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Abstract

Prostate cancer is the most frequently diagnosed cancer. Although prostate tumors respond to androgen ablation therapy at an
early stage, they often acquire the potential of androgen-independent growth. Elevated transcriptional activity of androgen recep-
tor (AR) and/or signal transducer and activator of transcription-3 (STAT3) contributes to the proliferation of prostate cancer cells.
In the present study, we examined the effect of resveratrol, a phytoalexin present in grapes, on the reporter gene activity of AR
and STAT3 in human prostate cancer (LNCaP-FGC) cells stimulated with interleukin-6 (IL-6) and/or dihydrotestosterone (DHT).
Our study revealed that resveratrol suppressed the growth of LNCaP-FGC cells in a time- and concentration-dependent manner.
Whereas the AR transcriptional activity was induced by treatment with either IL-6 or DHT, the STAT3 transcriptional activity was
induced only by treatment with IL-6 but not with DHT. Resveratrol significantly attenuated IL-6-induced STAT3 transcriptional
activity, and DHT- or IL-6-induced AR transcriptional activity. Treatment of cells with DHT plus IL-6 significantly increased the AR
transcriptional activity as compared to DHT or IL-6 treatment alone and resveratrol markedly diminished DHT plus IL-6-induced
AR transcriptional activity. Furthermore, the production of prostate-specific antigen (PSA) was decreased by resveratrol in the
DHT-, IL-6- or DHT plus IL-6-treated LNCaP-FGC cells. Taken together, the inhibitory effects of resveratrol on IL-6- and/or DHT-
induced AR transcriptional activity in LNCaP prostate cancer cells are partly mediated through the suppression of STAT3 reporter
gene activity, suggesting that resveratrol may be a promising therapeutic choice for the treatment of prostate cancer.
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One of the most exciting strategies to reduce the burden of

INTRODUCTION prostate cancer is the use of chemopreventive agents (Ratan
et al., 2002; Bommareddy et al., 2013; Wang et al., 2013).
Prostate cancer is the most frequently diagnosed cancer Resveratrol (3,5,4’-trihydroxy-trans-stilbene), a phytoalexin
among the American men and is the second largest cause abundantly present in grapes and other medicinal plants,
of cancer-related mortality in the United States (Siegel et al., has been extensively investigated for its chemopreventive
2014). While the radical prostatectomy and radiotherapy are and chemotherapeutic potential (Shankar et al., 2007; Kundu
the potential therapies for localized prostate tumors, success and Surh, 2008). Previous studies have shown that resvera-
of these therapeutic modalities in malignant prostate cancer is trol inhibits the androgen-dependent or -independent growth
poor (Ratan et al., 2002). Although prostate tumors respond of prostate cancer cells (Mitchell et al., 1999; Harada et al.,
to hormone ablation therapy at early stage, they often acquire 2007). Kotha et al. reported that resveratrol induced apoptosis
the potential of hormone-independent growth (Laufer et al., in human prostate cancer (DU145) cells by blocking STAT3
2000; Walsh et al., 2007; Bommareddy et al., 2013). signaling pathway (Kotha et al., 2006). Others have shown
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that resveratrol attenuates the proliferation of LNCaP prostate
cancer cells by downregulating AR protein expression follow-
ing transcriptional (Mitchell et al., 1999) or post-translational
(Harada et al., 2007) mechanisms. However, a molecular link
between the inhibitory effect of resveratrol on STAT3 signal-
ing and the downregulation of AR has not been established.
Since the cytokine interleukin-6 (IL-6) promotes tumor cell
proliferation by activating STAT3 signaling (Guo et al., 2012),
we sought to examine whether resveratrol can attenuate IL-
6-induced STAT3 transcriptional activity in LNCaP-FGC cells.
Moreover, the role of IL-6 in AR activation has not been re-
ported yet. We, therefore, examined the IL-6, in presence or
absence of AR ligand dihydrotestosterone (DHT), in inducing
the AR transcriptional activity, and its possible modulation by
resveratrol in LNCaP-FGC cells.

MATERIALS AND METHODS

Chemicals and reagents

Resveratrol (purity >99%), dimethylsulfoxide and MTT [3-
(4, 5-dimethyl-thiazolyl-2)-2, 5-diphephenyl-tetrazolium bro-
mide] were procured from Sigma (St. Louis, MO, USA). IL-6
and DHT were purchased from R&D systems (Minneapolis,
MN, USA) and TCI (Tokyo, Japan), respectively. RPMI-1640
and fetal bovine serum (FBS) were purchased from Invitrogen
(GIBCO, Grand Island, NY, USA).

Cell culture

LNCaP-FGC (human prostate cancer) was purchased from
American Type Culture Collection (ATCC, Manassas, VA,
USA) and were cytogenetically tested and authenticated be-
fore the cells were frozen. Each vial of frozen cells was thawed
and maintained in culture for a maximum of 8 weeks. LNCaP-
FGC cells were cultured in RPMI 1640 containing penicillin
(100 units/mL), streptomycin (100 pg/mL), and 10% FBS or
Dextran charcoal coated FBS (DCC-FBS, Clontech). Cells
were maintained at 37°C in a 5% CO, incubator.

Cell proliferation assay

LNCaP-FGC cells (5,000 cells per well) were plated in 96-
well plates and treatment were started after 24 h. Cells were
treated with 0, 12.5, 25, 50 or 100 uM resveratrol (dimethyl-
sulfoxide as a vehicle) for 12, 24, 48, 72 h. At the time point
of the incubation, 10 uL of MTT (5 mg/mL) was added to each
well. After 2 h of incubation, 100 ul of DMSO was added and
the optical density (O.D.) was read with Microplate reader
(Molecular Devices, USA) at 570 nm.

Luciferase-reporter assay

LNCaP-FGC cells permanently transfected with AR-luc or
STAT3-luc constructs were seeded at 20,000 cells in each
well of a 96-well plate in RPMI containing 3% DCC-FBS. After
24 h incubation, cells were treated with IL-6, DHT, resveratrol
separately or their combination for 12 h. The supernatant was
discarded and passive lysis buffer was added and incubated
for 10 min in orbital shaker. The Luciferase activity was mea-
sured by luminometer (Berthold corp.).

Human Prostate Specific Antigen (PSA) ELISA assay
For quantitative determination of human PSA in culture su-
pernatant, human PSA ELISA kit (Alpha Diagnostic Interna-
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Fig. 1. Effect of resveratrol on the viability of LNCaP-FGC cells.
Cells were treated with resveratrol (12.5, 25, 50 or 100 uM) for 24,
48, or 72 h and cell viability was analyzed using the MTT assay.
The asterisk(s) indicate a significant (*p<0.05; **p<0.01) inhibitory
effect of resveratrol on cancer cell proliferation.

tional, San Antonio, Texas, USA) was used according to the
manufacturer’s instructions. In brief, before addition of the
samples, strip wells were washed with 200 pl of 1X wash buf-
fer and then 25 ul of standards, control, and serum samples
were added into wells. Then, 100 ul of Ab-enzyme conjugate
was given into each well followed by gentle mixing for 10 sec-
onds and incubation for 30 min at room temperature. Each
well was aspirated and washed 3 times with 300 pl of 1X
wash buffer. TMB substrate (100 ul per well) was added and
mixed gently. Plates were then incubated for 15 min at room
temperature and the reaction was stopped by adding 50 pl
of stopping solution. Upon gentle mixing the absorbance was
measured at 450 nm using a microplate reader.

Statistical analysis

Values were expressed as the mean + S.E.M. of at least
three independent experiments. Statistical significance was
determined by Student’s t-test and a p-value of less than 0.05
was considered to be statistically significant.

RESULTS

Effects of resveratrol on LNCaP-FGC cell growth
Resveratrol has been reported to inhibit the growth of vari-
ous cancer cells. In the present study, we attempted to ex-
amine the effects of resveratrol on the growth of LNCaP-FGC
human prostate cancer cells. Treatment of these cells with res-
veratrol (12.5, 25, 50 or 100 uM) resulted in decreased cell vi-
ability in a concentration- and time-dependent fashion (Fig. 1).

Resveratrol inhibited DHT-induced AR transcriptional
activity in LNCaP-FGC cells

Since resveratrol suppressed the growth of LNCaP-FGC
prostate cancer cells, we sought to examine whether resve-
ratrol can suppress the transcriptional activity of AR in LNCaP
cells. We transfected LNCaP-FGC cells with luciferase report-
er gene construct containing AR response element and cells
were then stimulated with dihydrotestosterone (DHT) (Fig.
2A). We optimized the concentration of DHT to 1 nM. Treat-
ment with DHT (1 nM) induced the AR transcriptional activity,
which was attenuated by incubation of cells with resveratrol
(Fig. 2B). The transcriptional activity of AR was assessed by
corresponding luciferase reporter gene analysis.
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Fig. 2. Effects of resveratrol on DHT-induced androgen receptor transcriptional activity. (A) LNCaP-FGC cells stably transfected with AR-luc
vector were incubated with DHT (0.1, 1 or 10 nM) and the AR transcriptional activity was measured as described in Materials and methods. (B)
Cells stably were transfected with reporter genes harboring the AR binding site. Cells were treated for 12 h with the indicated concentrations
of resveratrol and the luciferase activity was measured. The transcriptional activity of AR was assessed by corresponding luciferase reporter
gene analysis. The asterisk(s) indicate a significant (**p<0.01; ***p<0.001) inhibitory effect of resveratrol on AR transcriptional activity.

A B C
120 250 . 400 -
© © T
SE 1001 5§ 200 1 = - 5§ 300 -
25 801 25 2%
g o g o 150 g 3]
cX 60 c X c X 200 A .
£3 40 £3 100 £3
o= b o3 ™ E
235 s E2 100
£8 20- £8 507 =8 z
(2] ()] 1) *
DHT(MM) 0 01 1 10 IL-6(hg/m) O 5 10 20 IL-6 (10 ng/ml) - + + + +
Resveratrol (uM) - - 3.1 6.2 125

Fig. 3. Effects of resveratrol on the STAT3 transcriptional activity. Cells stably transfected with reporter genes harboring the STAT3 binding
sequences were treated for 12 h with the indicated concentration of DHT, IL-6 or resveratrol. (A) DHT-induced STAT3 transcriptional activity.
(B) IL-6-induced STAT3 transcriptional activity. The asterisk(s) indicate a significant (*p<0.01) induction of the STAT3 transcriptional activity
in response to IL-6 treatment. (C) Cells transfected with STAT3 reporter gene construct were treated with resveratrol in presence or ab-
sence of IL-6 and the STAT3 reporter gene activity assay was performed. The asterisk(s) indicate a significant (*p<0.01) inhibitory effect of
resveratrol on STAT3 transcriptional activity.
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Fig. 4. Effects of resveratrol on the DHT or IL-6- or IL-6 plus DHT-induced AR transcriptional activity. (A) The AR transcriptional activity was
induced by treatment of cells harboring AR binding site with indicated concentrations of IL-6. The asterisk(s) indicate a significant (**p<0.01)
induction of IL-6 on AR transcriptional activity. (B) Inhibitory effect of resveratrol on IL-6-induced AR transcriptional activity in LNCaP-FGC
cells. (C) Inhibitory effect of resveratrol on IL-6 plus DHT-induced AR transcriptional activity in LNCaP-FGC cells. The asterisk(s) indicate a
significant (*p<0.05; **p<0.01) inhibitory effect of resveratrol on the AR transcriptional activity.
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Fig. 5. Effects of resveratrol on PSA production. LNCaP-FGC pro-
state cancer cells were incubated with resveratrol with or without
IL-6 and DHT and the PSA level was measured by using PSA-
ELISA kit as described in Materials and methods. The asterisk(s)
indicate a significant (*p<0.01) inhibitory effect of resveratrol on
PSA production.

Effect of resveratrol on IL-6-induced STAT3 transcriptional
activity in LNCaP-FGC cells

We next examined the effects of resveratrol on the tran-
scriptional activity of STAT3, which is known to augment pro-
state cancer cell proliferation. While treatment of cells with
DHT failed to induce STATS luciferase activity in LNCaP-FGC
cells stably transfected with a STAT3-luc construct (Fig. 3A),
stimulation with IL-6 caused significant induction of STAT3
transcriptional activity (Fig. 3B), which was attenuated by in-
cubation of cells with resveratrol (Fig. 3C).

Effect of resveratrol on DHT, IL-6 or DHT plus IL-6 induced
AR transcriptional activity in LNCaP-FGC prostate cancer
cells

To investigate whether IL-6 activates the AR transcriptional
activity, we incubated LNCaP-FGC cells stably transfected
with AR-luc constructs with different concentrations of IL-6. As
shown in Fig. 4A, incubation of cells with IL-6 induced the AR
transcriptional activity. Treatment with resveratrol inhibited IL-
6-induced AR transcriptional activity (Fig. 4B). Since DHT is a
known inducer of the AR activity, we treated cells with IL-6 in
presence or absence of DHT. Combined treatment with IL-6
and DHT showed synergistic increase in the AR transcriptional
activity as compared to treatment of cells with IL-6 or DHT
alone (Fig. 4C). Moreover, resveratrol treatment attenuated
the AR transcriptional activity in cells stimulated DHT plus IL-6
(Fig. 4C).

Effect of resveratrol on DHT, IL-6 or DHT plus IL-6 induced
PSA expression in LNCaP-FGC cells

Since treatment of LNCaP-FGC cells with DHT, IL-6 or DHT
plus IL-6 showed elevated AR transcriptional activity, we ex-
amined whether stimulation of cells with androgen or IL-6 or
their combination can affect PSA production and whether res-
veratrol can modulate that. The PSA ELISA assay revealed
that treatment of cells with either DHT or IL-6 or their combina-
tion increased the PSA level and that resveratrol significantly
attenuated PSA production in LNCaP cells stimulated with
DHT and/or IL-6 (Fig. 5).

DISCUSSION

The anticancer effects of resveratrol have been extensively
invested. Till to date, multidirectional studies attempting to
unravel the biochemical basis of chemoprevention and che-
motherapy with resveratrol have revealed that the compound
(i) prevents the activation of various carcinogens, (ii) protects
cellular macromolecules from oxidative damage, (iii) activates
the carcinogen detoxification pathways, (iv) attenuates inflam-
matory responses, (v) inhibits proliferation of cancer cells, (vi)
induces apoptosis selectively in cancer cells, (vii) impedes the
angiogenic and metastatic progression, and (viii) enhances
the sensitivity of cancer cells to conventional chemotherapy
and radiotherapy (Kundu and Surh, 2008). Previous studies
have demonstrated that resveratrol inhibits the proliferation
and induces apoptosis in various prostate cancer cells (Mitch-
ell et al., 1999; Narayanan et al., 2003; Harada et al., 2007).
Resveratrol attenuated the growth of prostate tumors in a
transgenic rat adenocarcinoma of prostate (TRAMP) model. It
has been shown that the antiproliferative and apoptosis induc-
ing effect of resveratrol in prostate cancer cells are mediated
through multiple mechanisms including the activation of p53-
mdiated expression of apoptotic gene products (Narayanan et
al., 2003), inhibition of STAT3 signaling pathway (Kotha et al.,
2006) and the downregulation of the expression and activity of
AR (Shi et al., 2009; Harada et al., 2011). However, the effects
of resveratrol on androgen receptor positive LNCaP-FGC
prostate cancer cells have not been reported yet. Although the
activation of both STAT3- and AR-mediated signaling path-
ways have been implicated in prostate carcinogenesis (Kotha
et al., 2006; Shi et al., 2009), a possible cross-talk between
these two signaling cascades are yet to be established. More-
over, the effect of IL-6, a cytokine that stimulates STAT3 ac-
tivation, on the AR activity remains elusive. Since IL-6 plays
a key role in various cancers, we sought to examine whether
IL-6 stimulation can lead to increased AR transcriptional activ-
ity and its modulation by resveratrol.

Our finding that resveratrol reduced the cell viability of LN-
CaP-FGC cells in a concentration- and time-dependent man-
ner is well correlated with the antiproliferative effects of this
compound on other prostate cancer cells (Mitchell et al., 1999;
Narayanan et al., 2003; Harada et al., 2007). Also the inhibi-
tory effect of resveratrol on DHT-induced AR transcriptional
activity in LNCaP-FGC cells is in good agreement with the pre-
vious studies reporting the suppression of AR expression and
activity by this compound in PC3 and DU145 prostate cancer
cells (Kai and Levenson, 2011). Harada et al. demonstrated
that resveratrol inhibited AR binding to PSA promoter by de-
creasing the acetylation and nuclear translocation of AR (Ha-
rada et al., 2011).

Kotha et al. have reported that resveratrol inhibited STAT3
activation in DU145 prostate cancer cells. In accordance with this
report, we have also found that resveratrol treatment attenu-
ated IL-6-induced STAT3 transcriptional activity in LNCaP-
FGC cells. Since androgen stimulation plays a decisive role
in prostate carcinogenesis, we examined whether stimulation
of LNCaP-FGC cells with DHT can induce the STAT3 activ-
ity. However, we noticed that DHT treatment failed to induce
the STAT3 transcriptional activity in LNCaP-FGC cells. As the
induction of the AR transcriptional activity is a key molecular
event in prostate carcinogenesis, we examined whether stimu-
lation of LNCaP-FGC cells with IL-6 can induce the AR activity.
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Our study revealed for the first time that stimulation of LNCaP-
FGC cells with IL-6 markedly induced the AR transcriptional
activity and that resveratrol attenuated IL-6-induced AR ac-
tivity. Furthermore, incubation of cells with a combination of
IL-6 and DHT synergistically induced the AR activity at a level
higher than that observed upon treatment of cells with DHT or
IL-6 alone. Resveratrol not only inhibited DHT- or IL-6-induced
AR activity but also markedly diminished the transcriptional
activation of AR and the production of PSA in cells stimulated
with DHT plus IL-6.

It was reported that IL-6 stimulation LNCaP cells increased
the level of androgen (Chun et al., 2009), which may contrib-
ute to the IL-6-induced AR activation. While IL-6 treatment of
cancer cells (LNCaP and PC3) increased the expression of
a serine-threonine kinase Pim1, the overexpression of Pim1
induced the AR transcriptional activity (van der Poel et al.,
2010). Moreover, Pim1 was shown to phosphorylate AR at
serine-213 residue, thereby allowing prostate cancer cells to
be more aggressive and refractory to androgen ablation thera-
py (Ha et al., 2013). Thus, activation of Pim1 may underlie the
IL-6-induced AR transcriptional activity in LNCaP-FGC cells.
It would be worthwhile to examine if resveratrol could inhibit
the activation of Pim1 in LNCaP cells. Since the expression
of Pim1 is transcriptionally regulated by STAT3 (Zemskova et
al., 2008), it is plausible that IL-6-mediated STAT3 activation
may lead to the Pim1 expression, which in turn can induce the
AR activity. However, the detailed mechanisms underlying IL-
6-induced AR activation and the molecular basis of a possible
cross-talk between STAT3 and AR signaling merit further in-
vestigation. Taken together, our study provides the new insight
into the role of IL-6 in AR activation in prostate cancer cells
and its inhibition by resveratrol, indicating a new molecular
aspect of its prostate cancer chemopreventive effects.
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