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Abstract

:

Resveratrol can inhibit cell proliferation and metastasis and induce apoptosis. However, the mechanisms of action through which resveratrol inhibits the abnormal proliferation of prostate stromal cells, causing prostatic hyperplasia, have not been fully elucidated. Here, we evaluated the inhibitory effects of resveratrol on cell proliferation associated with prostatic hyperplasia using WPMY-1 cells. Our results showed that resveratrol inhibited the proliferation of WPMY-1 cells via the induction of G0/G1-phase cell cycle arrest, which was caused by downregulated expression of cyclins and cyclin-dependent kinases regulated by increased p21WAF1 and p27KIP1 expression level. In addition, resveratrol treatment suppressed the phosphorylation of phosphatidylinositol 3-kinase/AKT and extracellular signal-regulated kinase 1/2. The expression levels of molecular markers affecting prostate development were also reduced by treatment with resveratrol. Finally, resveratrol attenuated the binding activity of the transcription factor nuclear factor-κB in WPMY-1 cells, and accelerated apoptotic cell death via intrinsic cascade pathway. These results indicate that resveratrol may be useful for the prevention or treatment of prostatic hyperplasia.
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1. Introduction


Resveratrol (3,4”,5-trichlorostylbene) is a natural phytoalexin known to have antioxidant, anti-inflammatory, neuroprotective, and immunosuppressive properties, and is found mainly in red wine, berries, and peanuts [1]. Resveratrol has also been shown to prevent cancer and act as an antioxidant and antimutagen in mice in vivo [2]. Previous studies have reported that resveratrol can also be used as an anticancer agent that can inhibit cell proliferation and metastasis, induce apoptosis, and contribute to chemotherapy [3].



Benign prostate hypertrophy (BPH) is a pathological disease associated with aging that occurs in about 50% of men between the ages of 40 and 50 worldwide. Its prevalence continues to increase with age [4,5], and the progression of BPH is triggered by the proliferation of epithelial and stromal cells of the prostate; this results in lower urinary tract symptoms, including painful urination, weak stream, urinary incontinence, and nocturia [6]. Androgenic steroids are required for the embryonic development and pubertal growth of the prostate; studies have assessed the relationship of BPH onset with male hormones, their metabolites, and abnormal prostate growth. From these studies, researchers concluded that changes in steroid levels with aging are associated with cell growth and proliferation in the prostate, resulting in the enlargement of the prostate gland [7,8,9]. Human androgens that play essential roles in the progression of BPH include testosterone and dihydrotestosterone (DHT) [10]. The 5α-reductase enzymes catalyze the synthesis of the active androgen DHT from testosterone. DHT has a high affinity for androgen receptors (ARs), which mediate cell proliferation and promote the differentiation of prostate cells [11]. In addition, prostate stromal cells overexpress autocrine growth factors such as fibroblast growth factors (FGFs) in BPH, thereby promoting cell growth [12]. Moreover, the ratio of apoptosis to proliferation in epithelial and stromal cells is lower in BPH than in normal tissues. Therefore, it is important to modulate normal cell death processes. The decrease in the anti-apoptotic factor Bcl-2 and the increase in the apoptosis factor Bax observed in BPH cells may be due to the decrease in BPH [9,13]. Thus, the regulation of DHT androgens is essential to inhibit BPH progression; this can be achieved by inhibiting 5α-reductases and blocking AR signals. Additionally, cell proliferation could be modulated by controlling the expression of FGF, Bcl-2, and Bax proteins [10,14,15].



All cells, including prostate stromal cells and epithelial cells, regulate division and duplication throughout the cell cycle [16]. The cell cycle can be divided into four stages: the gap before DNA replication (G1), the DNA synthesis phase (S), the gap after DNA replication interval (G2), and cell division (M) [17]. The G1 phase involves the main signal pathways that control cell cycle progression. The cell cycle of mammalian cells is assembled and activated by different cyclin/cyclin-dependent kinase (CDK) proteins, which are expressed and activated at specific points in the cell cycle. The first cyclin/CDK holoenzyme consists of either CDK4 or CDK6, depending on the cyclin D and cell type. Cyclin E and CDK2, which are expressed during G1 phase in other mammals, are synthesized later than D-type cyclins, and reach peak expression during late G1 phase. Cyclins D and E control the G1 phase of the cell cycle, indicating that they can play an essential role in the mammalian G1 phase. In addition, cell cycle regulatory complexes can be inhibited by p21WAF1 and p27KIP1, which are negative regulators of G1 phase progression [18,19].



The mitogen-activated protein kinase (MAPK) pathway is a signaling network that plays important roles in cell proliferation, division, and apoptosis [20]. The three major MAPKs pathways in mammalian cells are the extracellular signal-regulated protein kinase (ERK), p38 kinase, and Jun N-terminal-kinase (JNK) pathways. The phosphatidylinositol 3-kinase (PI3K) pathway affects various cell biological processes, such as proliferation, growth, cell apoptosis, and cell skeletal rearrangement, and AKT, a serine/threonine kinase, plays important roles as a major intracellular signaling pathway [21]. The nuclear factor-κB (NF-κB) family of transcription factors increases important substances related to cell proliferation, apoptosis, and the cell cycle, as well as signal transducers of inflammation and immune responses in several cell types [22]. The NF-κB pathway is regulated by the phosphorylation of its inhibitor, IκB, leading to polyubiquitination and proteosome-mediated degradation. Subsequently, IκB releases the NF-κB dimer, which then translocates to the nucleus and binds with certain DNA-regulating elements, facilitating the expression of downstream target genes. NF-κB activity is also involved in the proliferation and apoptosis of the epithelium [23].



The mechanism of apoptosis can be occasioned by cellular stress, largely classified into extrinsic and intrinsic apoptotic pathways [24,25]. Caspase-9 activation is an essential initiator protein in the process of the intrinsic apoptotic pathway [25]. During the intrinsic pathway, the active form of caspase-9 mediates the apoptosis event by stimulating cleaved forms of effector caspases, such as caspase-3 and caspase-7 [25]. In addition, the intrinsic pathway of apoptosis progressed by cellular damages is involved in the regulation of several cascade molecules including the ratio of the Bcl-2 family members, decreased expression of X-linked inhibitor of apoptosis protein (XIAP), and activation of poly (ADP-ribose) polymerase-1 (PARP-1) [24,25].



Although resveratrol has been shown to have anticancer effects in prostate cancer cells, the mechanisms of action through which resveratrol inhibits the abnormal proliferation of prostate stromal cells have not been fully elucidated. Accordingly, the purpose of this study was to determine the inhibitory effects of resveratrol on cell proliferation in BPH.




2. Results


2.1. Effects of Resveratrol on Inhibition of WPMY-1 Cell Proliferation


The effect of resveratrol on the viability of WPMY-1 human prostatic stromal myofibroblast cells was examined. Cells were treated with resveratrol in different concentrations (0, 100, 120, 150, and 200 μM) for 24 h. The number of cells were counted using a microscope, and cell viability was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. We observed concentration-dependent decreases in the viability and number of cells following resveratrol treatment (Figure 1). Based on the above results, we calculated the half-maximal inhibitory concentration of resveratrol in WPMY-1 cells to be approximately 150 μM. In addition, we found that resveratrol induced morphological changes in a concentration-dependent manner (Figure 2).




2.2. Effects of Resveratrol on G0/G1-Phase Cell Cycle Arrest in WPMY-1 Cells


Flow cytometry was used to assess the effects of resveratrol on cell cycle arrest in WPMY-1 human prostate stromal myofibroblasts (Table 1). Notably, treatment of WPMY-1 cells with resveratrol (0, 100, 150, or 200 μM) for 24 h induced the accumulation of cells in G0/G1 phase (48.2%, 58.0%, 60.5%, and 65.7%, respectively). In contrast, we observed decreases in the percentages of cells in S phase (15.6%, 15.0%, 14.2%, and 12.4%, respectively) and G2/M phase (36.0%, 27.0%, 25.3%, and 21.9%, respectively). Based on these results, resveratrol was considered to induce G0/G1 phase arrest in WPMY-1 cells (Table 1 and Figure 3).




2.3. Effects of Resveratrol on the Regulation of Cell Cycle-Related Protein Expression in WPMY-1 Cells


The mechanisms of cell cycle arrest in G0/G1 phase induced by resveratrol were investigated. Immunoblot analysis was conducted to examine the expression of G0/G1-phase regulatory proteins such as CDK2, CDK4, cyclin E, cyclin D1, p21WAF1, p27KIP1, and p53. Figure 4 shows that resveratrol treatment reduced the expression levels of cyclin E, cyclin D1, CDK2, and CDK4 proteins in WPMY-1 cells. In addition, the expression levels of p21WAF1 and p27KIP1, which are negative regulators of G0/G1-phase progression and block CDKs, were found to increase, whereas resveratrol treatment did not show any effect on the expression level of the tumor-suppressor p53. These results indicate that resveratrol treatment inhibited the proliferation of WPMY-1 cells through G0/G1-phase arrest by inducing the expression of p21WAF1 and p27KIP1 along with suppressing the expression of the cyclin E, cyclin D1, CDK2, and CDK4 proteins.




2.4. Effects of Resveratrol on Regulation of BPH Markers in WPMY-1 Cells


Next, we investigated whether resveratrol regulated molecular markers associated with proliferation in WPMY-1 cells using immunoblot analysis. Figure 5 shows that treatment with resveratrol induced a decrease in the expression of 5α-reductase, AR, and FGF-2. In addition, the expression levels of Bcl-2, an anti-apoptotic protein that inhibits cell death, were decreased by resveratrol treatment, whereas the expression level of the pro-apoptotic protein Bax was increased. These results indicate that treatment of resveratrol inhibits the proliferation of WPMY-1 cells by inducing the expression of Bax along with suppressing the expression of 5α-reductase, AR, FGF-2, and Bcl-2.




2.5. Effects of Resveratrol on the Phosphorylation of the MAPKs and PI3K/AKT Signaling Pathway Components in WPMY-1 Cells


The MAPK and PI3K/AKT signaling pathways play important roles in cell proliferation. To elucidate the underlying mechanisms of resveratrol’s action in WPMY-1 cells, we investigated the phosphorylation levels of MAPKs and AKT via immunoblot analysis (Figure 6). Treatment of WPMY-1 cells with resveratrol for 10 min blocked the phosphorylation of ERK1/2 and AKT but did not affect that of JNK1/2 and p38. The results indicate that resveratrol inhibits the proliferation of WPMY-1 cells by suppressing the phosphorylation of the ERK1/2 and AKT signaling pathways.




2.6. Effects of Resveratrol on Inhibition of NF-κB Binding Activity in WPMY-1 Cells


NF-κB activation was identified through electrophoretic mobility shift assay (EMSA). Nuclear extracts from WPMY-1 cells showed reduced NF-κB binding activity when they were treated with resveratrol (Figure 7). The results indicate that resveratrol suppressed NF-κB binding activity in WPMY-1 cells.




2.7. Resveratrol Stimulates Apoptosis through Regulating Intrinsic Pathway in WPMY-1 Cells


To investigate whether resveratrol triggers apoptosis induction in WPMY-1 cells, FACS analysis was performed using PI and FITC staining. Treatment of cells with resveratrol caused an upregulated level of cells at the late apoptotic phase (Q2) at 24 h in a concentration-dependent fashion (Figure 8A). Since resveratrol treatment increased the level of Bax and decreased the level of Bcl-2 (Figure 5B), we next examined the expression level of apoptosis proteins associated with intrinsic pathway in resveratrol-treated cells. As shown in Figure 8B, resveratrol treatment activated intrinsic apoptosis signaling molecules such as caspase-9, caspase-3, and caspase-7 in WPMY-1 cells. In addition, activation of PARP-1 was observed in resveratrol-treated cells (Figure 8B). Furthermore, the expression levels of XIAP proteins were decreased following treatment with resveratrol (Figure 8B). These results demonstrate that resveratrol induces the intrinsic-related apoptosis pathway in WPMY-1 cells.





3. Discussion


The physiologically active functions of resveratrol, including its antioxidant, cytoprotective, anti-migratory, and cell growth inhibitory effects, may contribute to the suppression of prostatic hyperplasia [15,26,27]. We aimed to investigate the effects of resveratrol in WPMY-1 prostate stromal cells. Our findings showed that resveratrol blocked cell proliferation by inducing G1-phase arrest in WPMY-1 cells. Moreover, resveratrol suppressed CDK2, cyclin E, CDK4, and cyclin D1 expression and promoted p21WAF1 and p27KIP1 expression. These findings provide insight into the mechanisms of resveratrol in WPMY-1 cells.



Prostatic hypertrophy is regulated by the expression levels of molecular markers, such as 5α-reductase, AR, FGF-2, Bcl-2, and Bax [15]. In this study, treatment of WPMY-1 prostate stromal cells with resveratrol downregulated 5α-reductase, AR, FGF-2, and Bcl-2, but upregulated Bax. Similar to the results of a previous study, these findings show that resveratrol suppresses the proliferation of prostate stromal cells by controlling the levels of molecular markers relevant to growth and cell death, thereby affecting BPH development and progression [15].



The PI3K/AKT and MAPK signaling pathways are important in cellular activities, including cell growth and proliferation [20,21]. It has been reported that the phosphorylation of AKT and ERK is essential for the regulation of prostate diseases [28,29,30]. In this study, resveratrol suppressed the phosphorylation of ERK1/2 and AKT but did not show any effect on the phosphorylation of p38 and JNK, similar to the findings of previous studies. Thus, these findings suggest that resveratrol blocks prostate cell proliferation by inhibiting the ERK and AKT signaling pathways. In addition, resveratrol downregulated NF-κB levels in prostate cells. In most cells, the activity of NF-κB generates pro-survival signals, including cell differentiation, cell proliferation, and cell death [23]. Hence, a decrease in NF-κB transcriptional activity by resveratrol may induce apoptosis. Additionally, resveratrol modulates the levels of NF-κB-mediated microRNAs [31]. Previous studies have reported that the activity of NF-κB promotes the continuous transcription of proliferative genes by maintaining the activity of the AR, which has central roles in the progression and development of prostate disease [28]. Taken together, these findings highlight the function of NF-κB as an important regulator of resveratrol-dependent inhibition of human prostate cell proliferation.



Apoptosis is a crucial program in the control of the cell death mechanism [24,25]. It comprises well-known signaling pathways involving independent effector caspases, including an intrinsic pathway (Bcl-2-related cascade) and an extrinsic pathway (Fas-related cascade) [24,25]. FACS analysis with PI and FITC staining showed the accumulation of late apoptotic cell phase in resveratrol-treated WPMY-1 cells, indicating that the resveratrol-induced suppression of cell proliferation is closely associated with apoptosis pathways. Immunoblot results revealed the reduction of Bcl-2 and the induction of Bax. These results led us to investigate the intrinsic apoptosis pathway. Many studies have addressed whether cellular damage or stress could upregulate the Bax/Bcl-2 ratio, which in turn would activate the initiator molecule caspase-9 during the intrinsic apoptosis pathway [25]. Subsequently, the activation of caspase-9 was described as triggering the downstream effectors caspase-3 and caspase-7 [25]. Caspase-3 activation stimulates apoptosis signaling via the induction of the cleavage of PARP-1, resulting in the limitation of the DNA repair system in eukaryotic cells [29,30]. Previous studies have shown that XIAP, an anti-apoptotic molecule, is involved in the prevention of apoptosis by binding to members of the caspase family, such as caspase-9, caspase-3, and caspase-7 [24,25]. In the present study, resveratrol upregulated the ratio of Bax/Bcl-2 in WPMY-1 cells, which resulted in the activation of caspase-9, and subsequently led to the induction of the cleaved forms of both caspase-3 and caspase-7. Treatment with resveratrol stimulated the activation of PARP-1 via the upregulation of cleaved forms of PARP-1. In addition, the expression level of the anti-apoptotic molecule XIAP was decreased in resveratrol-treated cells. Our results were supported by the resveratrol-induced intrinsic apoptosis pathway, involving the occurrence of Bcl-2 family/caspase-9/XIAP/caspase-3 or capsase-7/PARP-1 cascade in WPMY-1 cells.



In conclusion, we found that resveratrol inhibited cell proliferation by inducing G1-phase arrest via the regulation of cyclin E, cyclin D1, CDK2, CDK4, p21WAF1, and p27KIP1 expression in WPMY-1 cells. In addition, resveratrol inhibited cell proliferation by modulating the expression levels of BPH-related molecules, including 5α-reductase, FGF-2, Bcl-2, and Bax. Treatment with resveratrol also suppressed the AKT and ERK1/2 signaling pathways and inhibited NF-κB binding activity. Furthermore, resveratrol treatment promoted apoptosis via the regulation of the intrinsic pathway. These findings provide important insights into the molecular mechanisms through which resveratrol exerts antiproliferative effects in WPMY-1 prostate stromal cells, establishing resveratrol as a potential therapeutic agent in the prevention or treatment of BPH.




4. Materials and Methods


4.1. Chemicals


Resveratrol (≥98%, analytical standard grade) was purchased from Sigma–Aldrich (St. Louis, MO, USA). Polyclonal antibodies against extracellular signal-regulated kinase ERK (9102S), phospho-ERK (9101S), p38 mitogen-activated protein kinase (9212S), phospho-p38 MAPK (9211S), Jun N-terminal-kinase (9258S), phospho-JNK (9251S), AKT (9272S), phospho-AKT (9272S), and p21WAF1 (2947S) were obtained from Cell Signaling Technology Inc. (Danvers, MA, USA). Polyclonal antibodies against CDK2 (sc-163), cyclin E (sc-377100), CDK4 (sc-23896), cyclin D1 (sc-8396), p53 (sc-1641), p27KIP1 (sc-1641), β-actin (sc-47778), 5α-reductase 2 (sc-293232), AR (sc-7305), FGF-2 (sc-1360), B-cell lymphoma-2 (sc-7382) and Bcl-2-associated x protein (sc-20067) were obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). A nuclear extract kit and electrophoretic mobility shift assay (EMSA) gel shift kit were obtained from Panomics (Fremont, CA, USA). Polyclonal antibodies against PARP-1 (sc-7150), caspase-9 (sc-7885), caspase-7 (9492S), caspase-3 (sc-7148), cleaved PARP-1 (sc-7150), cleaved caspase-9 (sc-7885), cleaved caspase-7 (9492S), cleaved caspase-3 (sc-7148), and XIAP (sc-11426) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).




4.2. Cell Cultures


Human normal prostate stromal cells (WPMY-1) were purchased from American Type Culture Collection (ATCC, Baltimore, MD, USA). WPMY-1 cells were maintained in Dulbecco Modified Eagle Medium (DMEM). The medium was supplemented with 1% penicillin-streptomycin (Gibco) and 5% fetal bovine serum (FBS). Cells were incubated in an incubator at 37 °C with an atmosphere of 5% CO2 in air.




4.3. Cell Viability Assay


MTT assay was performed to assess cell viability. Briefly, 96-well plates seeded with 3 × 103 cells were incubated overnight in a CO2 incubator set at 37 °C. Resveratrol diluted in dimethyl sulfoxide (DMSO) was treated with various concentrations on the seeded cells for 24 h. Subsequently, the cells were incubated for another 4 h after the addition of 10 μL of MTT solution (0.5 mg/mL). After removing the supernatants from the wells of the plate, the cells were dissolved in 100 μL of added DMSO. The absorbance was measured at 570 nm using a microplate reader.




4.4. Cell Counting


After seeding, cells were treated with different concentrations of resveratrol for 24 h and separated from the plate by trypsinization. Trypsin-treated cells were gently pipetted to blend with 0.4% Trypan Blue (Sigma–Aldrich, St. Louis, MO, USA) and then counted immediately by a hematocytometer.




4.5. Flow Cytometric Analysis


WPMY-1 cells were trypsinized, fixed with ethanol (70%), washed with cold phosphate-buffered saline (PBS), and incubated with RNase and propidium iodide (Sigma-Aldrich). Flow cytometry (FACStar; BD Biosciences, San Jose, CA, USA) equipped with BD Cell Fit software was used to measure the cell cycle distribution.




4.6. Immunoblotting


After washing with cold PBS, cells were gently lysed in lysis buffer (250 µL containing HEPES (50 mM, pH 8.0), NaCl (150 mM), ethylenediaminetetraacetic acid (EDTA, 1 mM), ethylene glycol tetra acetic acid (EGTA, 2.5 mM), phenylmethylsulfonyl fluoride (PMSF, 0.1 mM), dithiothreitol (DTT, 1 mM), Na3VO4 (0.1 mM), 10% glycerol, 0.1% Tween-20, leupeptin (10 g/mL), β-glycerophosphate (10 mM), and aprotinin (2 µg/mL)). Then the cells were collected in microtubes and kept on ice for 10 min before centrifugation (13,000 rpm for 15 min at 4 °C). Protein concentrations in cells were analyzed by a BCA reagent kit (Thermo Scientific, Rockford, IL, USA). An amount of 20 μg cellular protein was resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis on 7.5%, 10%, and 12% polyacrylamide gels. The gel with protein was transferred into a nitrocellulose membrane (Hybond, Amersham Corp) using electrophoresis. The nitrocellulose membranes were blocked in 5% BSA (MP Biomedicals, OH, USA) and 5% skim milk for 2 h, and incubated with primary antibodies (1:1000 dilution) at 4 °C for 24 h, and secondary antibodies (1:5000 dilution) for 2 h. Subsequently, immunocomplexes were analyzed using enhanced chemiluminescence (ECL) immunoblotting detection reagents (Supersignal, Thermo Scientific, Rockford, IL, USA).




4.7. EMSA (Nuclear Extracts and Electrophoretic Mobility Shift Assay)


Collected cells in lysis buffer (10 mM HEPES (pH 8.0], EDTA (0.1 mM], KCl (10 mM), EGTA (0.1 mM), PMSF (0.5 mM), and DTT (1 mM)) were vortexed in 0.5% Nonidet P-40 and centrifuged at 13,000 rpm (4 °C, 15 min). The cellular pellets were resuspended for 15 min in a cold high-salt buffer (20 mM HEPES (pH 8.0), EDTA (1 mM), EGTA (1 mM), NaCl (0.4 M], PMSF (1 mM), and DTT (1 mM)). The amount of nuclear protein was detected by a BCA reagent kit. The probe for the consensus oligonucleotide sequences of NF-κB was AGTTGAGGGGACTTTCCCAGGC, and EMSA was performed by annealing oligonucleotides in an annealing buffer (EDTA (1 mM), Tris (10 mM, pH 8) and NaCl (50 mM)) with heating for 2 min at 90 °C. NF-κB oligonucleotides were finally labeled by 1 h incubation of T4 polynucleotide kinase (Promega, WI, USA) with [32P] APT at 37 °C. Nuclear extract (5 μg) extracted from cells was incubated in 2× binding buffer (HEPES (25 mM, pH 8.0), EDTA (1 mM), DTT (0.5 mM), MgCl2 (5 mM), KCl (75 mM), glycerol (10%), and poly dI/dC (0.25 μg/mL)) for 20 min at 25 °C with 32P-labeled oligonucleotide probe. Electrophoresis was conducted to detect the DNA–protein complex on a 6% polyacrylamide gel using 0.5× TBE running buffer. The gel was washed, dried, and then kept overnight at −70 °C to visualize via automatic radiography using X-ray film.




4.8. Apoptosis Analysis by Flow Cytometry


Apoptosis assay was performed using a BioVision Annexin V-FITC apoptosis detection kit (BioVision Inc., Milpitas, CA, USA). Briefly, cell suspensions were reacted with PI (5 μL) and FITC-Annexin V (5 μL) at room temperature in the dark. After 15 min incubation, the cells were analyzed via the use of flow cytometry (FACSCalibur; Becton-Dickinson, San Jose, CA, USA). The percentage of cells in different stages were evaluated as follows: living cells (Q1; Annexin V−/PI−), early apoptotic/primary apoptotic cells (Q4; Annexin V+/PI−), late apoptotic/secondary apoptotic cells (Q2; Annexin V+/PI+), and necrotic cells (Q4; Annexin V−/PI+). All analyses were performed by three independent experiments.




4.9. Statistical Analysis


All data are shown as mean ± standard error (SE) of 3 repeated experiments. Statistical analyses were conducted by SPSS version 25 (SPSS Inc., Chicago, IL, USA) and Duncan’s multiple range test was used as a post-test to confirm the differences between pairs of groups. A value of p < 0.05 was used to represent a statistically significant difference.
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Abbreviations




	AKT
	Alpha serine/threonine-protein kinase



	CDK
	Cyclin-dependent kinase



	EMSA
	Electrophoretic mobility shift assay



	ERK
	Extracellular signal-regulated kinase



	JNK
	c-Jun N-terminal protein kinase



	MAPKs
	Mitogen-activated protein kinases



	mRNA
	Messenger ribonucleic acid



	NF-κB
	Nuclear factor kappa-light-chain-enhancer of activated B cells



	P38 MAPK
	p38 mitogen-activated protein kinase



	PI3K/AKT
	Phosphoinositide 3-kinase/AKT



	XIAP
	X-linked inhibitor of apoptosis protein



	PARP-1
	Poly (ADP-ribose) polymerase-1
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Figure 1. Inhibition of WPMY-1 cell proliferation by resveratrol treatment. The cells were treated with various resveratrol concentrations (0, 100, 120, 150, and 200 μM) for 24 h. (A) Cell viability was determined by MTT assay. (B) The cells were counted by hemocytometer and microscope. The data are expressed as mean ± SD as a result of three independent experiments depending on the resveratrol concentration (* p < 0.05). 






Figure 1. Inhibition of WPMY-1 cell proliferation by resveratrol treatment. The cells were treated with various resveratrol concentrations (0, 100, 120, 150, and 200 μM) for 24 h. (A) Cell viability was determined by MTT assay. (B) The cells were counted by hemocytometer and microscope. The data are expressed as mean ± SD as a result of three independent experiments depending on the resveratrol concentration (* p < 0.05).



[image: Ijms 22 05969 g001]







[image: Ijms 22 05969 g002 550] 





Figure 2. Cellular morphology in WPMY-1 cells treated with resveratrol. The cells were treated without or with various resveratrol concentrations (0, 100, 150, and 200 μM) for 24 h. The morphological change of WPMY-1 cells was imaged using an inverted microscope (original magnification x200). 
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Figure 3. G0/G1-phase cell cycle arrest of WPMY-1 cells by resveratrol treatment. The cells were treated with various resveratrol concentrations (0, 100, 150, and 200 μM) for 24 h. Flow cytometry analysis was performed to analyze the cell cycle distribution in WPMY-1 cells treated with resveratrol. The results for each concentration are as follows: (A) 0 μM, (B) 100 μM, (C) 150 μM and (D) 200 μM. The data are expressed as mean ± SD as a result of three independent experiments depending on the resveratrol concentration (* p < 0.05). 
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Figure 4. Regulation of cell-cycle-related protein expression in WPMY-1 cells by resveratrol treatment. Cells were incubated with resveratrol for 24 h at the indicated concentrations. (A,B) Changes in regulatory proteins involved in cell cycle progression were analyzed by immunoblot. β-actin was used as a housekeeping protein in this experiment. The data are expressed as mean ± SD as a result of three independent experiments depending on the resveratrol concentration (* p < 0.05). 
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Figure 5. Regulation of the BPH marker expression in WPMY-1 cells by resveratrol treatment. Cells were incubated with resveratrol for 24 h at the indicated concentrations. (A,B) Changes in the BPH markers involved in prostate development progression were analyzed by immunoblot. β-actin was used as a housekeeping protein in this experiment. The data are expressed as mean ± SD as a result of three independent experiments depending on the resveratrol concentration (* p < 0.05). 
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Figure 6. Phosphorylation of the MAPKs and PI3K/AKT signaling in WPMY-1 cells by resveratrol treatment. WPMY-1 cells were treated with various resveratrol concentrations (0, 100, 150, and 200 μM) for 10 min. (A) The phosphorylation level of MAPKs was measured by immunoblots. Phosphorylation and total forms of JNK, ERK, and p38 were detected using specific antibodies. (B) AKT phosphorylation level was measured by immunoblots. Phosphorylation and total form of AKT were detected using specific antibodies of corresponding AKT. The data are expressed as mean ± SD as a result of three independent experiments depending on the resveratrol concentration (* p < 0.05). 
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Figure 7. Inhibition of NF-κB binding activity in WPMY-1 cells by resveratrol treatment. WPMY-1 cells were treated with various resveratrol concentrations (0, 100, 150, and 200 μM). Nuclear extracts were collected from the WPMY-1 cells and the binding activity of the NFκB was measured using the EMSA analysis. The data are expressed as mean ± SD as a result of three independent experiments depending on the resveratrol concentration (* p < 0.05). 
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Figure 8. Apoptosis induction in resveratrol-treated WPMY-1 cells. Cells were incubated with various concentrations of resveratrol for 24 h. (A) FACS analyses were performed to examine the apoptotic cell death using propidium iodide and annexin V staining. The percentage of apoptotic cells were determined by bar graph compared to controls. (B) Changes levels of apoptosis-related regulators in resveratrol-treated WPMY-1 cells were analyzed by immunoblotting. Loading control was presented as β-actin. Bar graphs are given as relative fold changes of each protein in comparison to the control group. Values are expressed as the mean ± SD of three independent experiments; * p < 0.05 compared with the control group. 
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Table 1. Percentages of cells in G0/G1, S, and G2/M phases.
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	Resveratrol Concentration (μM)
	G0/G1
	S
	G2/M





	0
	48.2%
	15.6%
	36.0%



	100
	58.0%
	15.0%
	27.0%



	150
	60.5%
	14.2%
	25.3%



	200
	65.7%
	12.4%
	21.9%
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