
653

http://www.asiaandro.com;  aja@sibs.ac.cn  |  Asian Journal of Andrology

npg

Uptake of resveratrol and role of resveratrol-targeting 
protein, quinone reductase 2, in normally cultured human 
prostate cells

Tze-Chen Hsieh

Department of Biochemistry and Molecular Biology, New York Medical College, Valhalla, NY 10595, USA

Correspondence to: Dr Tze-Chen Hsieh, Department of Bio-
chemistry & Molecular Biology, New York Medical College, 
Valhalla, NY 10595, USA.
Fax: +1-914-594-4058          E-mail: Tze-chen_hsieh@nymc.edu
Received: 4 May 2009          Revised: 27 May 2009
Accepted: 12 August 2009    Published online: 21 September 2009

Original Article

Asian Journal of Andrology (2009) 11: 653–661
© 2009 AJA, SIMM & SJTU  All rights reserved 1008-682X/09 $ 32.00
www.nature.com/aja

Abtract

Resveratrol is a dietary polyphenol espoused to have chemopreventive activity against a variety of human 
cancer types.  We first reported that resveratrol significantly decreases the proliferation of both androgen-dependent 
and hormone-refractory prostate cancer cells.  However, the effects of resveratrol in normal prostate epithelial and 
stromal cells, particularly with regard to its uptake, subcellular distribution and intracellular targets, have not been 
investigated.  To advance the knowledge on accessibility and cellular disposition of resveratrol in prostate cells, 
[3H] resveratrol, fractionation of cell extracts into subcellular compartments, Western blot analysis, resveratrol 
affinity column chromatography and flow cytometry were used to study the uptake and intracellular distribution 
of resveratrol in normally cultured prostate stromal (PrSCs) and epithelial cells (PrECs).  Pretreatment of both 
PrSCs and PrECs for 2 days with resveratrol modulated its uptake and selectively increased its distribution to the 
membrane and organelle compartments.  Resveratrol affinity column chromatography studies showed differential 
expression of a previously identified resveratrol-targeting protein, quinone reductase 2 (QR2), in PrSCs and PrECs.  
Flow cytometric analysis comparing resveratrol-treated and untreated PrSCs showed a large decrease in G1-phase 
and a concomitant increase in S and G2/M-phases of the cell cycle.  These results suggest that resveratrol suppresses 
PrSC proliferation by affecting cell cycle phase distribution, which may involve the participation by QR2.
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1    Introduction

Resveratrol is a recently identified food-derived 
polyphenol claimed to protect against malignant and 
cardiovascular diseases, osteoporosis and nephrotoxic 
drugs [1–6].  The chemopreventive property of resveratrol 

is illustrated by suppression of cell proliferation 
and induction of apoptosis in numerous cancer cell 
types [7–10].  Animal studies provide support that 
resveratrol inhibits tumorigenesis at the stages of 
initiation, promotion and progression [11, 12].  These 
results suggest that resveratrol might indeed confer 
chemoprotection even in humans.

Despite the relatively well-characterized responses 
elicited by resveratrol in transformed and malignant cells, 
its molecular actions and mechanisms in physiologically 
relevant settings and normal tissues remain largely 
unknown.  It is to be noted that there is a paucity of data 
on the affects of resveratrol in normal cells, particularly 
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regarding its uptake, cellular disposition and interaction 
with distinct targets.  In earlier studies, we and others 
have shown that resveratrol displayed anti-prostate 
cancer (CaP) properties in androgen-dependent and 
hormone-refractory CaP cells [13–19].  To advance the 
knowledge on the accessibility of resveratrol in prostate 
cells, we studied the kinetics of uptake and intracellular 
trafficking and distribution of this polyphenol using 
normally cultured prostate stromal (PrSCs) and 
epithelial cells (PrECs).  We also investigated the 
cellular affects and targets of this polyphenol on PrSCs 
and PrECs.  Our results suggest that pretreatment of 
both PrSCs and PrECs by resveratrol substantially 
modulated the cellular uptake of this polyphenol.  
Moreover, whereas resveratrol-targeting protein, 
quinone reductase 2 (QR2), was only detected at a low 
level in PrECs, it showed a robust expression in PrSCs, 
which, as we suggest, may contribute to the control 
of proliferation and cell cycle phase transition by 
resveratrol in PrSCs.

2    Materials and methods

2.1.  Materials
Human PrSCs and PrECs were purchased from 

Lonza Walkersville Inc (Walkersville, MD, USA).  Cells 
were cultured and passaged using Clonetics stromal 
cell growth medium (SCGM) and Clonetics prostate 
epithelial cell growth medium (PrEGM).  Both growth 
media were provided as BulletKit containing the 
requisite cell type-specific growth factors, cytokines and 
supplements.  Alternatively, cells were cultured using 
complete media supplemented with SingleQuots, as 
recommended by the manufacturer (Lonza Walkersville, 
MD, USA).  Cells were maintained in CO2 incubator and 
media were changed every 3–4 days.  All experiments 
used passages 2–5 PrSCs and PrECs.  The Subcellular 
Proteome extraction kit was purchased from Calbiochem 
(San Diego, CA, USA).  [3H] resveratrol (specific 
activity, 15 Ci mmol L-1) was obtained from Moravek 
Biochemicals (Brea, CA, USA).  Epoxy-activated 
agarose resin and resveratrol were purchased from 
Sigma Chemical Co (St Louis, MO, USA).  Resveratrol 
was dissolved in dimethyl sulfoxide as a 12.5-mmol L-1 
stock and maintained in aliquots at –20ºC.  Primary 
antibodies for actin and secondary antibodies were 
purchased from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA).  Polyclonal anti-QR2 antibody 
was generated in rabbits by Cocalico Biologicals Inc 

(Reamstown, PA, USA).  All other chemicals and 
solvents used were of analytical grade.

2.2.  Preparation and subcellular fractionation of whole 
cell extracts

Cells were collected by centr ifugation and 
were lysed in ice-cold RIPA buffer (50 mmol L-1 
Tris, pH 7.4, 150 mmol L-1 NaCl, 1 mmol L-1 EDTA 
[ethylenediaminetetraacetic acid], 1% Triton X-100, 
1% deoxycholate and 0.1% SDS).  Protease inhibitor 
cocktail (1%, Sigma) and 1 mmol L-1 dithiothreitol 
were added to the buffer immediately before use.  The 
cell suspension mixture was incubated on ice for 20 
min with intermittent mixing and then centrifuged 
at 14 000 × g.  The clear supernatant was stored in 
aliquots at –70ºC for further analysis.  Fractionation 
of the supernatant from control and treated cells was 
performed using the Subcellular Proteome extraction 
kit, into four cellular compartments, namely, F1 
(cytosol), F2 (membrane/organelle), F3 (nucleus) and 
F4 (cytoskeleton).  Protein content of cell lysates and 
cellular fractions was determined by coomassie protein 
assay kit (Pierce, Rockford, IL, USA) with bovine 
serum albumin as standard.

2.3.  Measurement of resveratrol uptake
Cells pretreated with 0, 10 or 50 µmol L-1 resveratrol 

for 2 days were incubated with 5 nmol L-1 [3H] 
resveratrol for 0, 5, 10 and 20 min in serum-free medium 
at 37ºC, 95% humidity and 5% CO2.  At the end of the 
indicated labeling period, cells were harvested, washed 
thrice with ice-cold phosphate-buffered saline to remove 
unincorporated resveratrol.  Attached cells were lysed 
with 1 mL 0.1 mol L-1 NaOH.  The amount of cell-
associated radioactivity was determined by mixing the 
pooled cell lysates containing 6–16 µg soluble proteins 
with 4 mL of scintillation cocktail, Liquiscint (National 
Diagnostics, Atlanta, GA, USA), and were counted using 
a liquid scintillation counter (Beckman LS 6500, Jersey 
City, NJ, USA).

2.4.  Preparation of resveratrol affinity column and 
analysis of control and resveratrol-treated PrSC and 
PrEC extracts by resveratrol affinity chromatography

Resveratrol was immobilized on epoxy-activated 
agarose as described [20], and used to analyze 
extracts prepared from control and 2-day, 25 µmol L-1 
resveratrol-treated PrSCs and PrECs.  Lysates were 
prepared and fractionated by sequential elution with low 
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(0.35 mol L-1) and high (1.0 mol L-1) NaCl, followed by 
1 mmol L-1 ATP and finally 1 mmol L-1 resveratrol, 
to displace resveratrol-targeting proteins, denoted as 
RTPs, binding with different affinity to the resveratrol-
immobilized column as described [20].  Specificity 
of protein binding to the affinity resin was assessed 
by competing extracts with 1 mmol L-1 resveratrol 
before fractionation.  The eluted fractions were 
concentrated, separated on 10% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS–PAGE) and 
visualized by silver staining.

2.5.  Western blot analysis
Expression of QR2 in eluted fractions of untreated 

and resveratrol-treated cells was determined by Western 
blot analysis.  Enhanced chemiluminescence was used 
to detect immunoreactive bands [13, 20].

2.6.  Cell culture and proliferation assay
PrSCs and PrECs were maintained in complete 

culture media supplemented with SingleQuots, 
as described above.  When cells reached > 70% 
confluence, they were subcultured by splitting into 
1:4 cell ratio and maintained in T-25 flasks containing 
fresh culture media.  After an overnight incubation, 
cells were treated with increasing doses of resveratrol, 
as specified in the text.  Cell numbers were determined 
at the indicated times by trypan blue exclusion, as 
previously described [21–23].

2.7.  Cell cycle analysis
Prostate stromal cells were treated with different 

concentrations of resveratrol (0, 10 and 50 µmol L-1) 
for 2, 4 and 6 days, and cell cycle phase distribution 
was assayed by flow cytometry as described [22, 24, 
25].  The cellular DNA content was obtained and the 
percentage of cells in the respective phases (G1, S and 
G2/M) of the cell cycle was quantified.

3    Results

3.1.  [3H]resveratrol uptake in PrSCs and PrECs
To obtain information on whether resveratrol is 

readily accessible to prostate cells, time-course of 
uptake of resveratrol by PrSCs or PrECs was studied.  
Control and resveratrol-pretreated human PrSCs or 
PrECs (see Materials and methods) were labeled with 
[3H]resveratrol and the amount of radioactivity taken 
up by the cells was determined at different time points 

after labeling.  Figure 1A showed [3H] resveratrol 
bound to stromal cell extracts, evident by 14 c.p.m. 
per µg soluble protein measured when labeling was 
immediately terminated by harvesting (within 1 min) and 
processing (within 2 min), suggesting that there was an 
initial, rapid association of [3H] resveratrol with cellular 
components.  By following the amount of radioactivity 
in cell extracts after 5, 10 or 20 min of labeling, it 
can be seen that uptake of [3H]resveratrol increased 
progressively in both control and resveratrol-pretreated 
PrSCs (Figure 1A).  Uptake of resveratrol may be 
further modulated by resveratrol, as in PrSCs pretreated 
with increasing doses (10 or 50 µmol L-1) of unlabeled 
resveratrol for 2 days, the uptake of [3H] resveratrol 
into treated cells increased in a dose-dependent manner, 
more substantially than that in untreated cells (Figure 
1A), suggesting that pretreatment may affect the cell 

Figure 1.  The uptake of [3H]resveratrol by prostate stromal 
(PrSCs) and epithelial cells (PrECs). (A) Time-course of 
resveratrol uptake by PrSCs. (B) Time-course of resveratrol 
uptake by PrECs. Cells were pretreated with 0, 10 or 50 µmol L-1 
resveratrol for 2 days, washed extensively to remove resveratrol 
and then incubated with [3H]-labeled resveratrol for the indicated 
time durations. The uptake of resveratrol by both cells was 
measured as described in Materials and methods. Data points are 
expressed as mean ± SD from 3–6 determinations.
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membrane properties in ways that stimulated the uptake 
of resveratrol.

Time-course study on uptake of resveratrol in PrECs 
was also performed.  Similar to what was observed 
in PrSCs, there was a substantial amount of labeled 
resveratrol bound to PrEC extracts, evident by 22 c.p.m. 
per µg soluble protein when cells were harvested and 
processed immediately (Figure 1B).  In untreated PrECs, 
intracellular radioactivity was unchanged during the first 
5 min and interestingly, gradually decreased thereafter 
perhaps because of efflux.  However, dose-dependent 
increase in uptake of resveratrol was observed in 
resveratrol-treated PrECs compared with untreated cells 
(Figure 1B).

It is noteworthy that, in both PrSCs and PrECs 
pretreated with 50 µmol L-1 resveratrol, the initial uptake of 
radioactive resveratrol within the first 5 min was more rapid 
and robust than in control and 10 µmol L-1 resveratrol-
treated cells.  In PrSCs, this was followed by a steady 
maintenance of the level of labeled resveratrol over the 
next 20 min, whereas in PrECs, a decline of radioactive 
resveratrol to a new steady state was observed (Figure 
1).  These results suggest that, although different uptake 
kinetics was observed between PrSCs and PrECs (with 
optimal uptake occurring at 10 min for PrSCs and at 5 
min for PrECs), treatment by resveratrol, particularly 
at a dose of 50 µmol L-1, consistently stimulated the 
uptake of resveratrol in both cell types.

3.2  Subcellular distribution of resveratrol in PrSCs 
and PrECs

Determination of the intracellular disposition of 
resveratrol is of interest as it might provide information 
on the identity and nature of cellular targets with 
which resveratrol binds specifically.  To analyze the 
intracellular localization of resveratrol in PrSCs, 
cells were incubated with [3H] resveratrol for 10 min, 
harvested and fractionated into the compartments of 
cytosol, organelle/membrane, nucleus and cytoskeleton.  
The amount of radioactive resveratrol in each compartment 
was determined.  In parallel experiments, we also tested 
whether the subcellular distribution of this polyphenol 
may be altered by earlier exposure of cells for 2 days 
to 25 µmol L-1, resveratrol, a concentration found to 
pronouncedly induce anti-CaP effect in previous studies 
[13].  Figure 2A shows that (i) ~40% radioactivity was 
recovered in the organelle/membrane fraction in both 
control and resveratrol-treated cells, (ii) ~30% increase 
in radioactivity in the organelle/membrane was observed 

in resveratrol-treated cells and (iii) the subcellular 
distribution of resveratrol in untreated cells followed the 
pattern of membrane/organelle > nucleus > cytoskeleton 
= cytosol, with no substantial pattern change in the 
resveratrol-treated cells.  In PrECs, subcellular distribution 
of resveratrol decreased as follows: membrane/organelle 
> cytosol = cytoskeleton > nucleus.  Resveratrol treatment 
increased the radioactivity associated with the membrane/
organelle fraction by ~35% (Figure 2B).  These results 
suggest that once resveratrol gains entry into cells, it 
is rapidly and preferentially delivered to the organelle/
membrane fraction.

3.3  Fractionation of cytoplasmic extracts from control 
and resveratrol-treated PrSCs and PrECs by resveratrol 
affinity chromatography

To learn the identity of the intracellular proteins 
that interact with resveratrol, resveratrol affinity 

Figure 2.  Subcellular distribution of resveratrol in PrSCs and 
PrECs. (A): Subcellular distribution of [3H] resveratrol in untreated 
and 25 µmol L-1 resveratrol-treated PrSC extracts was analyzed 
by fractionation into the cytosol, membrane/organelle, nucleus 
and cytoskeleton. (B): Subcellular distribution of [3H] resveratrol 
in untreated and 25 µmol L-1 resveratrol-treated PrEC extracts. 
Cells were pretreated with 0 or 25 µmol L-1 resveratrol for 2 days 
before incubation with [3H]-labelled resveratrol. The amount 
of radioactivity associated with each fraction was measured as 
described in Materials and methods. Data points are expressed as 
mean ± SD from 3–6 determinations.
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chromatography was used to detect, select and capture 
RTPs in PrSCs and PrECs, as well as to analyze the 
proteins whose level might change in response to 
the resveratrol treatment.  Cell extracts from PrSCs, 
with and without 2-day treatment with 25 µmol L-1 
resveratrol, were separately applied to resveratrol 
affinity columns.  Fractions were eluted with 0.35 mol L-1 
and 1 mol L-1 NaCl, followed by 1 mmol L-1ATP and 
finally 1 mmol L-1 resveratrol.  The eluted fractions 
were concentrated and resolved by 10% SDS–PAGE, 

followed by silver staining and immunoblot analysis.  A 
typical silver-stained elution profile from PrSC extracts 
is illustrated in Figure 3A, comparing the elution profile 
of extracts prepared from untreated and resveratrol-
treated PrSCs on resveratrol affinity columns.  In the 
profile shown, fractions from control cell extracts were 
identified as 1, whereas fractions from resveratrol-
treated PrSCs without and with the first competing cell 
extract with resveratrol before the fractionation were 
identified as 2 and 3, respectively.  The silver-stained 

Figure 3.  Analysis of PrSC and PrEC extracts on resveratrol-immobilized affinity columns. (A): Elution profile of QR2 in 
control and 25 µmol L-1 resveratrol-treated PrSC extracts, with and without competition by resveratrol, before fractionation 
on resveratrol affinity column. Extract obtained from untreated and resveratrol-treated PrSCs was fractionated on resveratrol 
affinity columns as detailed in Materials and methods. The fractions shown here represent unbound material and material eluted 
with 0.35 mol L-1 and 1.0 mol L-1 NaCl, 1 mmol L-1 ATP and 1 mmol L-1 resveratrol. Purified recombinant QR2 was added as a 
marker. Fractions were separated by SDS–PAGE and visualized by silver staining. QR2 in unbound and various eluted fractions 
were determined by western blot analysis. (B): Elution profile of QR2 in control and 25 µmol L-1 resveratrol-treated PrEC 
extracts on resveratrol affinity column. Extract from untreated and resveratrol-treated PrECs was fractionated on resveratrol 
affinity columns as detailed in Materials and methods. The fractions shown here represent material eluted with 0.35 mol L-1 and 
1.0 mol L-1 NaCl, 1 mmol L-1 ATP and 1 mmol L-1 resveratrol. Purified recombinant QR2 was added as a marker. Fractions were 
separated by SDS–PAGE, and visualized by silver staining. QR2 in various eluted fractions were determined by Western blot 
analysis. (C): Western blot analysis of QR2 and actin from whole cell extracts of control PrSCs and PrECs.
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profile representing the unbound material and the 
material eluted with 0.35 mol L-1 and 1.0 mol L-1 NaCl, 
1 mmol L-1 ATP and 1 mmol L-1 resveratrol was shown 
in the upper panel of Figure 3A.  Correspondingly, the 
same fractions were also analyzed for the presence 
of QR2, an already identified RTP, by western blot 
analysis using QR2-specific antibody (shown in lower 
panel of Figure 3A).  To confirm the identity of QR2, 
purified recombinant protein was added as a marker 
(shown as QR2 lane).  The results showed that (i) 
QR2 appeared in the unbound fraction when extracts 
were first preincubated with excess resveratrol before 
fractionation, showing that the retention of this protein 
on the affinity column was effectively competed by 
resveratrol, (ii) QR2 was found exclusively in the 
resveratrol-eluted fraction and (iii) PrSC treated with 
resveratrol showed increased QR2, as in the resveratrol-
eluted fraction of the treated samples, increased presence 
of QR2 was evident relative to similarly fractionated 
untreated cell extract (Figure 3A).  Similar experiments 
were also performed on PrECs.  Extracts from untreated 
and resveratrol-treated PrECs were also fractionated 
on a resveratrol affinity column.  Materials eluted 
with 0.35 mol L-1 and 1.0 mol L-1 NaCl, 1 mmol L-1 
ATP and 1 mmol L-1 resveratrol, were separated by 
SDS–PAGE, visualized by silver staining, and QR2 
present in various eluted fractions were monitored by 
western blot analysis (Figure 3B).  No specific binding 
and/or expression of QR2 were detected by immunoblot 
analysis in either control or resveratrol-treated PrEC 
extracts (Figure 3B).  These results suggested that 
QR2 is differentially expressed in PrSCs and PrECs.  
To validate this possibility, the expression of QR2 
was investigated by western blot analysis using 
unfractionated PrSC and PrEC extracts.  As expected, 
QR2 was below detection level in PrECs, whereas 
it was clearly expressed in PrSCs (Figure 3C), thus 
supporting and confirming the relative low and high 
abundance of QR2 found in PrEC and PrSC extracts 
fractionated on resveratrol affinity columns (Figures 
3A and 3B).  These results reinforced the notion 
that specific RTPs, for example, QR2 exist and are 
differentially expressed in PrSC and PrECs.

3.4  Effects of resveratrol on growth and cell cycle 
distribution of cultured PrSCs and PrECs

To obtain information on the role that QR2 might 
have in proliferation and overall cellular responsiveness to 
resveratrol in PrSCs and PrECs, the growth modulatory 

effects of resveratrol were investigated.  PrSCs and 
PrECs were treated with 0, 10 or 50 µmol L-1 resveratrol 
for 2 days, and cell numbers were determined by trypan 
blue exclusion using a hemocytometer.  Resveratrol 
treatment resulted in dose-dependent growth inhibition 
in PrSCs, but had no effect on PrEC growth (Figure 4A).  
To test whether resveratrol-induced growth suppression 
in PrSCs might involve alterations in cell cycle control, 
flow cytometry studies were performed.  Cells treated 
with 10 µmol L-1 resveratrol showed minimum affects 
on cell cycle phase distribution, whereas cells exposed 
to 50 µmol L-1 resveratrol for 2, 4 or 6 days showed 
a substantial change in cell cycle phase distribution.  
For example, 2-day resveratrol-treated cells showed 
a decrease in G1-phase cell population (92% in 
control versus 40% in treated cells) accompanied by a 
concomitant accumulation in the S- and G2/M-phase cell 
population (2% and 5% in control versus 22% and 32% 
in treated cells) (Figure 4B).

4    Discussion

Resveratrol has shown potent antitumor activities 
against a variety of human cancer types, including 
prostate cancer.  Previous studies have also reported that 
resveratrol treatment showed no effect on viability and 
growth in normal PrECs even at a dose of 50 µmol L-1 
[26].  However, whether resveratrol affects normal PrSC 
proliferation and gene expression have not been reported, 
nor was the uptake of resveratrol in PrECs previously 
investigated.  Using PrSCs and PrECs, we provide 
evidence on four new observations regarding the affects of 
resveratrol in normal prostate cells: (i) earlier exposure to 
resveratrol stimulates its uptake in both PrSCs and PrECs 
(Figure 1), (ii) resveratrol pretreatment increases its cellular 
trafficking into the membrane/organelle compartment in 
PrECs and PrSCs (Figure 2), (iii) using a biospecific affinity 
approach, we have identified QR2 as a resveratrol-targeting 
protein in PrSCs (Figure 3) and (iv) resveratrol suppresses 
cell proliferation and modulates cell cycle progression 
in PrSCs, but has no noticeable effect on proliferation of 
human PrECs.  Inhibition of PrSC proliferation was not 
accompanied by induction of cell death, as assayed by 
the trypan blue exclusion assay and also by the absence 
of sub-G1 DNA in flow cytometric analysis (data not 
shown).  Similarly, PrECs treated with up to 50 µmol L-1 
resveratrol did not show evidence of apoptosis (data not 
shown).  As the increased proliferation of stromal cells is 
thought to drive the enlargement of the prostate gland 
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as men age, a condition clinically referred to benign 
prostatic hyperplasia [27–30], it is conceivable that the 
growth suppressive effects of resveratrol in PrSCs may 
prove to be beneficial to patients diagnosed with such a 
condition.

The results of this study show that resveratrol 
pretreatment changes the time and extent of its uptake 
in both PrSCs and PrECs, suggesting that resveratrol 
may funct ion as an auto-regulator, promoting 
and enhancing its own transport and uptake into 
responsive cells.  These may have important potential 
implications, as they directly relate to the unsettled 
issue of bioavailability of resveratrol as well as provide 
support to recent reports showing that resveratrol 
sensitizes cancer cells to other chemotherapeutic 
agents, which act by binding to cell surface death 

receptors, for example, TRAIL [31].  Data showing 
that resveratrol increases its own uptake, as illustrated 
by our experiments using normal prostate cells, also 
raise the tantalizing possibility that resveratrol might 
perturb membrane structure and function in ways that 
facilitate the targeting of death receptors and, hence, 
improve responsiveness to chemotherapeutic agents 
without compromising the likelihood for developing 
chemoresistance [31–33].  It is noteworthy to point 
out that the present studies also showed considerable 
binding of [3H]resveratrol to cell extracts of PrSCs 
and PrECs, even when cells are immediately harvested 
after labeling with resveratrol, and that there was 1.6-fold 
labeling in PrECs compared with PrSCs (Figure 1).  A 
possible explanation is that there is an initial burst of 
binding of resveratrol to available membrane targets, 

Figure 4.  Effects of treatment by resveratrol on cell growth of cultured PrSCs and PrECs, and effects of resveratrol treatment on cell 
cycle distribution of cultured PrSCs. (A): Growth of PrSCs and PrECs in response to treatment with 0, 10 or 50 µmol L-1of resveratrol 
for 2 days. Results represent means of triplicate experiments ± s.d. The significance of cell number decrease was determined by paired 
t-test. (B): Effects of resveratrol on the changes of cell cycle phase distribution in PrSCs. Cells were treated with 0, 10 or 50 µmol L-1of 
resveratrol for 2, 4 and 6 days, and the effect on cell cycle distribution was analyzed by flow cytometry and presented as histograms (left 
panel). The percentage of cells in G1, S and G2/M-phases were calculated and presented as bar graph (right panel).
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more so in PrECs than in PrSCs.  The nature of such 
targets remains to be elucidated.  One might surmise 
that integrin αVβ3 is a reasonable candidate, as 
integrin αVβ3 has been found to contain a receptor 
site for resveratrol [34]; moreover, differential, altered 
expression pattern of integrin αVβ3 might exist in 
PrSCs and PrECs.  Experiments exploring and testing 
these hypotheses are underway in our laboratory.

The resveratrol subcellular distribution analysis 
revealed that ~40% of the grape polyphenol was 
preferentially localized to the organelle/membrane 
fraction in both PrSCs and PrECs (Figure 2), providing 
support to the thesis that the major and primary 
intracellular targets of resveratrol reside in the 
organelle/membrane fraction.  Although resveratrol 
treatment increased the subcellular distribution of this 
polyphenol to the organelle/membrane fraction more 
robustly in PrECs than in PrSCs, the target affected is 
unlikely to be QR2, which is barely detected in PrECs, 
nor are they ones involved in control of proliferation 
and cell cycle transition, as growth of PrECs are 
noticeably unresponsive to treatment by resveratrol.  
Thus, the identity and nature of cellular targets 
differentially affected by resveratrol, particularly the 
ones localized to the organelle/membrane fractions, 
between PrSCs and PrECs must await further studies in 
the future.

Another significant finding in this study is the 
identification of resveratrol-targeting protein, QR2, in 
PrSCs.  Previously, we have found that QR2 shows 
prostate cancer stage-dependent differences in the level 
of its expression [20].  The observation that QR2 was 
present in PrSCs and only barely detectable in PrECs 
(Figure 3B) shows that differential expression of QR2 
also exists between different normal prostate cell types.  
The relationship between QR2 and cellular response 
to resveratrol was investigated by comparing the anti-
proliferative effects of resveratrol in PrSCs and PrECs, 
clearly showing that only the growth of PrSCs were 
affected by treatment with resveratrol, concomitant with 
increased expression of QR2 (Figures 3 and 4).  These 
results and the observed differential expression of 
QR2 between PrSCs and PrECs are consistent with the 
notion that QR2 has a role in the control of mitogenesis 
by resveratrol in PrSCs.  Moreover, because the prostate 
stroma seems to be involved in the carcinogenic 
evolution and progression of prostate epithelial tumor 
cells, it might be suggested that resveratrol, by targeting 
QR2, functions as a chemopreventive agent against 

prostate cancer by its integrative action against prostate 
cancer cells [13, 14] as well as through its growth 
and gene regulatory control of normal PrSCs.  It is 
noteworthy that QR2 has recently been found to act 
as a low-affinity melatonin receptor, MT3 [35, 36]; 
this raises the possibility that QR2 might contribute 
to the prostate cancer chemopreventive activities of 
melatonin [37–39].  We hypothesize that QR2, by 
binding to melatonin, facilitates and promotes the 
cytosolic sequestration of androgen receptor, thereby 
inhibiting cell proliferation and prostate-specific antigen 
expression.  Further studies comparing the uptake of 
resveratrol, its intracellular distribution, and binding 
and interaction with target proteins, including QR2, 
in normal and cancerous prostate cells treated with 
melatonin are warranted and are actively pursued in our 
laboratory.
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