TRAMP-C3 was 

observed altered as compared to control at both 50 μM 
and 100 μM of RES (Figure 3B). Additionally, Bcl2 was 
found significantly repressed at 50 μM and 100 μM of 
RES in TRAMP-C2 and TRAMP-C3 when compared to 
control (Figure 3B). Furthermore, RES treatment also 
caused disrupted Δψm, which is associated with apoptosis 
[73]. Most TRAMP-C3 cells showed decreased Δψm 
relative to TRAMP-C1 and TRAMP-C2 cells. Thus, RES 
treatment induced killing of TRAMP cells in a caspase-3-
independent manner, for the caspase-3 inhibitor (z-VAD-
fmk), failed to prevent RES-mediated cell killing. 
Therefore, apoptosis of TRAMP cells induced by RES 
apparently acts through the mitochondrial mediated, 
caspase-independent pathway (Figure 6).

Changes in Δψm are evident in mitochondria-
mediated, caspase-independent apoptosis [74, 75]. As 
shown in the present effort, RES treatment decreases 
Δψm in TRAMP-C3 cells compared to TRAMP-C1 and 
TRAMP-C2 cells. However, RES induces apoptosis of 
colon cancer cells independently of the tumor suppressor 

Figure 4: RES causes caspase-independent cell killing. Cells were treated with 100 μM of RES with or without 10 μM of z-VAD-
fmk (a broad-spectrum caspase-3 inhibitor) and incubated for 16 hours. Thereafter, annexin V-PI staining was accomplished. A. The percent 
of cell killing by RES in the presence or absence of 10 μM of z-VAD-fmk. B. Morphological alterations in TRAMP cells caused by 100μM 
of RES treatment in the presence of z-VAD-fmk. Data indicated mean values of ± SEM (* indicates p<0.05 and ** indicates p<0.001).
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p53 via epithelial differentiation and mitochondrial 
membrane collapse [76, 77]. The present data correspond 
with these findings, which suggest that RES treatment 
induces a collapse of Δψm [76, 77].

Proteins of the Bcl2 family, particularly Bcl2 and 
Bax, are involved in mitochondria-mediated apoptotic 
pathways [65]. After treatment of HCT-116 colon 
carcinoma cells with RES, Bax is involved in alteration of 

Figure 6: RES induces apoptosis in TRAMP cells. A schematic representation of the mechanism of RES-mediated, caspase-
independent apoptosis in TRAMP cells.

Figure 5: RES treatment induced DNA fragmentation in TRAMP cells. TRAMP cells were incubated with 50 μM and 100 μM 
of RES to examine the expression of γ-H2A.X in TRAMP cells. The resulting western blots of γ-H2A.X showed that the expression of 
γ-H2A.X was found significantly higher in TRAMP-C2 and TRAMP-C3 cells when compared to the control. Furthermore, TRAMP-C1 
cells, did not show a significant difference in γ-H2A.X expression when compared to the control (* indicates p<0.05 and # indicates p>0.05).
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mitochondrial membrane permeability [78–80]. However, 
by up-regulation of Bcl2 and inhibition of p53 and Bax, 
RES reverses cadmium chloride-induced testicular damage 
and subfertility [79]. In bladder cancer cells, RES also 
induces apoptosis by down-regulating the expression of 
Bcl2 proteins [81, 82]. However, the current results show 
that RES modulates the expression of Bax and Bcl2 in 
TRAMP-C1, TRAMP-C2, and TRAMP-C3 cells compared 
to the control cells; however, in TRAMP-C1 cells Bax at 
50 μM of RES and Bcl2 at 50 μM and 100 μM of RES 
were found insignificant. These findings corroborated with 
other reports [65, 81, 82].

RES decreased cell viability and Δψm, and 
modulated the expression of Bax and Bcl2 proteins in 
TRAMP-C1, TRAMP-C2, and TRAMP-C3 cells. In an 
investigation of the involvement of caspase-3 in RES-
mediated cell killing and DNA fragmentation, we found 
that RES treatment with or without the caspase-3 inhibitor, 
z-VAD-fmk, resulted in similar cell killing. This result was 
supported by morphological examination of the cells after 
DePsipher staining. The mechanism of action, however, 
is not yet defined. RES induces apoptosis by depolarizing 
the mitochondrial membranes in a caspase-independent 
manner [73] [48, 83, 84]. Nevertheless, in U937 cells, 
overexpression of Bcl2 attenuates RES-mediated apoptosis 
by blocking caspase-3 activation [53]. Moreover, RES 
induces caspase-dependent and -independent apoptosis in 
various cancer cells [85–87]. In colon cancer cells, RES 
induces caspase-2 activation that subsequently triggers 
Bax-Bak-dependent and -independent cell death [79]. 
In human lung adenocarcinoma cells, RES stimulates 
mitochondria-mediated and caspase-dependent cell death 
[88]. Conversely, in primary mouse fibroblasts, RES 
exhibits a cytoprotective effect by acting against caspase-3 
[89]. The present results show that, for TRAMP cells, the 
caspase-3 inhibitor, z-VAD-fmk, and Nec-1, which blocks 
necroptosis, had a negligible effect on RES-mediated 
cell killing. Thus, in these cells, RES induces caspase-
independent apoptosis.

The present results show that RES treatment to 
TRAMP cells caused significant cleavage of genomic 
DNA, which was accomplished by the expression of 
γ-H2A.X, an evolutionary conserved variant of histone 
H2A, has been identified as one of the key histones 
to undergo various post-translational modification in 
response to double stranded DNA breaks [90, 91]. DNA 
damage caused by radiation, UV light, or anti-cancer 
agents results in phosphorylation of Histone γ-H2A.X at 
ser-139 by PI3K-like kinases, including ATM, ATR, and 
DNA-PK [92–94]. The DNA damage response during 
DNA fragmentation is required for DNA-damage response 
proteins including DNA-PK that phosphorylates γ-H2A.X 
[95, 96]. Phosphorylation of γ-H2A.X at Tyr142 inhibits 
the recruitment of DNA repair proteins and promotes 
binding of pro-apoptotic factors such as JNK1 [97, 98]. 
Thus, γ-H2A.X expression was significantly higher in 

TRAMP-C2 and TRAMP-C3 cells after 50 and 100μM 
of RES treatment as compared to the control. However, in 
TRAMP-C1 cells, γ-H2A.X expression was not significant 
as compared to the control. These findings are consistent 
with the previous results, which show RES-mediated 
caspase-independent cell killing. Furthermore, previous 
studies have demonstrated that RES induces apoptosis 
and DNA fragmentation in several types of cancer cells 
[99–102]. These properties of RES suggest that it could be 
used as a therapeutic agent to treat prostate cancer.

Our results demonstrate that, for TRAMP-C1, 
TRAMP-C2, and TRAMP-C3 cells, RES increases cell 
killing in a dose- and time-dependent manner, induces 
morphological alterations, and triggers apoptosis. In 
these cells, RES causes a disrupted Δψm that leads 
to modulated expression of Bax and Bcl2 proteins. 
Additionally, caspase-3 is not involved in RES-mediated 
cell killing, showing that, in TRAMP cells, RES induces 
caspase-independent apoptosis. In these cells, RES 
treatment contributed to DNA fragmentation which 
enhanced γ-H2A.x expression in treated TRAMP-C2 and 
TRAMP-C3 cells, but not in TRAMP-C1 when compared 
to the control, indicating the sign of DNA damage after 
RES treatment [92]. Therefore, RES may be a promising 
dietary compound for the treatment of prostate cancer. 
However, further investigations are necessary to uncover 
the underlying mechanisms.

MATERIALS AND METHODS

Cell lines and culture conditions

TRAMP-C1, TRAMP-C2, and TRAMP-C3 cells 
were obtained from American Type Culture Collection 
(www.ATCC.org) and were maintained at 370 C under 
5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) (v/v), 
bovine insulin (0.005 mg/ml), dehydroisoandrosterone (10 
nM), and antibiotics/antimycotics (1%).

Cell killing assay

To assess percentages of cell death, 70-80% 
confluent cells were harvested by trypsinization, counted, 
and seeded (105) in 24-well plates in 1 ml of culture 
medium. Cells were treated with 50 μM or 100 μM of RES 
and were analyzed by flow cytometry at 0, 2, 4, 8, 12, and 
16 hours. They were stained with annexin V-propidium 
iodide (PI) as directed by manufacturer. Briefly, into 
each tube, annexin V (5 μl of 600 μg/ml) and PI (5 μl 
of 30 μg/ml) were added, and tubes were then incubated 
for 15 min at 40C. Cells were washed with Dulbecco’s 
phosphate buffered saline (DPBS) and centrifuged. 
For flow cytometric analysis, the cells were suspended 
in 200-500 μl of annexin V binding buffer. Data were 
acquired by use of a 13-color flow cytometer (Novocyte, 
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Acea Biosciences, San Diego, CA). PI+, Annexin V+, and 
Annexin V+ PI+ cells were counted as dead populations; 
PI/Annexin V FITC- cells were counted as live cells. All 
experiments were performed in triplicate.

Assessment of cell morphology

Cells were exposed to 50 μM or 100 μM of RES for 
16 hours. Media were removed, and after media removal, 
cells were washed with DPBS and then suspended in 50 
μl of DPBS. To assess morphological changes, cells were 
observed under a phase-contrast microscope (Life Tech, 
Grand Island, NY).

Assessment of mitochondrial membrane 
potential

To examine Δψm, cells in DMEM supplemented 
with 10% FBS were exposed to RES (50 μM or 100 
μM) for 16 hours. After incubation, cells were harvested, 
washed, stained with the mitochondria-specific dye, 
DePsipher (Trevigen, Gaithersburg, MD) and flow 
analyzed as suggested by the manufacturer. DePsipher, a 
cationic dye (5,5’6,6’-tetrachloro-1,1’,3,3’-tetraethylbenz
imidazolylcarbocyanine iodide) stains both healthy cells 
and cells with disrupted Δψm. The dye enters into healthy 
mitochondria and, in its multimeric form, fluoresces 
red. However, in apoptotic cells, the dye remains in the 
cytoplasm and fluoresces green while in its monomeric 
form. Thus, cells with disrupted mitochondria can be 
differentiated from healthy cells. Cells were observed 
under a fluorescent microscope for morphology (Nikon 
ECLIPSE Ti, Melville, NY).

Western blotting

Total protein was extracted from TRAMP cells 
(106) treated with RES (50 μM or 100 μM) by use of 
2x radioimmunoprecipitation assay buffer (RIPA). The 
concentrations of total proteins in lysates were estimated 
according to Bradford et al. [57], using bovine serum 
albumin as the standard. Estimated concentration of total 
proteins (30-40 μg/well) was run on 12% SDS-PAGE. 
Protein complexes were then transferred to nitrocellulose 
membranes, which were blocked in 5% skimmed milk 
and then incubated overnight with mouse anti-Bax (1:500) 
or anti-Bcl2 (1:100) monoclonal antibodies (Trevigen, 
Gaithersburg, MD and Thermo Scientific, NY, respectively). 
After repeated washing, the membranes were treated with 
a goat anti-mouse secondary antibody (1:1000) for 1 hour 
at room temperature. Proteins on the membranes were 
detected using an ECL-liquid substrate system (BioRad, 
Hercules CA). As an internal control, β-actin antibody 
(Grand Island, NY) was used to measure β-actin.

Next, in a separate experiment, estimated 
concentration of total proteins (20-40μg/well) were 

electrophoresed on 10% SDS-polyacrylamide gels. Protein 
complexes were transferred on nitrocellulose membranes 
(cat#162-0112: BioRad, CA, USA) and incubated with 
rabbit anti-γ-H2A.X polyclonal antibody (cat#2595: Cell 
signaling technology, MA, USA). Membranes were washed 
and incubated with goat anti-rabbit secondary antibody 
(cat#31460: Thermoscientific, NY, USA). Protein blots 
were visualized using super signal west femto ECL western 
blotting detection system (cat#34095: Thermoscientific, 
NY, USA), equal amount of proteins loading were tested 
by reprobing with anti-b-actin antibody (cat#3700S: Cell 
signaling technology, MA, USA).

Assessment of caspase-independent cell death

To determine the role of caspases in RES-mediated 
cell death, cells were exposed to RES (100 μM) with or 
without 10 μM of z-VAD-fmk (a broad-spectrum caspase 
inhibitor) (Thermo Fisher Scientific, Grand Island, NY) 
for 16 hours. After incubation, caspase-independent cell 
death was determined. To accomplish this, cells were 
stained with annexin V (5 μl of 600 μg/ml) and PI (5 μl 
of 30 μg/ml) for 15 min at 40C. Cells were washed with 
DPBS and suspended in 200-500 μl of annexin V buffer 
for flow cytometric analysis. Data were acquired by use of 
a 13-color flow cytometer (Novocyte, Acea Biosciences, 
San Diego, CA).

Statistical analysis

Statistical significance of data was determined using 
Student’s t test to determine the p value. For comparison of 
differences among the groups, single factor or multifactor 
one-way analysis of variance (ANOVA) followed by 
post hoc Bonferroni and Tukey test was used. Data were 
considered statistically significant at value p<0.05.
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