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Abstract. Chronic prostatitis (CP) is a common urological 
disorder, with bladder voiding dysfunction being the primary 
clinical manifestation. Resveratrol is polyphenolic compound 
isolated from numerous plants, with widely‑reported 
anti‑inflammatory properties. The present study aimed to 
investigate whether resveratrol may improve overactive bladder 
in rats with CP and to investigate the underlying molecular 
mechanisms. Furthermore, the potential pharmacological 
synergy between resveratrol and solifenacin was also investi-
gated as a potential treatment for CP. Following the successful 
establishment of a rat model of CP by subcutaneously injecting 
DPT vaccine, rats were treated with resveratrol or a combina-
tion of resveratrol + solifenacin. Bladder pressure and volume 
tests were performed to investigate the effect of resveratrol and 
solifenacin on urinary dysfunction in rats with chronic prosta-
titis. Western blot analysis and immunohistochemical staining 
were used to examine the expression of c‑Kit receptor, stem cell 
factor (SCF), AKT and phosphorylated‑AKT (p‑AKT) in the 
bladder tissue. The results of the bladder pressure and volume 
test indicated that the maximum capacity of the bladder, residual 
urine volume and maximum voiding pressure in the control 
group were 0.57 ml, 0.17 ml and 29.62 cm H2O, respectively. 
These values were increased by 71, 27 and 206% in rats in the 
CP group compared with the control group. Following treatment 
with resveratrol, the results in the resveratrol group were reduced 
by 25.77, 44.23 and 13.32% compared with the CP group. The 
results of western blot analysis, immunohistochemical staining 
and immunofluorescence labeling demonstrate that the protein 
expression of SCF, c‑Kit and p‑AKT in the bladder of rats in 
the CP group was 4.32, 6.13 and 6.31 times higher compared 

with the control group, respectively. Following treatment with 
resveratrol, protein expression was significantly reduced. 
However, no significant differences were observed between the 
protein expression of the SCF, c‑Kit and p‑AKT in the bladder 
between the resveratrol and combination groups. In conclusion, 
resveratrol may improve overactive bladder by downregulating 
the protein expression of SCF, c‑Kit and p‑AKT in the bladder 
of rats with CP. Furthermore, a combination of resveratrol and 
solifenacin may have potential pharmacological synergy as a 
treatment for patients with CP.

Introduction

Chronic prostatitis (CP) is a common urology disease and 
voiding dysfunction is the primary clinical manifestation (1), 
which is an important factor that affects the quality of life 
of patients with CP. It has been reported that the presence 
of urinary tract obstruction was revealed in patients with 
CP by urodynamic examination. Urinary tract obstruction 
primarily includes unstable bladder, sphincter spasm and 
detrusor‑external sphincter dyssynergia (2).

Non‑neuronal interstitial cells of Cajal (ICCs) are present 
in the gastrointestinal tract and are closely associated with 
neural stromal cells (3). Rhythmic contraction of gastroin-
testinal smooth muscle is regulated by ICCs (4). In addition, 
ICCs are associated with a variety of gastrointestinal motility 
disorders in pathological conditions (5). Sergeant et al (6) 
reported that ICC‑like cells are expressed in the bladder and 
have an important role in the regulation of bladder activity. 
At present, it has been demonstrated that ICC‑like cells are 
present in various locations in the urinary system and are 
morphologically and immunologically similar to ICC stromal 
cells (7,8). These cells have important roles in the motility of 
smooth muscle in the urinary system, which include storage 
and downward transportation of urine (9). The structure and 
function of ICC‑like cells is associated with urine carriage 
disorders  (10,11). Therefore, ICC‑like cells of the urinary 
system are an important area of research in urodynamics.

The receptor c‑Kit is also termed the stem cell factor (SCF) 
receptor  (12), and belongs to the tyrosine kinase receptor 
type III family (13). It is a type of transmembrane protein 
tyrosine kinase in ICC‑like cells (11,14). c‑Kit has an essential 
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role in maintaining the development, normal morphology and 
function of ICC‑like cells (15). However, the overexpression of 
c‑Kit in the bladder has been demonstrated to cause voiding 
dysfunction in patients with CP (16). Therefore, reducing the 
expression of c‑Kit protein in ICC‑like cells may effectively 
improve detrusor hyperactivity in patients with CP.

Resveratrol (17) (trans‑3,4,5‑trihydroxy stilbene) is present 
in numerous plants and foods, including cassia, pine trees, 
grapes, wine, mulberry and peanuts. Resveratrol was originally 
used as a phytoalexin (18), and the extensive anti‑inflammatory 
effects of resveratrol have been of interest to researchers (19). 
Furthermore, resveratrol has potent effects in reversing multi-
drug resistance (20). It is reported that resveratrol effectively 
relieves asthma by inhibiting the phosphatidylinositol3‑kinase 
(PI3K) signaling pathway (21). The PI3K signaling pathway 
is a downstream pathway of c‑Kit (22). Therefore, resveratrol 
may have the potential to improve urinary function in patients 
with CP. Solifenacin is currently used to improve overactive 
bladders in patients with CP by inhibiting muscarinic recep-
tors (23), however, it does not effectively improve prostatitis. 
Due to the different targets, resveratrol and solifenacin may 
have potential pharmacological synergy in patients with CP.

The present study aimed to investigate whether resveratrol 
may improve overactive bladder in rats with CP and to inves-
tigate the underlying molecular mechanisms. Furthermore, 
the potential pharmacological synergy of resveratrol and 
solifenacin is also investigated as a treatment for rats with CP.

Materials and methods

Chemicals. Resveratrol (>99% purity) was purchased from 
Dalian Meilun Biotechnology Co., Ltd. (Dalian, China). 
Solifenacin was purchased from Beijing Alliesyn Technology 
Co., Ltd. (Beijing, China). Diphtheria, pertussis and tetanus 
(DPT) vaccine was obtained from Wuhan Institute of 
Biological Products Co., Ltd. (Wuhan, China). All other 
chemicals used in the present study were of analytical grade 
and commercially available.

Animals. A total of 24 male Sprague‑Dawley rats (age, 6 weeks; 
weight, 180±20 g) were purchased from the Experimental 
Animal Center of Dalian Medical University (permit 
no. SCXK 2008‑0002; Dalian, China). The rats were housed 
in a controlled temperature of 22±2˚C and relative humidity of 
60±5%, under a 12 h light/dark cycle with ad libitum access to 
water and food; rats were fasted overnight and provided with 
water prior to surgery. All animal experiments were approved 
by the ethics committee of Dalian Medical University and 
performed in accordance with the institutional guidelines.

Prostatic protein isolation. Rat prostatic protein was purified 
from male Sprague‑Dawley rats. After male Sprague‑Dawley 
rats (weight, ~200 g) were sacrificed, prostate tissue was 
removed under sterile conditions and washed with saline 
solution. Prostatic tissue was subsequently placed into a physi-
ological saline solution containing 0.5% Triton‑X‑100 and 
homogenized in an ice‑water bath with a glass homogenizer. 
Subsequently, the homogenized liquids were centrifuged 
(10,000  x  g) for 10  min at 4˚C. Proteins were quantified 
using a bicinchoninic acid (BCA) assay kit (Beijing Solarbio 

Science & Technology Co., Ltd., Beijing, China) and diluted to 
15 mg/ml with PBS buffer (0.1 mol/l; pH 7.2).

Rat model of CP. To establish the CP model, rats were subcu-
taneously injected with DPT vaccine (0.5 ml/kg) on day 0. 
Subsequently, they were intradermally injected at multiple 
points with a mixture (1.0 ml) of purified rat prostatic protein 
and Freund's Complete Adjuvant (1:1) on days 0, 15 and 
30 (24). The rat model of CP was completed at day 45.

Rats were randomly divided into the following four groups 
(n=6 per group): Control group, normal rats received orally 
administered saline for 10 days; CP group, CP model rats 
received orally administered saline for 10 days; resveratrol 
group, CP model rats received orally administered resveratrol 
(10 mg/kg) (25) for 10 days; and combination group, CP model 
rats received orally administered resveratrol (10 mg/kg) and 
solifenacin (0.7 mg/kg) (26) for 10 days.

Bladder pressure and volume test in rats. Rats were anes-
thetized with an intraperitoneal injection of pentobarbital 
(60 mg/kg) prior to surgery. Subsequently, the rats were fixed on 
an operating frame and the upper edge of the pubic symphysis 
skin was cut. The bladder was exposed and placed in the inci-
sion to avoid affecting the abdominal pressure on the detrusor 
pressure. Two 24‑gauge tubes were inserted into the bladder 
and fixed, and the bladder was irrigated by saline (0.4 ml/min) 
via one 24‑gauge tube. The other tube was connected to 
Medlab biological signal acquisition system (Medlab GmbH, 
Stutensee, Germany) via a pressure transducer. The maximum 
capacity of the bladder, residual urine volume and maximum 
voiding pressure were measured.

Morphological changes. Following bladder pressure and 
volume analysis, rats were sacrificed. The prostate and bladder 
were removed and fixed for 2 days at 25˚C in 10% (v/v) neutral 
formalin and then embedded in paraffin. Tissue samples were 
sectioned in 4 µm slices and processed by standard histological 
techniques. Prostatic tissue was stained with haematoxylin 
and eosin (H&E) and examined for morphological changes. 
The protein expression of c‑Kit, SCF, AKT and phosphory-
lated‑AKT (p‑AKT) was investigated in bladder tissue using 
western blot analysis, immunohistochemical staining and 
immunofluorescence labeling.

Western blot analysis. According to the manufacturer's 
protocol, proteins were extracted from rat bladders using a 
Total Protein Extraction kit (Nanjing KeyGen Biotech Co., 
Ltd., Nanjing, China). Protein was quantified using a BCA assay 
kit (Beijing Solarbio Science & Technology Co., Ltd.), with 
bovine serum albumin (BSA) as the standard. Proteins (20 µg) 
were resuspended in electrophoresis sample buffer containing 
5% β‑mercaptoethanol and separated by electrophoresis on a 
pre‑cast 10% SDS‑polyacrylamide gel (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA), followed by electrotransfer to a 
polyvinylidene fluoride membrane (EMD Millipore, Billerica, 
MA, USA). Membranes were blocked using 5% non‑fat 
milk in TBS with 0.1% Tween‑20 (TBST) for 2 h at 37˚C. 
β‑actin served as a loading control. Membranes were incu-
bated overnight at 4˚C with a 1:1,000 dilution of polyclonal 
antibodies for c‑Kit (sc‑168), SCF (sc‑9132), AKT (sc‑8312) 
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and p‑AKT (sc‑16646‑R; Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA), and with a 1:1,500 dilution of monoclonal 
antibody for β‑actin (bsm‑33036M; BIOSS, Beijing, China). 
Following washing with TBST, the blots were incubated with 
a 1:1,000 dilution of goat anti‑rabbit IgG‑HRP (sc‑2004; Santa 
Cruz Biotechnology, Inc.) for 1 h at 37˚C. Following exten-
sive washing with TBST, protein bands were visualized by 
enhanced chemiluminescence (ECL) using ECL plus reagents 
from Beyotime Institute of Biotechnology according to the 
manufacturer's protocol. Emitted light was documented with 
a BioSpectrum®‑410 multispectral imaging system with a 
Chemi HR 410 camera (UVP, Inc., Upland, CA, USA). Protein 
bands were visualized and photographed under transmitted 
ultraviolet light. Blots were semi‑quantified by densitometric 
analysis using the Image Lab software version 4.0 (Bio‑Rad 
Laboratories, Inc.). Experiments were repeated 6 times.

Immunohistochemical staining. Histological sections of 
rat bladder (4 µm) were mounted on poly‑L‑lysine‑coated 
slides. Slides were deparaffinized in xylene and rehydrated 
in graded alcohols. Sections were pretreated with citrate 
buffer (0.01 mol/l citric acid; pH 6.0) for 20 min at 95˚C. 
Subsequently, at room temperature, sections were immersed 
in PBS containing 3% H2O2 for 10 min. Following exposure 
to 10% normal goat serum (ZSGB‑BIO, Beijing, China) in 
PBS for 30 min at room temperature, the tissue sections were 
incubated at 4˚C overnight with rabbit polyclonal anti‑c‑Kit 
(1:100; sc‑168; Santa Cruz Biotechnology, Inc.). Sections were 
rinsed with PBS, incubated with biotinylated goat anti‑rabbit 
IgG kit (SP‑9001; OriGene Technologies, Inc., Beijing, China) 
for 20 min at room temperature and treated with 3,30‑diami-
nobenzidine chromogen for 5  min at room temperature. 
Finally, sections were counterstained with hematoxylin for 
6 min and imaged under a light microscope. A total of 6 
sections and 10 randomly selected fields/section were imaged 
per animal.

Immunofluorescence labeling. After rinsing with PBS, 
rat bladder sections (4 µm) were permeabilized with 0.1% 
Triton X‑100 in PBS for 10 min and blocked with 2% BSA in 
PBS for 30 min at 37˚C. The specimen slides were incubated 
with primary anti‑c‑Kit antibody (1:100; sc‑168; Santa Cruz 
Biotechnology, Inc.) at 4˚C overnight. The specimens were 
subsequently washed three times with PBS and incubated with 
a cyanine 3‑conjugated AffiniPure goat anti‑rabbit IgG (H+L) 
(1:100; sa00009‑4; ProteinTech Group, Inc., Chicago, IL, 
USA) at 37˚C for 1 h. Following additional washes, the immu-
nofluorescent images were captured by 80i Nikon microscope 

(Nikon Corporation, Tokyo, Japan). A total of 6 sections and 
10 randomly selected fields/section were imaged per animal.

Statistical analysis. Statistical analysis was performed using 
SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA). Data 
are presented as the mean ± standard deviation. Statistically 
significant differences were compared using one‑way analysis 
of variance followed by post hoc Tukey or Dunnett's tests for 
multiple comparisons. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Assessment of CP. Histological examination of H&E‑stained 
sections was performed to determine the extent of CP. 
H&E‑stained prostate from the CP group demonstrated that 
the prostate tissues were infiltrated by a large number of 
inflammatory cells (Fig. 1), which indicates that the rat model 
of CP was established successfully (27).

Resveratrol improves overactive bladder in rats with CP. The 
results of the bladder pressure and volume analysis demon-
strate that the maximum capacity of the bladder, residual urine 
volume and maximum voiding pressure in the rats of control 
group were 0.57 ml, 0.17 ml and 29.62 cm H2O, respectively 
(Table  I). The maximum capacity of the bladder, residual 
urine volume and maximum voiding pressure in the rats of 
CP group increased by 0.71, 2.06 and 0.27 fold, respectively, 
compared with the control group (Table I). These results also 
indicate that the model of CP rats was successfully established. 
Following treatment with resveratrol in CP rats, the maximum 
capacity of the bladder, residual urine volume and maximum 
voiding pressure in the rats of resveratrol group was reduced 
by 25.77, 44.23 and 13.32%, respectively, compared with 
the CP group (Table I), which indicates that resveratrol may 
effectively improve overactive bladder in rats with CP and, as 
the reduction observed with combination treatment was larger, 
pharmacological synergy of resveratrol and solifenacin may 
improve overactive bladder.

Resveratrol downregulates the protein expression of SCF 
and c‑Kit. The results of western blot analysis demonstrate 
that the protein expression of SCF and c‑Kit in the bladder 
of rats in the CP group was 4.32 and 6.13 times higher than 
in the control group (Fig. 2), respectively. However, following 
treatment with resveratrol, the protein expression of SCF 
and c‑Kit in the rat bladders was significantly reduced 
compared with the CP group (Fig. 2). However, no significant 

Figure 1. Prostates from (A) control (B) chronic prostatitis (C) resveratrol and (D) combination treatment groups were stained with hematoxylin and eosin. 
Magnification, x400.
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differences in the protein expression of SCF and c‑Kit were 
observed between resveratrol and combination groups (Fig. 2). 
Immunohistochemistry and immunofluorescence results were 
consistent with western blot analysis results. The protein 
expression of c‑Kit in the bladder tissue of the CP group 
was significantly increased compared with the control group 
(Figs. 3 and 4). However, following treatment with resveratrol 
or resveratrol + solifenacin, the protein expression of c‑Kit in 
the bladder tissue was reduced compared with the CP group 
(Figs. 3 and 4), with no differences observed between resvera-
trol and combination groups.

Resveratrol inhibits PI3K/AKT pathway activity. The 
PI3K/AKT pathway is a downstream signaling pathway of 
SCF/c‑Kit, therefore, the present study investigated the pathway 
activity of PI3K/AKT. The level of p‑AKT in the CP group was 
6.31 times higher than in the control group (Fig. 5). However, 
following treatment with resveratrol or resveratrol + solifenacin, 
p‑AKT levels were significantly reduced compared with the CP 
group (Fig. 5). The results indicate that resveratrol may suppress 
the activity of the PI3K/AKT signaling pathway in rats with CP.

Discussion

The c‑Kit protein was first discovered in 1987, and the human 
c‑Kit gene is located at 4q11‑12 and encodes a c‑Kit protein that 
is a transmembrane glycoprotein of receptor tyrosine kinases 
class III (28). The c‑Kit receptor is widely distributed on the 
surface of hematopoietic stem cells, myeloid progenitor cells, 
dendritic cells, mast cells, lymphocyte precursors, melanocytes 

and germ cells. In the bladder, c‑Kit is primarily expressed 
in ICC‑like cells, thus, the protein expression level of c‑Kit 
is an indicator of the number of ICC‑like cells (28). ICC‑like 
cells, detrusor smooth muscle cells and nerves interact with 
each other in the bladder (29,30). The ICC‑like cell is closely 
associated with nerve signal transduction from the epithelium 
to smooth muscle, and the structural relationships contribute 
to triggering the detrusor contraction (31).

The survival, proliferation and differentiation of cells are 
closely associated with the activation of SCF/c‑Kit signaling 
pathway (32-34). SCF is a c‑Kit ligand and cytokine. It is consid-
ered important for c‑Kit activation, survival and the function 
of ICCs (15). However, the excessive activation of SCF/c‑Kit 
signaling pathway may cause abnormal proliferation of ICC‑like 
cells in the bladder, therefore potentially causing urinary 
dysfunction. Therefore, the present study investigated whether 
the abnormal proliferation of ICC‑like cells is one of the causes 
of voiding dysfunction in rats with CP.

A rat model of CP was established by immunological 
methods. After the model established, changes in rat prostate 
morphology was investigated by H&E staining. The results 
indicate that the prostate tissues of rats with CP were infil-
trated by a large number of inflammatory cells. Subsequently, 
bladder pressure and volume tests were performed in rats. The 
results demonstrated that the maximum capacity of the bladder, 
residual urine volume and maximum voiding pressure of the 
rats in the CP group were significantly increased compared 
with the control group. These results also indicate that the rat 
model of CP was established successfully. However, after the 
rats were administered resveratrol, the maximum capacity of 

Figure 2. Effect of resveratrol on the protein expression of SCF and c‑Kit in the bladders of rats with CP by western blot analysis. Relative expression ratios 
following normalization by β‑actin are presented. Data are presented as the mean ± standard deviation. **P<0.01 vs. control and ##P<0.01 vs. CP (n=6). SCF, 
stem cell factor; CP, chronic prostatitis.

Table I. Resveratrol improves overactive bladder in rats with CP.

	 Maximum	 Maximum voiding	 Residual urine
Group	 capacity (ml)	 pressure (cmH2O)	 volume (ml)

Control	 0.57±0.09	 27.62±2.98	 0.17±0.11
CP	 0.97±0.12a	 35.21±0.89a	 0.52±0.17a

Resveratrol	 0.72±0.03b	 30.51±1.14b	 0.29±0.02b

Combination	 0.60±0.08c	 28.78±1.03c	 0.23±0.16c

aP<0.01 vs. control, bP<0.01 vs. CP and cP<0.05 vs. resveratrol group. CP, chronic prostatitis.
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the bladder, residual urine volume and maximum voiding pres-
sure of the rats in resveratrol group were significantly reduced 
compared with the CP group and were further reduced with 
combination treatment. The results indicate that resveratrol 
may improve overactive bladder in rats with CP, and phar-
macological synergy between resveratrol and solifenacin was 
observed to improve overactive bladder.

To investigate the mechanism by which resveratrol 
improves overactive bladder in CP rats, the protein expression 
of SCF and c‑Kit in bladder of rats was examined by western 
blot analysis and immunohistochemical staining. The results 
of western blot analysis, immunohistochemical staining and 
immunofluorescence labeling demonstrate that the protein 
expression of c‑Kit in bladders from the CP group were signifi-
cantly increased compared with the control group. However, 
following treatment with resveratrol, the protein expression of 
c‑Kit was reduced compare with the CP group. In addition, the 

results of western blot analysis demonstrated that SCF protein 
expression changes are similar to c‑Kit. Therefore, we hypoth-
esize that resveratrol may reduce the expression of c‑Kit by 
downregulating SCF expression, which improves overactive 
bladder in rats with CP.

Various downstream signaling pathways of SCF/c‑Kit are 
activated when SCF specifically binds with c‑Kit and forms 
a homodimer, including PI3K (22), Ras/Erk phospholipase 
C‑γ and JAK/STAT signaling pathways (35). Phosphorylation 
of AKT is an important process in PI3K signal transduction. 
Therefore, the present study examined the levels of p‑AKT 
by western blot analysis. p‑AKT levels in the CP group 
were significantly higher compared with the control group. 
However, following treatment with resveratrol, p‑AKT levels 
were significantly reduced compared with the CP group. The 
results indicate that resveratrol may suppress PI3K/AKT 
pathway activity, and that resveratrol may improve overactive 
bladder in rats with CP by downregulating the expression of 
c‑Kit.

Traditional medicines have been associated with thera-
peutic efficacy and reduced side effects in numerous diseases. 
Currently, the separation, extraction and investigation of the 
pharmacological activity of monomer components of traditional 
medicines are increasingly performed in studies. Furthermore, 
the combination of traditional medicine and chemical drugs has 
emerged as a novel research direction. Solifenacin is a selective 
antagonist of muscarinic acetylcholine M3 receptors. It is used 
in the treatment of overactive bladder, which includes urgency, 
frequency and urge incontinence. Therefore, the present 
study investigated whether there is potential pharmacological 
synergy between resveratrol and solifenacin in the treatment 
of rats with CP. The results of bladder pressure and volume 
tests indicated that the combination of resveratrol and soli-
fenacin strengthened the improvement in overactive bladder. 
However, no differences in the protein expression of SCF, c‑Kit 
and p‑AKT were observed between resveratrol and combina-
tion groups by western blot analysis, immunohistochemical 

Figure 3. Effect of resveratrol on the protein expression of c‑Kit in the 
bladder of rats with CP. Immunohistochemical staining was performed on 
bladder tissue from (A) control, (B) CP, (C) resveratrol and (D) combination 
treatment groups. Magnification, x400. CP, chronic prostatitis.

Figure 4. Effect of resveratrol on the protein expression of c‑Kit in the 
bladder of rats with CP. Immunofluorescence labeling was performed on 
bladder tissue from (A) control, (B) CP, (C) resveratrol and (D) combination 
treatment groups. Magnification, x400. CP, chronic prostatitis.

Figure 5. Resveratrol inhibits phosphatidylinositol3‑kinase/AKT pathway 
activity in the bladder of rats with CP. Relative expression ratios of 
p‑AKT normalized to total AKT are presented. Data are presented as the 
mean ± standard deviation. **P<0.01 vs. control and ##P<0.01 vs. CP (n=6). 
CP, chronic prostatitis; p‑AKT, phosphorylated‑AKT.
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staining and immunofluorescence labeling. The results indicate 
that resveratrol and solifenacin may act on different targets to 
exhibit pharmacological synergy in the treatment of CP.

In conclusion, resveratrol may improve overactive bladder 
by downregulating the expression of SCF, c‑Kit and p‑AKT 
in the bladder of rats with CP. Furthermore, resveratrol and 
solifenacin may exhibit pharmacological synergy in the treat-
ment of CP in rats.
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