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Abstract

Background—Prostatic inflammation is reportedly associated with the development of prostatic 

hyperplasia. We investigated the effects of prostatic inflammation on expression levels of 

androgen-responsive genes and growth factors in the rat prostate.

Methods—Prostatic inflammation was induced by Escherichia coli (strain 1677) injection (0.2 

mL of 1 × 108 CFU/mL) into the prostatic urethra of male Sprague-Dawley rats, and ventral lobes 

of the prostate were harvested on day 84. Rats were given 10 mg/kg celecoxib during the last 

month in the COX-2 inhibitor treated group. Histopathology and multiplex ELISA for 

inflammation-related proteins were performed. Glandular epithelial cells and stromal regions were 

separately isolated using laser-capture microdissection (LCM). Real-time RT-PCR was performed 

to examine mRNA levels of androgen-responsive genes in the epithelium and TGF-β1 cascade 

genes in the stroma.

Results—Hematoxylin and eosin staining showed that mild inflammation was distributed 

diffusely throughout the prostate. Polymorphonuclear cells infiltrated the slightly edematous 

stroma, but no morphological changes were observed in the epithelium. Immunohistochemically, 

expression of androgen receptor and TGF-β1 in addition to IL-6 and COX-2 were enhanced in the 

E. coli inoculated rats. All of these factors were suppressed in the celecoxib-treated rats. 

Upregulation of IL-1α, IL-1β, IL-6, and RANTES in the E. coli-inoculated rats was normalized by 

celecoxib treatment. Significant upregulation of androgen receptor and androgen-responsive genes 

such as Eaf2, ELL2, FKBP5, calreticulin and ornithine decarboxylase was observed in the LCM-

dissected epithelium. Also TGF-β1 and its downstream cascade genes such as Hic-5, collagen 1, 

and fibronectin were upregulated significantly in the LCM-dissected stroma. The COX-2 inhibitor 

treatment suppressed upregulation of these genes.

*Corresponding author. 

Conflicts of interest
The authors have nothing to disclose.

NIH Public Access
Author Manuscript
Prostate. Author manuscript; available in PMC 2016 March 01.

Published in final edited form as:
Prostate. 2015 March ; 75(4): 381–389. doi:10.1002/pros.22924.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Conclusions—Prostatic inflammation changed the expression of androgen-responsive genes in 

the epithelium and TGF-β1 cascade genes in the stroma. Activation of TGF-β1 cascade genes in 

the inflamed stroma, as well as altered androgen-responsive gene expression in the epithelium, 

might be involved in the development of BPH.
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Introduction

Benign prostatic hyperplasia (BPH) is associated with proliferation of the prostatic duct and 

stromal component and commonly affects older males by inducing lower urinary tract 

symptoms. Many investigations have been conducted; however, little is known regarding the 

mechanisms of BPH development. Asymptomatic chronic inflammation is often observed in 

BPH specimens,1–4 and recent studies have proposed a possible contribution of chronic 

prostatic inflammation to BPH pathogenesis.5 A correlation between histological severity of 

chronic prostatic inflammation and subjective symptoms was shown in the REDUCE 

(REduction by DUtasteride of prostate Cancer Events) trial.2 Patients with acute 

inflammation on baseline prostate biopsies had worse symptoms in the MTOPS (Medical 

Therapy Of Prostatic Symptoms) trial.6 A longitudinal observational study also reported that 

men with a history of prostatitis have subsequently higher rates of prostate enlargement, 

treatments for BPH and urinary retention.7 Increased cytokine expression in BPH tissues 

including IL-2, IFNγ, TNF-α, IL-4, IL-6, IL-8, IL-13, IL-15 and IL-17 has also been 

reported.8–15 Thus, chronic prostatic inflammation may offer new insights into the 

pathogenesis of BPH and strategies for its treatment and prevention.

Bacterial colonization inside the prostate, possibly through reflux of urine into the prostatic 

ducts, could induce chronic inflammation and oxidative stress injury. The inflammatory 

process causes repeated and persistent cell and genomic damage, which leads to increased 

cell proliferation. Chronic E. coli infections could lead to proliferation of epithelium and 

stroma in concert with dihydrotestosterone via the release of endotoxins.16 The proliferative 

signal cascade is reportedly enhanced in BPH tissue such as the androgen receptor and TGF-

β1 downstream genes.8, 17

We recently reported that non-bacterial prostatic inflammation increases expression of 

androgen-responsive and TGF-β1 cascade genes up to 4 weeks in a chemically induced rat 

model of prostatic inflammation.18 In this study, we evaluated whether chronic prostatic 

inflammation for 12 weeks induces the elevated expression of androgen and TGF-β1 

cascade genes and assessed the effects of a COX-2 inhibitor on the expression of these genes 

using a rat model of bacterial prostatitis.
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Materials and methods

Bacterial prostatitis model

All animal experiments were performed in accordance with institutional guidelines and with 

approval from the University of Pittsburgh Institutional Animal Care and Use Committee.

E. coli strain 1677, which was isolated from a patient with a urinary tract infection, was 

grown overnight in Luria broth base in a shaker at 37°C. The cells were centrifuged at 

10,000 rpm for 5 min, washed three times and re-suspended in saline to give 108 colony-

forming units/mL. Male Sprague-Dawley rats weighing 250–320 g were anesthetized with 

isoflurane and the genital area was cleaned with 70% alcohol and subsequently catheterized 

with PE-10 tubing. An insulin syringe was attached to the needle, and 0.2 mL of bacterial 

suspension or vehicle (saline; control group) was instilled into the prostatic urethra. 

Anesthesia was maintained for 1 h to prevent urinary leakage from movement of the rat and 

to allow sufficient time for the bacteria to colonize in the prostate. The ventral lobes of the 

prostate were excised at 84 days after inoculation. In some animals, celecoxib (10 mg/kg/

day) was given by oral gavage on days 57–83 after intraprostatic E-coli inoculation to 

examine the effects of COX-2 inhibition.

Histological analyses

A half of the prostate was embedded in OCT Tissue-Tek compound, frozen on dry ice, and 

kept at −80°C until use. Samples were serially sectioned at 8-μm thickness and stained with 

hematoxylin and eosin.

The prostate sections (8 μm) were mounted directly on coated slides and fixed with 4% 

paraformaldehyde for 10 min, rinsed with phosphate-buffered saline (PBS), transferred to 

3% hydrogen peroxide for 10 min to block peroxidase activity, and rinsed with distilled 

water and PBS for immunohistochemical analyses. Next, the sections were blocked with 

10% normal goat serum (Invitrogen, Grand Island, NY) for 30 min. Without rinsing, the 

tissues were reacted with antibody for androgen receptor (1:1000), TGF-β1 (1:250), IL-6 

(1:2000), and COX-2 (1:250) (Abcam, Cambridge, MA) for 1 h at room temperature and 

washed with PBS. The tissues were then incubated for 30 min with HRP labeled polymer 

anti-rabbit antibody (Dako, Carpentaria, CA) at room temperature and rinsed with PBS. For 

streptavidin–horseradish peroxidase detection, the tissues were stained with ABC reagent 

(Dako) for 10 min at room temperature. Hematoxylin was used as the counterstain.

Measurement of inflammatory markers

The prostate tissues of rats injected with E. coli and saline (n = 6 per group) were 

homogenized in RIPA lysis buffer. The homogenate was centrifuged at 10,000 rpm for 10 

min, and the supernatants were stored at −80°C until assay. IL-1α, IL-1β, IL-6, TNF-α, 

monocyte chemotactic protein-1 (MCP-1) and regulated upon activation normal T cell 

expressed and presumably secreted (RANTES) levels were determined on a Luminex 200 

(Bio-Rad, Hercules, CA) using a MILLIPLEX MAP Rat Cytokine/Chemokine Panel 

(Millipore, Billerica, MA). Protein concentration was determined using a Bio-Rad® kit with 
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bovine serum albumin as the standard. The expression levels of the cytokines/chemokines 

were standardized relative to tissue protein levels and expressed as pg/mg total protein.

Laser-capture microdissection (LCM)

A part of the prostate specimen was embedded in OCT Tissue Tek (Sakura Finetek USA, 

Torrance, CA) and stored at −80°C until the sections were cut to 8-μm thickness. The 

sections were mounted on PEN membrane slides (Leica Microsystems, Wetzlar, Germany). 

Tissue sections were fixed in 70% EtOH for 30 s and rinsed with double-distilled H2O. The 

sections were stained with Mayer’s hematoxylin (Sigma-Aldrich, St. Louis, MO) for 30 s, 

rinsed with double-distilled H2O and placed in 0.01% eosin (Acros Organics, Geel, 

Belgium) for 5 s. The prostate specimens were dehydrated for 30 s twice in 95% ethanol, 30 

s in 100% ethanol, and 2 min in xylene. The tissue was air-dried, and LCM was performed 

using a Leica LMD6000 (Leica Microsystems, Wetzlar, Germany). The stromal area and 

adjacent epithelium were excised and individually captured in the caps of 0.5-ml Eppendorf 

tubes.

RNA isolation and real-Time PCR analysis

The individual captured tissue specimens were lysed and RNA isolation, reverse 

transcription, and real-time PCR were performed using a Cells Direct™ One-Step qRT-PCR 

kit (Invitrogen). Gene-specific primers and TaqMan probes crossing exon/exon junctions 

were designed using the Primer 3 Software (Primer 3, Totowa, NJ). Probes contained the 

FAM fluorophore and TAMRA quencher. The primer and probe combination was optimized 

within suitable ranges for efficiency, and the correlation coefficient was determined using 

standard curve dilutions and data output from an ABI Step-One Plus thermocycler (Applied 

Biosystems, Foster City, CA). cDNA was amplified under the following conditions: one 

cycle of 50°C for 15 min, 95°C for 2 min, followed by 40 cycles of 15 s at 95°C, 45 s at 

60°C. The reactions were analyzed in triplicate and normalized relative to GAPDH. Real-

time PCR data were analyzed by the DCp (crossing point) method as R = 2^ (Cp sample – 

Cp control) to generate the relative expression ratio (R) of each target gene relative to that of 

GAPDH.

We measured the androgen receptor and five androgen-responsive genes including Eaf2, 

ELL2, FKBP5, calreticulin and ornithine decarboxylase in epithelial cells (Table 1) as wells 

as the androgen receptor, TGF-β1, Hic-5, collagen 1 and fibronectin in stromal cells. To 

determine the specificity of the primer/probe, we performed electrophoresis to verify that the 

primers used amplified only cDNA and not genomic DNA; the optical band was amplified 

without nonspecific bands. All of our primer/probe combinations showed efficiencies of 95–

105%.

Statistics

The paired Student’s t-test was used to compare two values. All tests were two-sided, and p 

values < 0.05 were considered to indicate significant differences. All statistical analyses 

were performed using the SPSS software (SPSS Inc., Chicago, IL).
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Results

Histopathology

Hematoxylin and eosin staining demonstrated that the ventral lobes of the prostate in the 

control rats consisted of simple columnar epithelium, normal prostate architecture, normal 

epithelial histology, and had no inflammatory cell infiltrates (Fig. 1A). Inflammatory cells in 

the E. coli-inoculated rats infiltrated into the stromal area with slightly edematous changes 

throughout the prostate whereas the epithelium had a normal appearance (Fig. 1B). No 

evidence of the hyperplastic epithelium was detected.

Immunohistochemical staining for the androgen receptor, TGF-β1, IL-6, and COX-2 

expression was performed on prostate tissue sections (Fig. 1). Positive staining for the 

androgen receptor was observed in the epithelial nuclei of the vehicle-injected control group 

(Fig. 1D). In the E. coli-inoculated prostate, epithelial cells were stained strongly and some 

stromal cells were also stained for the androgen receptor (Fig. 1E). Staining for TGF-β1 was 

positive in the stromal area in controls (Fig. 1G) and was strongly positive in the E.coli-

inoculated prostate (Fig. 1H). Staining for IL-6 was negative in the control group (Fig. 1J), 

but positive around the inflammatory cells infiltrating in the stroma of E. coli-inoculated 

prostate (Fig. 1K). COX-2 staining showed negligible immunoreactivity in the control (Fig. 

1M), but its expression level was increased in the stroma of E. coli-inoculated rats (Fig. 1N). 

The upregulation of androgen receptors, TGF-β1, IL-6, COX-2 proteins were suppressed in 

E. coli inoculated rats treated with a COX-2 inhibitor. (Figs. 1F, 1I, 1L, 1O, respectively).

Expression level of inflammation-related proteins

We measured the tissue expression levels of several inflammation-related cytokines/

chemokines in the prostate including IL-1α, IL-1β, IL-6, TNF-α, MCP-1, and RANTES. 

Among them, IL-1α, IL-1β, IL-6, and RANTES expression was significantly increased in 

the E. coli-inoculated prostate compared to those in the control. Treatment with a COX-2 

inhibitor prevented the upregulation of these cytokines/chemokines (Fig. 2).

Androgen-responsive genes in the epithelium and TGF-β1 cascade genes in the stroma

In epithelial cells excised from E.coli-treated prostates by LCM, mRNA expression of the 

androgen receptor and five androgen-responsive genes, Eaf2, ELL2, FKBP5, calreticulin 

and ornithine decarboxylase increased 1.5–5 fold, compared to that in control epithelium 

(Fig. 3). In cells isolated from the stromal of E. coli-treated prostates, androgen receptor and 

TGF-β1 and its downstream genes, such as Hic-5, collagen 1, and fibronectin, were 

upregulated 3–15-fold (Fig. 4). The changes induced by E. coli induced inflammation in 

androgen receptor and TGF-ß1 signaling molecule mRNA expression in prostate epithelium 

and stroma were prevented upon treatment with a COX-2 inhibitor (Figs. 3 and 4).

Discussion

Castrated males before puberty do not develop BPH, and prostate volume shrinks during 

androgen blockade therapy; thus androgens play an important role in the pathogenesis of 

BPH. However, serum androgen levels generally fall in elderly males19 and are not 
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correlated with the prostate volume.20 Therefore, prostate reactivity to androgens may 

increase in patients with BPH. Previous studies have shown that androgen receptor levels in 

epithelial nuclei are elevated by 47% in BPH specimens relative to those in normal 

controls.21 Our previous study showed that not only the androgen receptor but also 

androgen-responsive genes are upregulated in hypertrophied epithelium relative to adjacent 

normal epithelium of BPH patients.17

The association between chronic prostate inflammation and the development of BPH has 

been proposed in previous clinical studies.2, 6, 7 Cytokines secreted from inflammatory cells 

stimulate androgen receptor activity in prostate cancer cells.22, 23 We have previously 

reported molecular changes similar to those identified in human BPH specimens in an 

abacterial rat model of prostatitis,18 which is characterized by infiltration of inflammatory 

cells up to 4 weeks after intraprostatic formalin injection. In this study, we further 

demonstrated that E. coli-induced chronic inflammation also induces the long-lasting (12 

weeks) upregulation of epithelial androgen-responsive and stromal TGF-β1 cascade genes. 

Taken together, these results suggest that the rat with bacterially-induced chronic prostatic 

inflammation is a suitable animal model to study the androgen and TGF-β1-mediated 

mechanisms underlying the development of prostatic proliferation in BPH.

Increased expression of not only cytokines but also some growth factors is reportedly 

associated with the presence of inflammatory cells in human BPH tissues.24–26 Among 

them, TGF-β1 is critical for prostatic smooth muscle regulation, as it induces 

transdifferentiation of prostatic fibroblasts into myofibroblasts that secrete extracellular 

matrix components such as collagen and fibronectin.27 In addition, the transcriptional co-

regulator and focal adhesion protein Hic-5 modulates the response of many downstream 

targets of TGF-β1 that have been implicated in tissue homeostasis and crosstalk between 

TGF-β1 and androgen signaling.28

COX-2, a proinflammatory enzyme involved in the conversion of arachidonic acid to 

prostaglandin, also mediates prostatic epithelial cellular proliferation. Macrophage and 

epithelial levels of COX-2 are upregulated in BPH tissues.13 COX-2 metabolites also 

upregulate expression of the anti-apoptotic gene BCL-2.13, 29 Some studies have reported 

high BCL-2 expression in BPH tissue specimens accompanied with chronic inflammation.30 

The daily use of non-steroidal anti-inflammatory drugs prevents an increase of prostate 

volume31 and the treatment with a COX-2 inhibitor combined with an α1-adrenoceptor 

blocker or a 5α-reductase inhibitor improves urinary flow rate.32–34 In addition, COX-2 

inhibitors decrease androgen receptor activity in prostate cancer cells.35 These observations 

suggest that COX-2 may represent a convergent mediator of prostate growth in the 

inflammatory pathway. Our results demonstrate that inhibition of COX-2 normalized the 

upregulated expression of androgen-responsive and TGF-β1 associated genes induced by 

chronic prostatic inflammation.

Bacterial compounds cause a wide range of cellular responses in prostatic cells, including 

hypersecretion of epithelial proteins and the proliferation in the epithelial and stromal 

compartments. Induction of prostatitis results in proliferation of approximately 80% of 

epithelial cells during acute inflammation.36 Yatkin et al. also reported that rats with 
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endocrine prostatitis show epithelial proliferation 3 weeks after castration combined with 

estradiol administration.37 Quintar et al. demonstrated rapid epithelial hyperplasia 48 h after 

inoculating E. coli into the rat prostate.38 Furthermore, Elkahwaji et al. demonstrated that 

Propionibacterium acnes isolated from the human prostate enhances the expression of the 

androgen receptor in the mouse prostate, which was more often observed in areas close to 

intense inflammatory infiltrates.39 These results suggest that prostatic inflammation, even at 

the acute stage of infection, is a strong proliferative stimulus for epithelial cells. Although 

we did not see apparent proliferation of prostatic epithelium in this study, it is possible that a 

longer follow-up may have revealed prostatic proliferation.

Inflammation in BPH specimens may not have been associated with bacterial infection, 

which is a major limitation of this study. However, some studies have suggested that 

prostatic bacterial infections are common. The percentage of BPH specimens positive for a 

bacterial infection varies around 20%40, and molecular epidemiological studies suggest that 

bacterial colonization of the prostate may occur more commonly than previously thought. 

Considering these facts and our results together, bacterial inflammation may trigger the 

development of prostatic enlargement in BPH tissues although further studies are needed to 

clarify this point.

Conclusion

Chronic prostatic inflammation up to 12 weeks causes changes in the expression of 

androgen-responsive genes in the epithelium and a TGF-β1 gene cascade in the stroma. 

Activation of androgen-responsive and TGF-β1–cascade genes might contribute to epithelial 

and stromal proliferation, respectively, during the development of BPH. In addition, COX-2 

inhibitors, which suppress inflammation-induced changes in the expression of these genes, 

might be beneficial to treat prostatic hypertrophy associated with prostatic inflammation.
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Key of Definitions for Abbreviations

BPH Benign prostatic hyperplasia

COX-2 cyclooxigenase-2

TGF-β1 Tumor growth factor-β1

ABC avidin–biotin complex

ELISA enzyme-linked immunosorbent assay

LCM laser-capture microdissection
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Fig. 1. Histological findings of the prostate tissue sections from control rats (A, D, G, J, and M), 
rats with E. coli inoculation into the prostate (B, E, H, K, and N), and E. coli-inoculated rats with 
celecoxib treatment (C, F, I, L, and O)
Hematoxylin and eosin staining (A–C) demonstrated that inoculation of E. coli into the 

prostate induced mild inflammation accompanied by inflammatory cell infiltration in the 

slightly expanded stromal area throughout the prostate (B) compared to those in the control 

(A). Immunohistochemical staining for androgen receptor (D, E and F), TGF-β1 (G, H and 

I), IL-6 (J, K and L), and COX-2 (M, N and O) demonstrated the increased expression of 

androgen receptor, TGF-β1, IL-6, and COX-2 expression was markedly enhanced in rats 

with E. coli-induced prostatic inflammation (E, H, K and N, respectively) compared to the 

control (D, G, J and M, respectively). These changes were normalized by celecoxib 

treatment (F, I, L and O, respectively). Images were taken at a magnification of ×100 (A–C) 

and ×200 (D–O). Scale bar; 100 μm.
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Fig. 2. Inflammation-related cytokines/chemokines in the prostate
The expression levels of IL-1α, IL-1β, IL-6, TNF-α, MCP-1, and RANTES in the prostate 

were determined using a multiplex ELISA system. Among them, IL-1α, IL-1β, IL-6, and 

RANTES was significantly increased in the E. coli group compared to the control group, but 

were suppressed by celecoxib administration (E.coli+CCX). CCX, celecoxib. * p < 0.05, ** 

p < 0.01 compared to the control.
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Fig. 3. Relative expression of androgen-responsive genes in the LCM-dissected epithelium
Androgen-responsive genes in the LCM-dissected epithelium were significantly upregulated 

in rats with E. coli-induced prostatitis compared to the control group. The COX-2 inhibitor 

treatment suppressed upregulation of these genes. CCX, celecoxib. * p < 0.05 compared to 

the control, # p < 0.05 between E.coli and E.coli+ CCX groups.
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Fig. 4. Relative expression of TGF-β1 cascade genes in the LCM-dissected stroma
TGF-β1 cascade genes were significantly upregulated in the LCM-dissected stroma in rats 

with prostatitis compared to the control group. COX-2 inhibitor treatment suppressed these 

changes. CCX, celecoxib. * p < 0.05 compared to the control, # p < 0.05 between E. coli and 

E. coli+ CCX groups.
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Table 1

Sequences of primers and probe

5′ primer 3′ primer Taqman probe efficacy (%)

androgen receptor TTGGCGAGAGACAGCTTGTA ATCTGGTCATCCACATGCAA GGTCAAGTGGGCCAAGGCCT 95.3

Eaf 2 CACACCGTGCGCTATGACT CCTTTGAAAACTGTGACTGGTG GGTTGGCAAAGGTGAACAGGTGACA 98.0

ELL 2 CGCTGGAGACTTACCAGAGC CATTGAAGGGATCATTTTTGG TCAGTTCCAAGGACTCCAAGGGC 98.5

FKBP 5 GCCGTTTGTCTTTAGCCTTG GATCTCGCCTTTCTTCATGG GGCCAGGTTATCAAAGCCTGGGA 99.1

calreticulin ACGAGCCAAGATTGATGACC TCCCACTCTCCATCCATCTC GCCTGAGGACTGGGACAAGCCA 96.3

ornithine decarboxylase CCTGTGCTGTGAGGAGACAG CTCGATGTGCCTCTGAAACA TTGACCTTGTGAGAGCTGGCCA 99.8

TGF-β1 TGAGTGGCTGTCTTTTGACG ACTGAAGCGAAAGCCCTGTA TCCGGCAGTGGCTGAACCAA 98.2

Hic 5 AACCTATTGCTGGGCAAGTG CCTCTGCAAAGGAAGTGCTC CCGCCCTGGGTAGAGCCTGG 102.0

collagen 1 GCCAAGAAGACATCCCTGAA GCCATTGTGGCAGATACAGA GGGTCCCTAATGGTGAGACGTGGA 104.9

fibronectin 1 CAGTACGGGCACCAAGAAGT CCAGTCACTGTGTTGCTGGT TTCACCACCAGCGCCAGCAC 102.3

GAPDH AGACAGCCGCATCTTCTTGT GATACGGCCAAATCCGTTC GCAGTGCCAGCCTCGTCTCA 104.0
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