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Cyclopamine functions as a suppressor of benign prostatic
hyperplasia by inhibiting epithelial and stromal cell proliferation
via suppression of the Hedgehog signaling pathway
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Abstract. Stromal‑epithelial interaction serves a pivotal role
in normal prostate growth, as well as the onset of benign prostatic hyperplasia (BPH). The present study aimed to explore
the role of cyclopamine in the proliferation and apoptosis
of epithelial and stromal cells in rats with BPH by blocking
the Hedgehog signaling pathway. Cyclopamine (an inhibitor
of the Hedgehog signaling pathway) was administered in a
rat model of BPH, and the expression of Ki67 (proliferation
factor) was determined by immunohistochemistry. In addition,
epithelial and stromal cells were separated and cultured in
order to investigate the role of cyclopamine in the progression
of BPH. The expression of Hedgehog signaling pathway‑ and
apoptosis‑related genes, including basic fibroblastic growth
factor (b‑FGF) and transforming growth factor β (TGF‑β),
was evaluated using reverse transcription‑quantitative
polymerase chain reaction and western blot analysis. Cell
proliferation, cell cycle and apoptosis were analyzed using
an MTT assay and flow cytometry. We identified upregulated
Ki67 expression and activated Hedgehog signaling pathway
in rats with BPH. Cyclopamine inhibited the activation of
the Hedgehog signaling pathway. In response to cyclopamine treatment, epithelial and stromal cell proliferation
was inhibited; this was concomitant with decreased Ki67,
TGF‑β, and b‑FGF expression. On the other hand, epithelial
cell apoptosis was enhanced, which was associated with
increased Bax and reduced Bcl‑2 expression. Based on these
findings, we proposed that cyclopamine may serve as a potential therapeutic agent in the treatment of BPH. Cyclopamine
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could inhibit epithelial and stromal cell proliferation, and
induce epithelial cell apoptosis by suppressing the Hedgehog
signaling pathway.
Introduction
Benign prostatic hyperplasia (BPH), an urologic and chronic
disease, has been regarded as one of the most frequently
occurring diseases among old‑aged males, with proportions
reaching ≤80% in males aged >70 years old (1,2). Symptoms
of BPH commonly include proliferation of smooth muscle
and epithelial cells inside the prostatic transition area (3).
BPH frequently begins as a simple micronodular hyperplasia that gradually develops into a macroscopic nodular
growth; it can also cause urinary tract symptoms, such as
increased urinary urgency and frequency, nocturia, and weak
flow (2,4). At present, there is an increased focus on treatments for BPH, such as transurethral resection of the prostate,
pharmacotherapy and phytotherapy, particularly in western
countries (5,6).
Hedgehog refers to a group of proteins that were first
detected in Drosophila, and serves significant roles in
embryonic development (7). Additionally, the Hedgehog
signaling pathway has been highlighted as crucial not only
for maintaining the stem cell compartment, but also for cell
proliferation and differentiation during embryonic tissue
patterning (8). This signaling pathway, once activated, can
also enhance oncogenesis due to its ability to promote tumor
invasion and metastasis in a number of diseases, such as in
prostate and pancreatic cancer, and gastric carcinoma (9).
Gli1, Gli2 and Gli3 are important transcription factors in
the Hedgehog signaling pathway, and when the Hedgehog
signaling pathway is inactivated, the transcription of Gli1 is
inhibited (10). In addition, β transducing repeat containing
2 mediates the degradation of Gli2, and Gli3 is cleaved into
small fragments in vivo, consequently, Gli proteins cannot
enter the nucleus and exert their function as transcription
factors (11). When Sonic Hedgehog (Shh) binds to cell
membrane receptors and activates the Hedgehog signaling
pathway, Gli proteins translocate into the nucleus, and
mediates the transcription and expression of downstream
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target genes (12‑14). A previous study revealed that blocking
of Hedgehog signaling could suppress Shh‑induced cell
angiogenesis and migration (8). Cyclopamine is a powerful
hedgehog signaling antagonist, and mainly targets the
Smoothened (Smo) proteins (15).
The inhibitory effects of cyclopamine on the Hedgehog
signaling pathway is achieved as follows: Cyclopamine binds
directly to Smo, which affects its function and interferes
with Shh signaling. Cyclopamine also inhibits the Hedgehog
signaling pathway in a Ptch‑independent manner and acts to
suppress carcinogenesis. Additionally, it converts Smo into
its active form (16). The mechanism by which cyclopamine
specifically inhibits Shh activation is currently unclear. It
was proposed that cyclopamine interferes with the reception
of Hedgehog signaling in vertebrates; this process involves
receptors with multiple transmembrane domains, namely, Ptch
and Smo (17).
BPH is caused by a non‑malignant proliferation of
epithelial and stromal cells in the prostate gland areas (18).
It has been reported that stromal‑epithelial associations play
central modulator roles in prostate growth and in homeostasis
of the adult prostate (19). Previously, various studies have
demonstrated close associations between cyclopamine and the
Hedgehog signaling pathway, and this compound is commonly
employed in the treatment of prostate cancer (13,14). To
further determine its functions and roles in regulating BPH,
the present study investigated the effects of cyclopamine on
the proliferation and apoptosis of epithelial and stromal cells
in rats with BPH by blocking the Hedgehog signaling pathway.
Materials and methods
Study subjects. A total of 15 normal male SD rats and 50
SD rats with BPH (6‑8 weeks, weighing 400‑450 g) were
purchased from the Hunan SLAC Laboratory Animal Co.,
Ltd. (Changsha, China) and housed under a 12 h light/dark
cycle at 22±2˚C with relative humidity at 50±10%. Following
1 week of acclimatization, rats were fasted overnight with free
access to water prior to experiments. Cyclopamine (0, 10, 20
and 30 mg/kg) was intraperitoneally injected into rats with
BPH (n=5), and BPH tissues was collected for western blot
analysis of Smo protein. The remaining 45 rats were assigned
into the normal group (normal rats, n=15), the BPH group
(BPH rats, n=15) and the cyclopamine group (BPH rats, n=15).
Rats in the cyclopamine group were intraperitoneally injected
with 20 mg/kg cyclopamine. Rats in the normal and BPH
groups were fed normally. After 1 week, rats were sacrificed
via CO2 overdose; prostate tissues were obtained to determine
the indexes described below. Wet weight was measured
using an analytical balance, prostate volume was measured
by the volumetric method (20), and prostate index (PI) was
calculated using the formula: PI=wet weight of prostate/total
body weight. All rats were fed in specific‑pathogen‑free
grade chambers, which was compliant with the Laboratory
Animal Requirements of Environment and Housing Facilities
Guidelines (GB 14925‑2010).
Hematoxylin and eosin (H&E) staining. Tissues were
sectioned (5‑µm thick), laid out at 45˚C, selected and dried
at 60˚C for 1 h. They were then deparaffinized with xylene

and stained with the H&E solution (Beijing Solarbio Science
& Technology Co., Ltd. Beijing, China). Then, tissue sections
were dehydrated with an ethanol gradient (50, 70, 80 and 95%),
cleared with xylene, mounted using neutral gum, and observed
under a Zeiss fluorescence microscope (magnification x400;
Axio Observer A1/D1/Z1, Zeiss AG to analyze histopathological changes in prostate tissues.
Terminal deoxynucleotidyl transferase‑mediated dUTP
nick‑end labeling (TUNEL) staining. Triton X‑100 (0.1%)
was added to tissue sections, which were then placed on ice
for 4 min and washed three times with PBS (2 min each
time). TUNEL reaction solution (50 µl, ZK‑8005, Beijing
Zhongshan Jinqiao Biotechnology Co., Ltd.) was added for
1 h at 37˚C; tissues were then washed three times with PBS.
Diaminobenzidine/H2O2 solution (cat. no. 2014, Invitrogen;
Thermo Fisher Scientific, Inc.) was then added for 5 min at
room temperature, after which it was terminated by washing
the sections with PBS. Hematoxylin was applied for re‑staining
at 37˚C for 10 sec, and sections were dehydrated, cleared,
sealed with anti‑fluorescence quenching sealing solution and
observed under a fluorescence microscope (magnification
x400; BX43; Olympus Optical Co., Ltd.) with five high power
fields randomly selected to count the number of TUNEL positive cells.
Immunohistochemistry. Tissues were fixed using formaldehyde, paraffin‑embedded, and sectioned into 4 µm slices. They
were then dried in a 60˚C incubator for 1 h, deparaffinized
by xylene (Mingtou Industry and Trade Co., Ltd., Shanghai,
China), dehydrated an ethanol gradient (50, 70, 80 and 95%),
incubated with 3% H2O2 for 10 min, and finally washed with
PBS. Antigen retrieval was performed under high pressure
for 90 sec, after which samples were cooled down to room
temperature. Non‑specific binding was blocked with 5%
bovine serum albumin (BSA; Shanghai Sangon Biological
Engineering Technology & Services Co., Ltd.) blocking buffer
at 37˚C for 30 min. Tissue sections were then incubated with
the primary antibody (1:200, Ki67 monoclonal antibody,
Biogot Technology, Inc., Nanjing, China) at 4˚C overnight.
Goat anti‑mouse IgG secondary antibody labeled by biotin
(1:1,000, ab6759, Abcam Inc., Cambridge, MA, USA) was
added at 37˚C for 30 min. Subsequently, streptavidin solution
(Zhongshan Goldenbridge Biotechnology, Co. Ltd., Beijing,
China) was added at 37˚C for 30 min. This was followed by
addition of 3,3'‑diaminobenzidine (Bioss Biotechnology Co.,
Ltd., Beijing, China) for 5 min at room temperature. Tissues
were washed with water for 5 min, and were immersed in the
hematoxylin solution (Yinggong Reagent Co., Ltd., Shanghai,
China) for 5 min at 37˚C. Lastly, tissues were washed with
running water. PBS was used in place of the primary antibody
in the negative control group. Tissue sections with positive
expression were included in the positive control group. Tissue
sections were observed and imaged under an optical microscope (XSP‑36, Boshida Optical Instrument Co., Shenzhen,
China). A total of five high power fields (magnification, x200)
were randomly selected, and 100 prostate cells in each field
were analyzed. If the percentage of cells with positive expression was <10, ≥10 but <50%, or ≥50%, the staining result is
negative, positive, or strongly positive, respectively (15).

INTERNATIONAL JOURNAL OF MOlecular medicine 46: 311-319, 2020

Cell treatment. A region of the anterior lobe on the right side and
ventral lobe of the prostate were collected, washed twice with
the D‑Hanks solution, and cut into pieces. Any visible macrovascular tissue was removed, and the lobes were digested with
2% trypsin at room temperature for 30 min. Following a 5‑min
centrifugation at 1,789 x g at 25˚C, tissues were digested with
0.06% collagenase type II at room temperature for 15 min, and
were then filtered. The filtrate was mixed evenly with culture
suspension of epithelial cells, which was then inoculated in
a culture flask embedded with fibronectin (Shanghai Sangon
Biological Engineering Technology & Services Co., Ltd.).
Cells were cultured with 10% fetal bovine serum (FCS500,
Excell Bio Company, Shanghai, China) at 5% CO2 and 37˚C.
A mixture composed of insulin‑transferrin‑selenium (with
a volume ratio of 1:100), 0.5 µg/l β ‑endothelial cell growth
factor and 100x103 U/l penicillin‑streptomycin double‑antibody (B540732; Shanghai Sangon Biological Engineering
Technology & Services Co., Ltd.) was added.
MTT assay. Epithelial and stromal cells (2.5x105 cells/ml)
were seeded into a 96‑well plate. Cells were maintained in
an incubator at 5% CO2 and 37˚C. The plate was removed on
days 1, 2, 3, 4 and 5 for the MTT assay. Briefly, 10 µl MTT
solution (5 g/l) (GD‑Y1317, Guduo Biotechnology Company,
Shanghai, China) was added into each well. Cells were then
further incubated at 37˚C for 24 h. This was followed by the
addition of 100 µl dimethyl sulfoxide (D2650, Sigma‑Aldrich;
Merck KGaA, Darmstadt, Germany). The plate was then
slightly shaken and mixed evenly for 10 min. An automatic
enzyme‑labelled reading meter (BS‑1101, Detielab Co., Ltd.,
Nanjing, China) was used to measure the optical density value
at 490 nm.
Flow cytometry. Cells were collected by 0.25% trypsin at 37˚C
for 30 min, washed with PBS, and re‑centrifuged at 1,145 x g for
5 min at room temperature. Cell precipitates were fixed using
pre‑cooled 70% ethanol at 4˚C overnight, and washed twice
with PBS. Cell suspension (100 µl, total number of cells no
less than 106 cells/ml) was obtained, to which 1 ml of 50 mg/l
propidium iodide (containing RNAase, Sigma‑Aldrich; Merck
KGaA) was added. Staining was conducted for 30 min in the
dark. A nylon net with 100 pores was used for filtration; flow
cytometry was performed with an excitation wavelength of
488 nm for cell cycle analysis (ModFit LT; version 4.1; Verity
Software House, Inc.).
Annexin V‑fluorescein isothiocyanate (FITC)/propidium
iodide double staining was used to examine cell apoptosis;
cells were treated aforementioned for cell cycle analysis.
Cells were then incubated for 48 h at 37˚C with 5% CO2.
Subsequently, cells were collected, washed twice with PBS,
centrifuged at 1,145 x g for 5 min at room temperature, and
resuspended in 200 µl binding buff er. As per the instructions of the Annexin‑V‑FITC cell apoptosis detection
kit (K201‑100, BioVision, Mountain View, CA, USA),
Annexin V‑FITC, PI and HEPES were used to make up the
Annexin V‑FITC/propidium iodide cocktail in a 1:2:50 ratio.
Cells were then incubated in the dark at room temperature
for 20 min. Flow cytometry was used to detect cell apoptosis
at an excitation wavelength of 488 nm. The experiment was
repeated three times.
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Reverse transcription quantitative polymerase chain reaction
(RT‑qPCR). Total RNA in prostate cells of all rats were
extracted with TRIzol (Invitrogen; Thermo Fisher Scientific,
Inc.). RT‑qPCR was carried out according to the instructions provided by the TaqMan MicroRNA Assays Reverse
Transcription kit (cat. no. 4427975, Applied Biosystems Inc.;
Thermo Fisher Scientific, Inc.) using an ABI7500 quantitative PCR instrument (7500, ABI Company, Oyster Bay,
N.Y., USA). The qPCR reaction conditions were as follows:
Pre‑denaturation (95˚C) for 5 min, denaturation (94˚C) for
10 sec, annealing for 30 sec at 30˚C, and DNA strand extension
for 15 sec at 72˚C; 40 cycles were performed in total. GAPDH
was used as the internal reference gene, and relative mRNA
expression was determined by the 2‑∆∆Cq method (21), where
ΔCt=Cttargeted gene‑CtGAPDH. The experiment was repeated three
times. Primer sequences of RT‑qPCR are listed in Table I.
Western blot analysis. Protein was detected using the bicinchoninic acid kit (cat. no. 20201ES76; Yeason Biotechnology
Co. Ltd.); samples were diluted in deionized water to achieve
a loading quantity of 30 µg protein per lane. Proteins were
separated via SDS‑PAGE (12% gel) transferred onto a nitrocellulose membrane, which was sealed using 5% skim milk
powder at 4˚C and kept overnight. Diluted primary anti‑rabbit
polyclonal antibodies were added to the cells, and included
Shh (1:1,000, ab53281, Abcam), Gli1 (1:1,500, ab151796,
Abcam), Ptch1 (1:1,500, ab53715, Abcam), basic fibroblastic
growth factor (b‑FGF; 1:200, ab99979, Abcam), transforming
growth factor β (TGF‑β; ab31013, Abcam), B‑cell lymphoma‑2
(Bcl‑2)‑associated X protein (Bax; 1:2,000, ab32503, Abcam),
Bcl‑2 (1:500, ab692, Abcam), and GAPDH (1:2,500, ab9485,
Abcam). The rabbit anti‑human monoclonal secondary
antibody (1:200, bs‑0361R‑HRP, BIOSS Company, Beijing,
China) was used then added. Subsequently, protein bands were
visualized using electrochemical luminescence (ECL808‑25,
Biomiga, Inc., San Diego, CA, USA) and analyzed by Image J
software (version 2.1.4.7; National Institutes of Health Inc.).
Statistical analysis. All data were analyzed with the SPSS
21.0 software (IBM Corp., Armonk, NY, USA). Data were
presented as the mean ± standard deviation. Comparisons
among multiple groups were determined by one‑way analysis
of variance. Pairwise comparison of mean values was
analyzed by the Least Significant Difference method. P<0.05
was considered to indicate a statistically significant difference.
Results
Cyclopamine decreases wet weight, volume, and PI of prostate
in rats with BPH. In our study, we administered 0, 10, 20 and
30 mg/kg cyclopamine to rats with BPH rats (n=5), and BPH
tissues were collected for determination of wet weight, volume,
and PI of prostate in rats with BPH. The wet weight, volume
and PI of prostate tissues in rats among the three groups were
observed following establishment of the BPH model (Fig. 1).
As compared with those in the normal group, the wet weight,
volume and PI of the prostate were significantly increased in
the BPH and cyclopamine groups (P<0.05). As compared with
the BPH group, these parameters in the cyclopamine group
were significantly decreased (P<0.05).
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Table I. Primer sequences for reverse transcription‑quantitative
polymerase chain reaction.
Gene

Premier sequence (5'‑3')

Shh

Forward: ACCGAGGGCTGGGACGAAGA
Reverse: ATTTGGCCGCCACCGAGTT
Forward: TTTGGACTGCTTCTGGGAAGGG
Reverse: TTTTTGTTGGGGGCTGTGGC
Forward: GAAGGTGAAGGTCGGAGT
Reverse: GTCCAGGCTGGCATCCGACA
Forward: GAGGAGTTGTGTCTATCAAAG
Reverse: GTTCGTTTCAGTGCCACATACC
Forward: CAAGAGGCTGTGTTGVTGTGAATC
Reverse: GTTGGTTTGAGAAAATCCATCGG
Forward: GACCAGGGTGGCTGGGAAGG
Reverse: GATGGTGAGCGAGGCGGTGA
Forward: CCGGCATCTGCACACCTGG
Reverse: CACAACTTTGTTTCATGGTCCATCC
Forward: AACGGATTTGGTCGTATTGGG
Reverse: TCGCTCCTGGAAGATGGTGAT

Ptch1
Gli1
b‑FGF
TGF‑β
Bax
Bcl‑2
GAPDH

Shh, sonic hedgehog; Ptch1, Patched‑1; Gli1, glioma‑associated
oncogene homolog 1; b‑FGF, basic fibroblastic growth factor, TGF‑β,
transforming growth factor β; GAPDH, glyceraldehyde‑phosphate
dehydrogenase.

Histopathological alterations in the prostate tissues after
BPH model establishment and in response to cyclopa‑
mine treatment. H&E staining was conducted to observe
the histopathological changes in rat prostate tissues. As
presented in Fig. 2, prostatic epithelial cells in the normal
group showed regular alignment as a columnar monolayer.
Glands were of similar size, and were regularly arranged; the
prostatic cavity was not expanded. In the BPH group, prostatic epithelia were observed to exhibit papillary hyperplasia
and protrusion into the prostatic cavity in a zigzag fashion.
The mesenchyme and surrounding vessels were expanded,
with accompanying hyperemia and edema. Few glands
were expanded, and the prostatic cavity was also enlarged.
Regarding the cyclopamine group, prostatic epithelial cells
were arranged in a columnar monolayer. The mesenchyme
and the surrounding vessels were also expanded, along with
hyperemia and slight edema. Few glands exhibited expanded
cavities with hyperplasia.
Cyclopamine increases apoptotic body formation in BPH
rats. A TUNEL assay was performed to investigate the effects
of cyclopamine on prostate tissue cell apoptosis in BPH rats
(Fig. 3). Compared with that of the normal group, apoptotic
body formation was significantly reduced in the BPH and
cyclopamine groups (P<0.05). Additionally, compared with
that of the BPH group, apoptotic body formation was significantly increased in the cyclopamine group (P<0.05).
As TUNEL staining was enhanced and apoptotic body
formation was increased in the cyclopamine group, these
parameters may serve as indicators in evaluating BPH. Our

Figure 1. Wet weight, volume, and PI of prostate were reduced in BPH rats
in response to cyclopamine treatment. BPH, benign prostatic hyperplasia; PI,
prostate index. *P<0.05 vs. normal group. #P<0.05 vs. BPH group. PI, prostate
index; BPH, benign prostatic hyperplasia.

results suggested that cyclopamine could upregulate apoptotic
body formation in BPH rats, as presented in Fig. 3B.
Cyclopamine reduces rate of Ki67 positive expression in
BPH rats. The effects of cyclopamine on Ki67 expression in
BPH rats was assessed by immunohistochemistry (Fig. 4A).
As compared with that of the normal group, the positive
Ki67 expression in the BPH and cyclopamine groups was
significantly increased (P<0.05), which suggested Ki67 as an
indicator for evaluating BPH. Compared with the BPH group,
positive Ki67 expression was significantly decreased in the
cyclopamine group (P<0.05). The results further suggested
that cyclopamine could inhibit Ki67 protein expression
(Fig. 4B). Collectively, our results suggested that cyclopamine
inhibited BPH in rats by suppressing the expression of the cell
proliferation marker Ki67 in BPH tissues.
Cyclopamine hinders epithelial and stromal cell proliferation
in BPH rats. An MTT assay was performed to determine the
effects of cyclopamine on the proliferation of stromal (Fig. 5A)
and epithelial cells (Fig. 5B) in BPH rats. As compared with
the control group, cell proliferation in the BPH and cyclopamine groups was significantly increased (P<0.05). Compared
with the BPH group, cell proliferation in the BPH group was
significantly decreased (P<0.05). These findings suggested that
cyclopamine could inhibit proliferation of epithelial and stromal
cells in the prostate. The numbers of epithelial and stromal cells
in prostate tissues were recorded via the cell counting method
(Fig. 5C and D). Changes in the numbers of epithelial and
stromal cells were comparable between the MTT assay and
the cell counting method. Hence, cyclopamine contributed to
repressed epithelial and stromal cell proliferation in BPH rats.
Cyclopamine inhibits epithelial cell cycle progression and
promotes epithelial cell apoptosis in BPH rats. Propidium iodide
staining was adopted to detect epithelial cell cycle distribution
(Fig. 6A‑D). As compared with the normal group, the proportion
of cells arrested at the G0/G1 phase in the BPH and cyclopamine
groups was significantly reduced, while the proportion of cells at
arrested the S phase was increased (P<0.05). Compared with the
BPH group, the proportion of cells arrested at the G0/G1 phase
in the cyclopamine group was significantly increased, while that
of cells arrested at the S phase were reduced (P<0.05). Results
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Figure 2. H&E staining (magnification, x400) of prostate tissues in BPH rats in response to cyclopamine treatment. In the normal group, glands were of the
same size, and were regularly arranged; the prostatic cavity was not expanded. In the BPH group, the number of glands was increased and densely aligned;
some glands were expanded, and the prostatic cavity was also enlarged. In the cyclopamine group, only a few of the glands exhibited cavity expansion with
hyperplasia. BPH, benign prostatic hyperplasia.

Figure 3. TUNEL assay indicates that cyclopamine promotes apoptotic body formation in BPH rats (A) TUNEL staining (magnification, x400) of apoptotic body
formation in the normal, BPH and cyclopamine groups. (B) Formation rate of apoptotic bodies was increased in BPH rats upon cyclopamine treatment; *P<0.05
vs. normal group. #P<0.05 vs. BPH group. BPH, benign prostatic hyperplasia; TUNEL, terminal deoxynucleotidyl transferase‑mediated dUTP nick‑end labeling.

indicated that cyclopamine could suppress cell proliferation and
arrest cells at the G0/G1 phase.
Annexin V‑FITC/propidium iodide double staining was
adopted to assess epithelial cell apoptosis. The number of
apoptotic cells in the BPH and cyclopamine groups were
significantly reduced compared with the control group
(P<0.05). Conversely, the number of apoptotic cells in the
cyclopamine group was significantly increased (P<0.05) than
that of the BPH group. These results suggested that cyclopamine could induce the apoptosis of epithelial cells in BPH rats.
Cyclopamine decreases the expression of Shh, Ptch1, Gli1,
b‑FGF, TGF‑ β and Bcl‑2, but increases that of Bax in BPH
rats. Finally, RT‑qPCR (Fig. 7) and western blot analysis
(Fig. 8) were used to measure mRNA and protein levels of
Hedgehog signaling pathway‑ and apoptosis‑associated genes,

as well as b‑FGF and TGF‑β. Compared with the normal group,
the mRNA and protein levels of Shh, Ptch1, Gli1, b‑FGF,
TGF‑β, and Bcl‑2 were significantly increased in the BPH
and cyclopamine groups; conversely, Bax mRNA and protein
levels were significantly decreased (P<0.05). In addition, as
compared with those of the BPH group, the protein levels of
Shh, Ptch1, Gli1, b‑FGF, TGF‑β and Bcl‑2 were greatly reduced
in the cyclopamine group, while Bax mRNA and protein levels
were greatly increased (P<0.05). These results indicated that
cyclopamine blocks the Hedgehog signaling pathway to inhibit
cell proliferation and enhances apoptosis in BPH rats.
Discussion
In recent years, BPH has become a disease that affects an
increasing number of males >50 years old across the world due
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Figure 4. Ki67 expression downregulated in the prostatic of BPH rat administered cyclopamine. (A) Immunohistochemical staining (magnification, x400) for
Ki67 expression in the normal, BPH and cyclopamine groups. (B) Quantitative analysis of positive Ki67 expression. *P<0.05 vs. normal group. #P<0.05 vs. BPH
group. BPH, benign prostatic hyperplasia.

Figure 5. MTT assay and cell counting methods reveal that cyclopamine inhibits stromal and epithelial cell proliferation. Proliferation potential of (A) stromal
cells and (B) epithelial cells in each group as detected by an MTT assay. Changes in the number of (C) stromal cells and (D) epithelial cells in each group;
*
P<0.05 vs. normal group. #P<0.05 vs. BPH group. BPH, benign prostatic hyperplasia.

to its poorly understood pathogenesis (4). Studies have reported
that the Hedgehog signaling pathway is activated in prostate
cancers (16,22). As an inhibitor of the Hedgehog signaling
pathway, cyclopamine serves a crucial role in suppressing

prostate cancer and improving survival (13); however, the
underlying mechanism of action in BPH remains uncertain.
Thus, the present study aimed to investigate the effects of
cyclopamine on the proliferation and apoptosis of epithelial
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Figure 6. Flow cytometry indicates that cyclopamine suppresses epithelial cell cycle progression and promotes their apoptosis in BPH rats. (A) PI single
staining indicated epithelial cell cycle distribution in the normal, BPH and cyclopamine groups. (B) Quantitative analysis of epithelial cell cycle distribution.
(C) Annexin V‑FITC/PI double staining. (D) Quantitative analysis of epithelial cell apoptosis. *P<0.05 vs. normal group. #P<0.05 vs. BPH group. BPH, benign
prostatic hyperplasia; FITC, fluorescein isothiocyanate; PI, propidium iodide.

Figure 7. Effect of cyclopamine on mRNA expression of Shh, Ptch1, Gli1, b‑FGF,
TGF‑β, and Bcl‑2 in the normal, BPH and cyclopamine groups. *P<0.05 vs.
normal group. #P<0.05 vs. BPH group. Shh, sonic hedgehog; Ptch1, Patched‑1;
Gli1, glioma‑associated oncogene homolog 1; Bcl‑2, B‑cell lymphoma 2; Bax,
Bcl‑2‑associated X protein; b‑FGF, basic fibroblastic growth factor, TGF‑β,
transforming growth factor β; BPH, benign prostatic hyperplasia.

and stromal cells in BPH rats by blocking the Hedgehog
signaling pathway.
Initially, our results demonstrated that cyclopamine could
decrease the wet weight, the volume and PI of prostate in BPH
rats. In addition, the formation of nodular overgrowth in the
epithelium and fibromuscular tissues inside the transition
zone and the periurethral areas have also been observed (23).
Glandular hyperplasia and interstitial hyperplasia can
contribute to enlarged prostates (24). BPH rats exhibited higher
wet weight and volume of prostate glands in the present study.
Based on the evaluation of these variables, we hypothesized
that cyclopamine may suppress BPH.
Immunohistochemistry analysis showed that cyclopamine
could reduce the rate of positive Ki67 expression in BPH

rats. Ki67 antigen has been reported as an effective tool in
diagnosing and evaluating proliferative activity in normal
prostate tissues, prostatic intraepithelial neoplasia and prostatic tumors (25,26). Ki67 is associated with the proliferative
phase of cell cycle, and its overexpression can lead to a robust
increase in the number of prostatic cells (27). Therefore, we
evaluated Ki67 expression in proliferating prostate cells in
all three groups. Our study revealed that cyclopamine could
suppress cell proliferation and promote cell apoptosis in prostate tissues in BPH rats. Despite its uncertain pathogenesis,
the progression of BPH is highly associated with decreased
cell apoptosis, which leads to an elevated number of stromal
and epithelial cells (28). The Hedgehog signaling pathway has
been reported to be a positive regulator and a proliferative
stimulus during prostate cell growth (29). Inhibition of this
signaling cascade by cyclopamine can lead to increased cell
apoptosis (30,31), which is in consistent with our findings.
BPH is characterized by the hyper‑proliferation of epithelial
and stromal prostatic cells, which results in complex cellular
alterations (32). The development of BPH is concomitant
with a decline in stromal and epithelial cell apoptosis (28).
As cyclopamine can inhibit the Hedgehog signaling pathway,
which is a crucial participator in prostatic cell progression, it
may ultimately inhibit the apoptosis of epithelial cells (15).
Finally, our results indicated that expression of Shh, Ptch1,
Gli1, b‑FGF, TGF‑β and Bcl‑2 increased significantly, while
Bax expression reduced substantially in rat models of BPH.
This was also associated with activated Hedgehog signaling,
increased proliferation and reduced cell apoptosis. In response
to cyclopamine administration, the Hedgehog signaling
pathway was inhibited, cell proliferation was suppressed,
and cell apoptosis was enhanced. Shh/Ptch1/Gli1 are three
essential members in the Hedgehog signaling pathway that
can exert notable effects on the progression of BPH (33). As
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Figure 8. Western blot showing protein levels of Shh, Ptch1, Gli1, b‑FGF, TGF‑β and Bcl‑2 in BPH rats. (A) Protein bands of Shh, Ptch1, Gli1, b‑FGF, TGF‑β,
Bax, and Bcl‑2. (B) Quantitative analysis of the relative protein expression levels of Shh, Ptch1, Gli1, b‑FGF, TGF‑β, Bax and Bcl‑2. *P<0.05 vs. normal group.
#
P<0.05 vs. BPH group. Shh, sonic hedgehog; Ptch1, Patched‑1; Gli1, glioma‑associated oncogene homolog 1; Bcl‑2, B‑cell lymphoma 2; Bax, Bcl‑2‑associated
X protein; b‑FGF, basic fibroblastic growth factor, TGF‑β, transforming growth factor β; BPH, benign prostatic hyperplasia.

a gene encoding angiogenic cytokine, b‑FGF was reported
to induce epithelial cell proliferation, which can further
promote BPH (34). A previous study has confirmed the role
of TGF‑β in aggravating BPH (23). Bcl‑2 and Bax belong to
the Bcl‑2 family of proteins, with the former serving as an
anti‑apoptotic member, while the latter acts as a pro‑apoptotic
molecule (28,35). When Bcl‑2 expression was reduced and Bax
expression was increased, BPH progression was inhibited (36).
Taken together, the present study is the first to explore
the functional role of cyclopamine in BPH to the best of our
knowledge. Prior to this, clinical research studies have shown
that α1 antagonists, 5α reductase inhibitors, and a combination of these two molecules can inhibit BPH (37). In addition,
silencing of upregulated gene 11 can also inhibit the proliferation and epithelial‑mesenchymal transition of BPH cells (38).
In addition, Wang et al (39) showed that metformin could
suppress BPH epithelial cell proliferation by inhibiting the
secretion of insulin‑like growth factor (IGF)‑1 receptor and
IGF‑1 in stromal cells.
This study demonstrated that cyclopamine reduced the
proliferation of epithelial and stromal cells, and promoted
epithelial cell apoptosis by blocking the Hedgehog signaling
pathway in BPH rats. Future studies are still required to
investigate the mechanism by which inhibition of Hedgehog
signaling by cyclopamine can restrict the progression of BPH.
This may also provide novel insights into potential treatments
BPH with cyclopamine.
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