
451

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

npg

Proliferation and phenotypic changes of stromal cells in 
response to varying estrogen/androgen levels in castrated rats

Ying Zhou1, Xiang-Qian Xiao1, Lin-Feng Chen2, Rui Yang1, Jian-Dang Shi1, Xiao-Ling Du1, Helmut Klocker3, Irwin 
Park4, Chung Lee4, Ju Zhang1

1Department of Biochemistry and Molecular Biology, College of Life Sciences, Bioactive Materials Key Lab of Ministry of   
Education, Nankai University, Tianjin 300071,  China
2Department of Medical Oncology, Dana Farber Cancer Institute, Harvard Medical School, Boston, MA 02115, USA
3Department of Urology, Innsbruck Medical University, Anichstrasse 35, A-6020 Innsbruck, Austria
4The Department of Urology, Northwestern University Feinberg School of Medicine, Chicago, IL 60611, USA

Correspondence to: Ju Zhang and Jian-Dang Shi, Department of 
Biochemistry and Molecular Biology, College of Life Sciences, 
Bioactive Materials Key Lab of Ministry of Education, Nankai 
University, Tianjin 300071, China.
Fax: +86-22-2350-1548
E-mail: zhangju@nankai.edu.cn or Shijd@nankai.edu.cn
Received: 20 November 2008            Revised: 30 March 2009     
Accepted: 9 April  2009             Published online: 1 June 2009

Original Article

Asian Journal of Andrology (2009) 11: 451–459  
© 2009 AJA, SIMM & SJTU  All rights reserved 1008-682X/09 $ 32.00
www.nature.com/aja

Abstract

It is known that human benign prostatic hyperplasia might arise from an estrogen/androgen (E/T) imbalance. 
We studied the response of castrated rat prostate to different ratios of circulating E/T. The castrated male Wistar 
rats were randomly injected with E/T at different ratios for 4 weeks. The prostates of E/T (1:100) group showed 
a distinct prostatic hyperplasia response by prostatic index, hematoxylin and eosin staining, and quantitative 
immunohistochemical analysis of a-smooth muscle actin (SMA). In this group, cells positive for Vimentin, non-
muscle myosin heavy chain (NMMHC) and proliferating cell nuclear antigen (PCNA) increased in the stroma 
and epithelium. Furthermore, the mRNA levels of smooth muscle myosin heavy chain (SMMHC) and NMMHC 
increased. So E/T at a ratio of 1:100 can induce a stromal hyperplastic response in the prostate of castrated rats. The 
main change observed was an increase of smooth muscle cells, whereas some epithelial changes were also seen in 
the rat prostates.
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1    Introduction

Benign prostatic hyperplasia (BPH) is the most 
common urogenital disorder that affects older men, and 
stromal hyperplasia is one of the prominent pathologi-

cal changes in BPH [1].  The circulating and intrapro-
static estrogen/androgen (E/T) ratio increases in older 
men [1, 2] and is accompanied by an increased expres-
sion of the estrogen receptor in the stroma [3].  The en-
hanced estrogenic effect, mediated through the stroma, 
is correlated with the development of prostatic stromal 
hyperplasia [4].

One major characteristic of prostatic stromal hyper-
plasia is an increase in the proportion of smooth muscle 
cells (SMCs) [5].  There are two phenotypes of SMCs, 
‘synthetic’ and ‘contractile’ [6].  The former indicates 
immature SMCs with a proliferating ability [7], where-
as the latter characterizes fully differentiated contractile 
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cells [8].  In most of the fetal and early postnatal peri-
ods, SMCs are of the synthetic phenotype.  During de-
velopment, a shift from the synthetic to the contractile 
phenotype occurs [9].  Prostatic stromal cells also show 
phenotypic plasticity in response to changes in culture 
conditions in vitro [10].  In vivo, apparent changes oc-
cur in proliferation and phenotype in BPH with regard 
to the expression of estrogen receptor-a [11].

Estrogen plays a physiological role during prostate 
development with regard to the programming of stromal 
cells and early morphogenesis [12].  The proliferation 
of stromal cells can be stimulated by an increasing ratio 
of E/T [13].  Estradiol acts in concert with sex hormone 
binding to globulin to produce an eightfold increase 
in cAMP, which can induce the proliferation of pros-
tatic stromal cells [14].  Estrogen can also activate the 
extracellular signal-regulated kinase pathway through 
the estrogen receptor-a pathway, which leads to the 
proliferation of prostatic stromal cells [15].  However, 
the prostate is more prone to developing inflammation 
and dysplasia when treated with a high level of estrogen 
during development [12].  17 β-estradiol might exert a 
triggering effect on stroma-predominant BPH [16].  Es-
tradiol enhances the protein expression of SMC-specific 
markers in human primary cultured prostatic stromal 
cells [17].  Estrogen can also regulate the expression of 
genes that are involved in cell proliferation and differ-
entiation, as detected by DNA microarray analysis [18].  
Thus, a relative increase in the estrogen level may have 
a significant impact on stromal cells.

The concomitant administration of estrogen with 
androgen promotes prostatic growth in an animal model 
[19].  This synergistic hormonal effect has been studied 
on 5-a-reductase activity [19], which has androgen-re-
sponsive gene expression [10, 21], and its effect on the 
development of glandular hyperplasia [22].  However, 
a detailed study on hormone-induced prostatic stromal 
hyperplasia is still lacking.

In this study, we examined which ratio of E/T could 
induce distinct prostatic stromal changes in castrated 
rats with particular regard to proliferative and pheno-
typic responses.

2    Materials and methods

2.1  Animals and hormonal manipulations
A total of 40 adult male Wistar rats (250–300 g 

body weight) were obtained from Weitong-Lihua Ex-
perimental Animal (Beijing, China).  The rats were 

maintained in a controlled environment with free access 
to food and water.  Animal care and experiments were 
conducted in accordance with the guidelines of the 
Chinese Council on Animal Care and approved by the 
NanKai University Animal Care and Use Committee.

Orchiectomy was carried out under ether anesthesia 
through the scrotal route.  Except for the five sham-
operated control group rats, the other 35 rats were 
castrated and maintained for 3 weeks, after which they 
were randomly assigned to seven experimental groups 
with five animals in each.  Different ratios of estradiol 
benzoate/testosterone propionate (Jinyao Amino Acid 
Manufacturer, Tianjin, China) were given to the castrat-
ed rats by daily intraperitoneal injections in 0.1 mL corn 
oil, as a vehicle, for 4 weeks.  The daily dose ratios of E/
T in the different groups were as follows: control group 
(0 µg/0 µg); castrated group (0 µg/0 µg); castrated + T 
group (0 µg/500 µg); castrated + E group (10 µg/0 µg); 
castrated + 1:50 E/T group (10 µg/500 µg); castrated 
+ 1:100 E/T group (10 µg/1000 µg); castrated + 1:200 
E/T group (10 µg/2000 µg) and castrated + 1:300 E/T 
group (10 µg/3000 µg).

Rats were killed under ether anesthesia 48 h after 
the last injection.  Femoral arterial blood was collected, 
and the prostate was dissected and weighed for the pro-
static index (PI).  One lobe of the ventral prostate was 
fixed in phosphate-buffered formalin and embedded 
in paraffin for histological and immunohistochemical 
studies.  Another lobe was frozen and stored at −80ºC 
for RNA extraction.

2.2  Determination of serum estradiol and testosterone
Rat blood samples were centrifuged  2 500 × g 

for 10 min.  The translucent serum was collected and 
stored at −80ºC.  Serum estradiol and testosterone con-
centrations were determined with a radioimmunoassay 
(Larwin Bio-technological, Shenzhen, China) [20], and 
the hormone ratio was calculated.  The assay range was 
20–2000 pg mL−1 for estradiol and 0.05–15 ng mL−1 
for testosterone.  The sensitivity of the estradiol assay 
was 0.05 pg mL−1, and the intra- and inter-assay coeffi-
cients of variation were < 5.6% and 7.9%, respectively.  
Cross-reactivity with estriol, estrone and testosterone 
was < 0.1%, 0.5% and 0.01%, respectively.  The sensi-
tivity of the testosterone assay was 0.2 ng per 100 mL, 
the intra-assay coefficient of variation was < 4.5%, and 
the inter-assay coefficient of variation was < 6.4%.  
Cross-reactivity with dihydrotestosterone, dehydroepi-
androsterone and estradiol was < 1%, 0.1% and 0.01%, 



Sex hormone-induced rat prostatic stromal response
Ying Zhou et al.

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

453

npg

respectively.

2.3  Calculation of PI
The following formula was used for PI calculation: PI 

= gross weight of prostate/weight of whole animal × 100%.

2.4  Histological and immunohistochemical studies
Five-µm sections were deparaffinized in xylene and 

rehydrated in a graded series of alcohol.  One section 
was stained with hematoxylin and eosin for histology, 
and other sections were processed for immunohisto-
chemistry using the avidin–biotin–peroxidase complex 
method: endogenous peroxidase activity was blocked 
by 0.3% hydrogen peroxide for 10 min, followed by in-
cubation with 10% serum for 30 min at room tempera-
ture.  Sections were incubated with primary antibodies 
at room temperature for 2 h.  The primary antibodies 
used were mouse monoclonal anti-SMA (a-smooth 
muscle actin) (1/400; Sigma-Aldrich, St.  Louis, MO, 
USA), anti-Vimentin (1/200; Santa Cruz, CA, USA), 
anti-PCNA (proliferating cell nuclear antigen) (1/100; 
Santa Cruz) and anti-NMMHC (non-muscle myosin 
heavy chain) (1/3000; SMemb, Yamasa, Tokyo, Japan), 
which is the embryonic form of myosin heavy chain 
(MHC) that is predominantly expressed in dedifferen-
tiated SMC [23].  A biotinylated secondary antibody 
was added for 30 min at 37ºC, followed by peroxidase-
labelled streptavidin.  The chromogen 3’,3-diaminoben-
zidine was added and counterstained with hematoxylin.  
For a negative control, the primary antibody was re-
placed by non-specific immunoglobulin.

2.5  Assessment and quantification of immunohistochemical 
staining

Light microscopy was carried out with the Ol-
ympus microscope, CX-41 (Olympus, Tokyo, Japan).  
The thickness of the SMC (SMA-positive) layer sur-
rounding the prostatic acini was measured by ocular 
micrometer (AX0067, Olympus, Tokyo, Japan) in units 
of 2.5 µm at × 400 magnification.  Vimentin, NMMHC 
or PCNA-positive cells were counted by ocular microm-
eter (AX0071, Olympus, Tokyo, Japan) in a unit area of 
250 µm × 250 µm at × 400 magnification.  The identity of 
each specimen was blinded to the evaluator.  The slide 
area was divided into 4 × 4 squares, and 10 randomly 
selected fields were examined from each section with 
four sections analysed per animal.  The mean thickness 
and positive cell numbers for the animals of each group 
were then obtained.

2.6  Real-time quantitative PCR analysis
Total RNA was isolated from frozen prostatic tissue 

using Trizol reagent (Invitrogen, Carlsbad, CA, USA).  
One microgram of RNA was reverse-transcribed with 
200 U of MMLV-RT (Invitrogen).  Real-time quantita-
tive PCR with EVA Green (Invitrogen) was carried out 
with the following PCR primers: smooth muscle my-
osin heavy chain (SMMHC) forward: CTTAGCCAAG-
GCCACTTATGAG, reverse: ATGCCCTCTCGTT-
GGTACTCTT; NMMHC forward: GGATTGGCAG-
GTCTCTCTATCAG, reverse: ATTGGGATCCTGGA-
TATTGCT; and GAPDH (glyceraldehyde 3-phosphate 
dehydrogenase) forward: TGCTGAGTATGTCGT-
GGAGT, reverse: GGATGCAGGGATGATGTT.  
The PCR mixture on ice contained 1× PCR buffer, 
2.5 mmol L−1 MgCl2, 200 m mol L−1 dNTP, 400 nmol L−1 
primers, 1 × EVA Green, 0.625 U Taq DNA polymerase 
and 1 µL cDNA.  The PCR conditions included an initial 
incubation at 95ºC for 5 min, followed by 35 cycles of 
95ºC for 30 s, 55ºC for 30 s and 72ºC for 30 s.  The reac-
tion products were normalized to that of GAPDH.

2.7  Statistical analysis
Data were expressed as means ± standard deviation 

(s.d.).  SPSS software was used.  Comparison of group 
data was analysed by one-way ANOVA (analysis 
of variance) with a post hoc test.  Differences were 
considered statistically significant at P < 0.05.

3    Results

3.1  Determination of serum estradiol and testosterone
Except for the testosterone level in the 1:300 E/T 

group and the estradiol level in the control and castrated 
groups, which were out of the assay range, the meas-
ured serum hormone concentrations showed that the 
E/T ratios were similar to the injected ratios (Table 1).

3.2  Prostatic index
Castration or estrogen treatment caused a significant 

reduction in the PI compared with controls (P < 0.05).  
E/T or androgen injection resulted in a significant in-
crease of the PI (P < 0.05) compared with controls, with 
the most significant effect seen for E/T ratios of 1:100 
and 1:200 (P < 0.05) in contrast to E/T of 1:50 (Table 1).

3.3  Histological analysis
The ventral prostate of a normal rat in puberty is 

composed of tubuloacinar structures formed by a layer 
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of tall columnar epithelial cells that are surrounded by 
stromal cells (Figure 1A).  Atrophy in some prostatic 
acini showing flat epithelial cells was seen in the castra-

tion and estrogen groups (Figures 1B, D).  The lumens 
of these prostate glands were markedly reduced in size, 
whereas the stromal compartment appeared to be ex-

Table 1.  Ratio of serum testosterone/estradiol (E/T), prostatic index and thickness of the SMC layers surrounding the acini (means  ±  s.d.).
  Group       Estradiol    Testosterone          Ratio of     Prostatic  SMC layer 
E/T ratio  concentration concentration     testosterone/                           index                      thickness (µm)
        (pg mL−1)     (ng mL−1)         estradiol  
Control             0   3.95 ± 3.20             0 0.20 ± 0.04 4.60 ± 1.89
0:0             0   0.10 ± 0.04             0 0.04 ± 0.01* 5.49 ± 2.10
0:500   22.67 ± 3.79 10.71 ± 7.44 468.84 ± 53.10 0.25 ± 0.07* 5.22 ± 1.60
10:0   83.00 ± 43.31   0.56 ± 0.45     8.74 ± 6.90 0.05 ± 0.04* 6.58 ± 3.32*

1:50 112.00 ± 61.12   6.08 ± 3.12   54.62 ± 9.03 0.27 ± 0.08* 5.61 ± 2.15*

1:100   92.75 ± 44.72   8.79 ± 4.99   91.36 ± 21.26 0.36 ± 0.05*D 6.99 ± 2.64*D

1:200   90.25 ± 43.71 13.01 ± 2.30 163.64 ± 33.62 0.32 ± 0.02*D 5.25 ± 1.80
1:300 103.25 ± 24.68      > 15.00 152.09 ± 38.52 0.29 ± 0.01* 3.95 ± 1.58
F value            —          —            —      5.906**      7.605**

Abbreviation: SMC, smooth muscle cells.
*P < 0.05, **P < 0.01, compared with the control group. 
DP < 0.05 compared with the 1:50 E/T group.

Figure 1.  Histology of testosterone/estradiol (E/T)-treated rat prostates.  (A) Sham-operated control, (B) castrated, (C) castrated + T, (D) 
castrated + E, (E) castrated + 1:50 E/T, (F) castrated + 1:100 E/T, (G) castrated + 1:200 E/T and (H) castrated + 1:300 E/T. The arrows 
point to the epithelial cells, and the arrowheads point to the stromal cells. Original magnification × 100; × 200 for the insets.  Scale bars 
are 100 µm and 50 µm (for the insets).
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Figure 2.  Smooth muscle actin (SMA) expression. (A) Sham-operated control, (B) castrated, (C) castrated + T, (D) castrated 
+ E, (E) castrated + 1:50 E/T, (F) castrated + 1:100 E/T, (G) castrated + 1:200 E/T, (H) castrated + 1:300 E/T, and (I) negative 
immunohistochemistry control. The arrows point to the positive cells. Original magnification × 200; × 400 for the insets.Scale bars are 
50 µm and 25 µm (for the insets).

panded.  In the androgen group, glandular structures 
lined with cuboidal or columnar epithelial cells were 
restored (Figure 1C).  Stromal hyperplasia was noted in 
the prostate after E/T treatment, with the glandular acini 
surrounded by multiple layers of stromal cells (Figures 
1E, F, G, H).

3.4  Immunohistochemistry and quantitative analysis
In the prostates of control animals, the acinus was 

surrounded by a SMA-positive smooth muscle layer 
(Figure 2A).  The surrounding SMC was dense in the 
androgen (Figure 2C) and various E/T groups (Figures 
2E, F, G, H), but scattered in the castration and estrogen 
groups (Figures 2B, D).

Quantitative analysis of the SMC layer thickness 
surrounding the acinus was carried out.  The 1:50 and 
1:100 E/T groups showed thicker SMC layers (P < 0.05, 
Table 1) than controls.  In addition, the layer of the 
SMC surrounding the acini increased most significantly 

in the 1:100 E/T group (P < 0.05, Figure 2F and Table 1) 
vs.  the 1:50 E/T group.

There were a few Vimentin-positive fibroblasts in 
the stroma that were distributed among the acini in the 
control group prostates (Figure 3A).  Compared with 
the control group, the number of Vimentin-positive 
cells increased 2.4-fold in the 1:100 E/T group, whereas 
the thickness of SMA layer increased 1.6-fold (P < 0.05, 
Table 2).

Few NMMHC-positive cells were found in the con-
trol group prostates, both in the stroma and in the epi-
thelia (Figure 3C).  In the 1:100 E/T group, the number 
of NMMHC-positive cells in the stroma and epithelia 
increased 2.7- and 2.4-fold, respectively (P < 0.05, 
Figure 3D and Table 2).

Few NMMHC-positive cells were found in the con-
trol group prostates, both in the stroma and in the epi-
thelia (Figure 3C).  In the 1:100 E/T group, the number 
of NMMHC-positive cells in the stroma and epithelia 



Sex hormone-induced rat prostatic stromal response
Ying Zhou et al.

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

456

npg

Figure 3.  Immunohistochemistry data for (A) sham-operated Vimentin, (B) 1:100 E/T Vimentin, (C) sham-operated non-muscle myosin 
heavy chain (NMMHC) , (D) 1:100 E/T NMMHC, (E) sham-operated proliferating cell nuclear antigen (PCNA), and (F) 1:100 E/T 
PCNA. The arrows point to positive cells. Original magnification × 200; × 400 for the insets.   Scale bars are  50 µm and 25 µm (for the insets). 

Table 2.  IHC-positive cells in the control and castrated + 1:100 E/T group (means  ± s.d.).
                            Control                                                                      Castrated+1:100 E/T
     In stroma    In acinus     In stroma    In acinus
  SMAD 4.10 ± 0.55          —   6.62 ± 0.52*          —
  Vimentina 7.78 ± 2.12          — 14.18 ± 2.74*          —
  NMMHCa 1.90 ± 0.72 15.33 ± 3.60   5.07 ± 0.41* 37.13 ± 6.43*

  PCNAa 1.81 ± 0.63   7.55 ± 1.55   3.42 ± 0.87* 14.95 ± 2.62*

Abbreviations: E/T, testosterone/estradiol; IHC, immunohistochemistry; NMMHC, non-muscle myosin heavy chain; PCNA, 
proliferating cell nuclear antigen; SMA, smooth muscle actin.
DQuantitative analysis of SMA-positive cells was determined by the thickness (µm) of the layer surrounding the acinus.
aQuantitative analysis was determined for the number of positive cells in the unit area at a magnification of × 400.
*P < 0.05, compared with the corresponding control group.
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increased 2.7- and 2.4-fold, respectively (P < 0.05, 
Figure 3D and Table 2).

PCNA-positive cells were also rare in both in the 
stroma and in the epithelia of controls (Figure 3E).  In 
the E/T 1:100 group, the number of PCNA-positive 
cells in the stroma and epithelia increased 1.9- and 
2-fold, respectively (P < 0.05, Figure 3F and Table 2).

3.5  Determination of SMMHC and NMMHC expression 
by real time RT-PCR

Compared with controls, the prostates of the 1:100 
E/T group showed a 2.4- and 1.9-fold increase in SM-
MHC and NMMHC expression, respectively (P < 0.05, 
Figure 4).

4    Discussion

There are two peaks in human prostatic growth [24, 
25].  One occurs at puberty and the other occurs around 
age 50, when there is an increase in the ratio of E/T [2, 
3].  The ratio of circulating E/T is about 1:150 in young 
men, whereas it ranges from 1:120 to 1:80 in older men 
[26].  In this study, we treated castrated rats with differ-
ent ratios of E/T and showed that E/T at a ratio of 1:100 
could induce distinct stromal hyperplasia.  The rat pros-
tate consists of ventral, dorsal and lateral lobes.  As the 
ventral lobe is a common site for prostatic hypertrophy 
[27], the ventral prostates were collected and analysed.  
Interestingly, the ratio of 1:100 E/T is similar to that 
seen in older men.  In addition, the main cell types in 
the human prostatic stroma are SMCs and fibroblasts.  
Rat stroma has SMA-positive SMCs that surround the 
epithelia and Vimentin-positive fibroblasts distributed 
among the acini.  Although spontaneous prostatic hy-
perplasia develops infrequently in aged rats, we found 
that treatment with E/T could induce a significant thick-
ening of the SMC layer.  An increase in the thickness of 
this layer is characteristic of prostatic stromal hyperpla-
sia.  In this regard, rats can be used as an animal model 
for the study of human prostatic stromal hyperplasia.

The proportion of SMC increases in human pro-
static stromal hyperplasia [5].  The phenotypes of the 
SMCs, which are the synthetic or contractile phenotype 
[28], are well illustrated by the expression of SMA 
and MHC [29].  There are two isoforms of MHC.  One 
is SMMHC, which is associated with the contractile 
phenotype, and the other is NMMHC, which is as-
sociated with the synthetic phenotype.  NMMHC is 
a non-muscle type of MHC that is predominantly ex-

pressed in embryonic smooth muscle and can be used 
as a molecular marker for dedifferentiated SMC [30].  
SMCs can manifest phenotypic plasticity in response to 
physiological and pathological conditions, regardless of 
the tissue origin [6, 31].  The effect of estradiol on phe-
notypic modulation and proliferation was observed in 
rabbit aortic SMCs [32].  In this study, a prostatic stro-
mal hyperplasia was induced in castrated rats treated 
with E/T, and the proliferation and phenotypic changes 
of stromal cells were investigated.  Cells positive for 
SMA, NMMHC and PCNA in the stroma increased.  
The immunohistochemistry staining results showed a 
significant increase of the synthetic phenotype, which 
may derive from dedifferentiation of the contractile 
SMC induced by the E/T treatment.

The importance of the stromal interaction with the 
epithelium is well accepted [33, 34].  In this study, the 
NMMHC and PCNA-positive cells were found to in-
crease in the rat epithelia.  In situ hybridization also re-
vealed NMMHC expression in the epithelial cells of hu-
man BPH [35].  The developing epithelium induces dif-
ferentiation and morphological changes of the smooth 
muscle compartment [36].  In turn, the stromal cells can 
affect the structure and function of the epithelia [37].  
McNeal [1] suggested that the stromal cells reversed 
to an embryonic state in BPH, which, in turn, could 
induce epithelial proliferation.  Another viewpoint is 
that epithelial differentiation in the prostate takes place 
parallel to that of the stroma [38].  The triggering event 
of prostatic hyperplasia, whether it is in the stroma or 
epithelium, is still unknown.

In conclusion, we have showed that E/T at a ratio of 
1:100 could induce distinct prostatic stromal changes in 
castrated rats.  An increase of the synthetic SMC phe-

Figure 4.  Smooth muscle myosin heavy chain (SMMHC) and 
non-muscle myosin heavy chain (NMMHC) gene expression in 
(1) sham-operated and (2) 1:100 E/T.  *P < 0.05, compared with 
the sham-operated group.
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notype was a main finding, and epithelial dedifferentia-
tion might also accompany the stromal changes.

Acknowledgment

This research was funded by the following grants: 
the National Basic Research Program (973 Program, 
No.2009CB918900), the National Natural Science 
Foundation of China (grant No.  30672101, 30872592), 
the Specialized Research Fund for the Doctoral Program 
of Higher Education (No.  20070055023) and the key 
research project of Tianjin Municipal Science and 
Technology Commission (grant No.  06YFSYSF02000, 
07jczdjc08300).  The authors declare that there is no 
conflict of interest that would prejudice the impartiality 
of this scientific work.

References

1  McNeal J.  Pathology of benign prostatic hyperplasia.  Insight 
into etiology.  Urol Clin North Am 1990; 17: 477–86.

2  Suzuki K, Inaba S, Takeuchi H.  Endocrinal environment 
of benign prostatic hyperplasia-relationships of sex steroid 
hormone levels with age and the size of the prostate.  
Nippon Hinyokika Gakkai Zasshi 1992; 83: 664–71.

3  Krieg M, Weisser H, Tunn S.  Potential activities of 
androgen metabolizing enzymes in human prostate.  J 
Steroid Biochem Mol Biol 1995; 53: 395–400.

4  Farnsworth WE.  Estrogen in the etiopathogenesis of BPH.  
Prostate.  1999; 41: 263–74.

5  Shapiro E, Hartanto V, Lepor H.  Quantifying the 
smooth muscle content of the prostate using double-
immunoenzymatic staining and color assisted image analysis.  
J Urol 1992; 147: 1167–70.

6  Halayko AJ, Solway J.  Molecular mechanisms of 
phenotypic plasticity in smooth muscle cells.  J Appl Physiol 
2001; 90: 358–68.

7  Zanellato AM, Borrione AC, Tonello M, Scannapieco G, 
Pauletto P, et al. Myosin isoform expression and smooth 
muscle cell heterogeneity in normal and atherosclerotic 
rabbit aorta.  Arteriosclerosis 1990; 10: 996–1009.

8  Dennis JE, Charbord P.  Origin and differentiation of human 
and murine stroma.  Stem Cells 2002; 20: 205–214.

9  Schwartz SM, Campbell GR, Campbell JH.  Replication of 
smooth muscle cells in vascular disease.  Circ Res 1986; 58: 
427–44.

10  Lin VK, Wang SY, Vazquez DV, C Xu C, Zhang S, et al. 
Prostatic stromal cells derived from benign prostatic 
hyperplasia specimens possess stem cell like property.  
Prostate 2007; 67: 1265–76.

11  Zhou Y, Yang R, Shi J, Du X, Wang K, et al. Proliferation 
and phenotypic modulation of stromal cells in relation to the 
expression of ERa in BPH.  J Urol 2008; 179(4 suppl): 450.

12  Prins GS, Huang L, Birch L, Pu Y.  The role of estrogens 

in normal and abnormal development of the prostate gland.  
Ann N Y Acad Sci 2006; 1089: 1–13.

13  King KJ, Nicholson HD, Assinder SJ.  Effect of increasing 
ratio of estrogen: androgen on proliferation of normal human 
prostate stromal and epithelial cells, and the malignant cell 
line LNCaP.  Prostate 2006; 66: 105–14.

14  Nakhla AM, Khan MS, Romas NP, Rosner W.  Estradiol 
causes the rapid accumulation of cAMP in human prostate.  
Proc Natl Acad Sci USA 1994; 91: 5402–5.

15  Zhang Z, Duan L, Du X, Ma H, Park I, et al. The proliferative 
effect of estradiol on human prostate stromal cells is 
mediated through activation of ERK.  Prostate 2008; 68: 
508–16.

16  Luo Y, Waladali W, Li S, Zheng X, Hu L, et al. 17beta-
estradiol affects proliferation and apoptosis of rat prostatic 
smooth muscle cells by modulating cell cycle transition and 
related proteins.  Cell Biol Int 2008; 32: 899–905.

17  Zhang J, Hess MW, Thurnher M, Hobisch A, Radmayr 
C, et al. Human prostatic smooth muscle cells in culture: 
estradiol enhances expression of smooth muscle cell-
specific markers.  Prostate 1997; 30: 117–29.

18  Bektic J, Wrulich OA, Dobler G, Kofler K, Ueberall F, et al.  
Identification of genes involved in estrogenic action in the 
human prostate using microarray analysis.  Genomics 2004; 
83: 34–44.

19  Suzuki K, Takezawa Y, Suzuki T, Honma S, Yamanaka 
H.  Synergistic effects of estrogen with androgen on the 
prostate–effects of estrogen on the prostate of androgen-
administered rats and 5-alpha-reductase activity.  Prostate 
1994; 25: 169–76.

20  Niu YJ, Ma TX, Zhang J, Xu Y, Han RF, et al. Androgen 
and prostatic stroma.  Asian J Androl 2003; 5: 19–26.

21  Fujimoto N, Suzuki T, Honda H, Kitamura S.  Estrogen 
enhancement of androgen-responsive gene expression in 
hormone-induced hyperplasia in the ventral prostate of F344 
rats.  Cancer Sci 2004; 95: 711–5.

22  Jarred RA, Cancilla B, Prins GS, Thayer KA, Cunha GR, 
et al. Evidence that estrogens directly alter androgen-reg-
ulated prostate development.  Endocrinology 2000; 141: 
3471–77.

23  Sartore S, Scatena M, Chiavegato A, Faggin E, Giuriato L, 
et al. Myosin isoform expression in smooth muscle cells 
during physiological and pathological vascular remodeling.  
J Vasc Res 1994; 31: 61–81.

24  Xia SJ, Xu XX, Teng JB, Xu CX, Tang XD.  Characteristic 
pattern of human prostatic growth with age.  Asian J Androl 
2002; 4: 269–71.

25  Levine AC, Kirschenbaum A, Gabrilove JL.  The role of sex 
steroids in the pathogenesis and maintenance of benign pro-
static hyperplasia.  Mt Sinai J Med 1997; 64: 20–5.

26  Griffiths K, Coffey D, Cockett A.  The regulation of prostat-
ic growth.  The Third International Consultation on Benign 
Prostatic Hyperplasia; Monaco 1995.  pp 71–122.

27  Mitsumori K, Elwell MR.  Proliferative lesions in the male 
reproductive system of F344 rats and B6C3F1 mice: inci-
dence and classification.  Environ Health Perspect 1988; 77: 
11–21.



Sex hormone-induced rat prostatic stromal response
Ying Zhou et al.

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

459

npg

28  Kim HS, Aikawa M, Kimura K, Kuro-o M, Nakahara 
K, et al. Ductus arteriosus.  Advanced differentiation of 
smooth muscle cells demonstrated by myosin heavy chain 
isoform expression in rabbits.  Circulation 1993; 88: 
1804–10.

29  Sekiguchi K, Kurabayashi M, Oyama Y, Aihara Y, Tanaka 
T, et al. Homeobox protein Hex induces smemb/nonmuscle 
myosin heavy chain-B gene expression through the cAMP-
responsive element.  Circ Res 2001; 88: 52–8.

30  Miyauchi K, Aikawa M, Tani T, Nakahara K, Kawai S, et al.  
Effect of probucol on smooth muscle cell proliferation and 
dedifferentiation after vascular injury in rabbits: possible 
role of PDGF.  Cardiovasc Drugs Ther 1998; 12: 251–60.

31  Worth NF, Rolfe BE, Song J, Campbel GR.  Vascular 
smooth muscle cell phenotypic modulation in culture is as-
sociated with reorganization of contractile and cytoskeletal 
proteins.  Cell Motil Cytoskeleton 2001; 49: 130–45.

32  Song J, Wan Y, Rolfe BE, Campbell JH, Campbell GR.  Ef-
fect of estrogen on vascular smooth muscle cells is depend-

ent upon cellular phenotype.  Atherosclerosis 1998; 140: 
97–104.

33  Lee KL, Peehl DM.  Molecular and cellular pathogenesis of 
benign prostatic hyperplasia.  J Urol 2004; 172: 1784–91.

34  Bhowmick NA, Neilson EG, Moses HL.  Stromal fibrob-
lasts in cancer initiation and progression.  Nature 2004; 432: 
332–7.

35  Lin VK, Wang D, Lee IL, Vasquez D, Fagelson JE, et al.  
Myosin heavy chain gene expression in normal and hyper-
plastic human prostate tissue.  Prostate 2000; 44: 193–203.

36  Hayward SW, Rosen MA, Cunha GR.  Stromal-epithelial 
interactions in the normal and neoplastic prostate.  Br J Urol 
1997; 79: 18–26.

37  Farnsworth WE.  Prostate stroma: physiology.  Prostate 
1999; 38: 60–72.

38  Barclay WW, Woodruff RD, Hall MC, Cramer SD.  A system 
for studying epithelial-stromal interactions reveals distinct in-
ductive abilities of stromal cells from benign prostatic hyper-
plasia and prostate cancer.  Endocrinology 2005; 146: 13–8.


