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ABSTRACT 

Benign prostatic hyperplasia (BPH) and its associated lower urinary tract 

symptoms (LUTS) is a common disorder among elderly men.  Prostatic 

inflammation is considered to be a major etiologic factor of this disease due to its 

strong association with the symptom severity and disease progression.  

However, the exact mechanisms are still poorly understood and are a major 

focus of urologic research.  In addition to its effect on epithelial and stromal 

hyperplasia, emerging evidence supports the hypothesis that prostatic 

inflammation contributes to BPH/LUTS by a variety of mechanisms, including 

disruption of vascular remodeling and homeostasis, and excessive extracellular 

matrix deposition.  Here, we used our previously established mouse model of 

bacterial-induced prostatic inflammation to study the vascular and fibrotic 

responses to inflammation.  We demonstrated that prostatic inflammation 

induces angiogenesis characterized by increased endothelial proliferation and 

vessel density but decreased mRNA expression of the classic pro-angiogenic 

factors.  We also found that prostatic inflammation induces collagen deposition.  

This fibrotic change is associated with increased collagen synthesis, increased 

mRNA expression of collagen remodeling-associated genes, and an 

accumulation of collagen producing fibrocytes.  Finally, using a broad-spectrum 

antibiotic enrofloxacin to resolve bacterial infection and prostatic inflammation, 

we demonstrated that prostatic fibrosis is a reversible inflammatory process.   

Further characterization of the cellular and molecular mechanisms of these 
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vascular and fibrotic changes in inflammation as well as the effects of these 

histological changes in tissue function and voiding pattern using the mouse 

model described here is anticipated to provide significant insight into the 

underlying etiology of this common aging disease. 
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CHAPTER ONE 

 
INTRODUCTION 

A.  The Natural History of Benign Prostatic Hyperplasia and Associated 

Lower Urinary Tract Symptoms 

Benign prostatic hyperplasia (BPH) is a common and worldwide urological 

disorder affecting 50% to 90% of aging men.  The prevalence of BPH increases 

with age, starting at age of 40 years and reaching approximately 90% at age of 

80 [1-3].  BPH is histologically characterized by progressive prostate 

enlargement resulting from hyperplastic growth of the epithelial and stromal 

component predominately in the periurethral transition zone of the human 

prostate [1,3].  McNeal’s studies have described that the hyperplasic process of 

BPH is multi-focal and gives rise to stromal and glandular nodules [4].  During the 

initial phase of BPH development as early as the fourth decade in men, the 

disease is characterized by a diffuse growth of the prostate and a gradual 

increase in the number of small stromal and glandular nodules.  A second phase 

of BPH then follows, generally by the age of 70, in which there is a substantial 

increase in size of glandular nodules.  

 

The histopathological conditions of BPH are often associated with lower urinary 

tract symptoms (LUTS) that require medical or surgical treatment.  The 

prevalence of LUTS also increases with age [5].  LUTS are categorized into two 

types: Irritative symptoms and obstructive symptoms.  Irritative symptoms consist 
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of urgency, frequency, nocturia, and urge incontinence.  Obstructive symptoms 

consist of hesitancy, weak stream, straining, prolonged micturition, urinary 

retention, overflow incontinence and possible postvoid dribbling [2].  Although not 

life threatening, LUTS can significantly reduce quality of life in men [6,7] and 

when left untreated may be complicated by recurrent urinary tract infections, 

acute urinary retention and bladder muscle dysfunction. 

 

BPH and LUTS are historically interrelated.  It is presumably that the enlarged 

prostate resulting from BPH mechanically compresses the prostatic urethra that 

leads to bladder outlet obstruction, ultimately manifesting clinically as LUTS [1,8].  

However, there is increasing evidence to suggest that this simplistic causal 

relationship among prostate enlargement, bladder outlet obstruction and LUTS is 

not always applicable to predict the natural history and disease progression.   

Several community-based studies of men with no history of prostate cancer or 

prostate surgery have reported a significant but very weak correlation of the IPSS 

with prostate volume, peak flow rate and post-void residual urine volume [9,10].  

Clinical studies in men with BPH/LUTS also have demonstrated that the 

symptom score correlated poorly with prostate size, urinary flow rate and post-

void residual urine volume [11-13].  Furthermore, the prevalence of bladder outlet 

obstruction is only between 34% and 80% in men with BPH/LUTS documented in 

numerous pressure-flow urodynamic studies [14-17].  A weak but significant 

positive correlation among the degree of urodynamic obstruction and prostate 
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volume was found in BPH/LUTS patients [14]; however, there is a lack of 

relationship between the severity of obstruction and LUTS [16-19].  Specifically, 

there was no statistically significant difference in the mean total IPSS, 

obstructive, or irritative scores between patients with and without obstruction [16-

18].  Therefore, it is apparent that prostate enlargement and bladder outlet 

obstruction are not the sole determinant of LUTS in elderly men with BPH and is 

plausible that there are other factors for BPH/LUTS etiology that have yet to be 

identified. 

 

Despite extensive research over many years, the mechanisms underlying 

development and progression of BPH/LUTS are still poorly understood. Evidence 

for the incomplete correlation of prostate volume, LUTS severity, and bladder 

outlet obstruction suggests that bladder outlet obstruction due to prostate 

enlargement is not the only factor that contributes to LUTS.  Indeed, 

accumulating evidence suggests that BPH/LUTS is a multifactorial disease. 

Epidemiological studies have shown a high prevalence of erectile dysfunction, 

type II diabetes, cardiovascular disease, hypertension, autonomic nervous 

system overactivity and metabolic syndrome among patients with BPH/LUTS [20-

25].  The comorbid conditions in BPH/LUTS suggest that more than one 

contributing factor exist in the pathophysiology of BPH/LUTS.  In fact, aging, 

prostatic inflammation, lifestyle modifiable factors, sex steroid hormones, and 

genetics are all considered to play a role in BPH/LUTS [5].  Taken together, the 
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pathophysiology of BPH associated LUTS may be more complex than previously 

proposed.  There is a major need to reevaluate the contribution of prostate 

enlargement and obstruction to BPH/LUTS and to elucidate the role of the each 

individual factor in the pathogenesis of BPH and LUTS for gaining new insight 

into therapeutic treatment and prevention. 

 

B. Prostatic Inflammation in Benign Prostatic Hyperplasia/Lower Urinary 

Tract Symptoms 

Prostatic inflammation is common histologic finding in aging men and is now 

considered one of the major contributors to development and progression of 

BPH/LUTS.  Previous studies have shown that prostatic inflammation is 

extremely common in men with BPH.  Acute and chronic inflammation are both 

seen but chronic inflammation is more frequent [26].  Histological analysis of 

prostatic specimens in 80 men diagnosed with BPH who underwent transurethral 

resection of the prostate (TURP) showed evidence of inflammatory infiltrates in 

all patients [27].  In a subsequent study that characterized the inflammatory 

infiltrates on tissue microarrays obtained from 282 BPH patients treated with 

TURP or open prostatectomy, 81% of cases had T-lymphocytes, 52% had B-

lymphocytes, and 82% had macrophages [28].  This was further confirmed by an 

analysis of baseline data from 8224 elderly men in the REduction by DUtasteride 

of prostate Cancer Events (REDUCE) study that found 15.4% cases had acute 

inflammation based on histological evidence of neutrophils and 77.6% cases had 
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chronic inflammation as evidenced by the presence of lymphocytes, plasma cells 

and macrophages [26].  Moreover, a variety of inflammatory cytokines including 

IFN-γ, IL-1, IL-2, IL-4, IL-6, IL-7, IL-8, IL-13, IL-15, IL-17, IL-23, and COX-2 was 

significantly expressed in BPH specimens, further suggesting a possible role of 

inflammatory pathways in BPH/LUTS [29,30].   

 

Follow up studies have demonstrated that the severity of inflammation in 

BPH/LUTS was associated with the severity of urinary symptoms and disease 

progression.  The REDUCE study reported that the total IPSS score, irritative 

subscore and obstructive subscore were all significantly higher in men with 

histological chronic inflammation at baseline as compared to those without 

chronic inflammation [26].  There were weak but statistically significant 

correlations between the degree of chronic inflammation and the total IPSS 

score, and the IPSS subscores.  Similarly, in the subgroup analysis of 1197 

randomly selected BPH patients in the Medical Therapy of Prostatic Symptoms 

(MTOPS) study, patients with chronic inflammation at baseline were more likely 

to experience symptomatic progression and acute urinary retention, and to 

require BPH-related surgery than those with no inflammation [6].  Additionally, 

population based studies and clinical trial studies have demonstrated that regular 

use of non-steroidal anti-inflammatory drugs (NSAIDS) may have protective 

effects for patients with BPH/LUTS.  Men who used NSAIDS daily had a 

significantly reduced risk of developing moderate-to-severe LUTS, decreased 
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peak urinary flow rate, increased prostate volume and need for medical or 

surgical treatment for BPH later in life [31,32].  Taken together, these findings 

suggest that inflammation may play a substantial role in the development and 

progression of BPH/LUTS. 

 

The cause of prostatic inflammation in BPH/LUTS has been a subject of 

speculation and is likely multifactorial.  Bacterial infection appears to be common 

in BPH specimens.  Sexual transmission and urine reflux into the prostatic ducts 

have been suggested as the possible routes of infection for uropathogenic 

organisms [33,34].  Previous studies have indicated that a positive polymerase 

chain reaction (PCR) detection of bacterial 16S ribosomal RNA gene in the 

human prostate was strongly associated with the presence of prostatic 

inflammation [35].  Bedalov and colleagues have demonstrated that 63.6% of 

BPH specimens obtained by prostatectomy had bacterial growth [36] while Nickel 

and colleagues have reported that 44% of 80 BPH biopsies showed positive 

result in bacterial culture [27].  The strains of bacteria that are known to induce 

infection and inflammation in the prostate appears to be heterogeneous including 

a variety of different gram positive and negative organisms [27,34,36].  Among 

all, uropathogenic Escherichia coli (E. coli) is one of the most frequent isolates 

derived from bacterial prostatitis [33,37-39].  Other possible causes of prostatic 

inflammation that have previously been proposed include autoimmunity, viral 
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infection, dietary and environmental factors, and age-dependent changes in 

estrogen and androgen levels [30,34]. 

 

The mechanisms by which inflammation contributes to development and 

progression of BPH/LUTS have yet to be fully elucidated.  It is postulated that 

prostatic inflammation induces proliferation of epithelial and stromal cells, 

disrupts vascular homeostasis, induces fibrosis and sensitizes afferent fibers.  

These concepts are being tested in several rodent models of bacterial-induced 

prostatic inflammation.  Elkahwaji and colleagues have reported a mouse model 

of prostatic inflammation induced by a single transurethral instillation of 

uropathogenic E. coli 1677 isolated from the urine of a patient with lower urinary 

tract infection into adult C3H/HeOuJ male mice [40].  Prostatic tissues of day 5 

following bacterial infection showed evidence of acute inflammation 

characterized by increased infiltration of neutrophils into the periglandular 

stroma, interstitial edema, focal hemorrhage and shedding of epithelium into the 

glandular lumen.  At 12 weeks post-bacterial inoculation, infected mouse 

prostates exhibited characteristics of chronic inflammation including dense 

lymphocytic infiltration in the periglandular stroma accompanied by varying 

degrees of atypical hyperplasia and dysplasia in prostatic glandular epithelium, 

increased epithelial proliferation and oxidative stress.  Using the same strain of 

uropathgenic E. coli to induce acute bacterial infection in the mouse prostates, 

Boehm and colleagues performed a comprehensive characterization of the acute 
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inflammatory response throughout the acute phase of infection in the prostates of 

adult C57BL/6J male mice [41].  The inflammatory response to bacterial infection 

was characterized by a primarily neutrophilic infiltrate on the first two day post-

inoculation followed by a lymphocytic infiltrate 3-5 days following infection, which 

was similar to the leukocytic composition observed in human prostatic 

inflammation in BPH [28].  Quantitative histological measurements showed that 

the degrees of epithelial hyperplasia and proliferation, inflammatory infiltrate, 

hemorrhage and tissue damage were more severe between day 2 and 5 post-

inoculation and had largely resolved on day 7 following infection.  Increases in 

expression of a variety of cytokines, including Il-1α, Il-1β, Il-6, Il-8, Il-18, Cox-2, 

Tnfa, Il-1ra and Il-10 were also observed in the E. coli infected mouse prostates.  

A similar cytokine expression profile was observed in human BPH as well 

[29,30].  Rudick et al. have described another E. coli infection model of prostatic 

inflammation using a strain of uropathogenic E. coli  (CP1) isolated from the 

prostate of a patient with chronic prostatitis/chronic pelvic pain syndrome [42].  

This study has showed that transurethral inoculation of uropathogenic E. coli 

CP1 in adult NOD male mice not only resulted in prostatic infection and 

inflammation but also appeared to induce chronic pelvic pain. 

 

Several other models of bacterial-induced prostatic inflammation utilize bacteria 

other than E. coli.  Mackern-Oberti et al. have showed that transurethral 

inoculation of Chlamydia muridarum (C. muridarum) for 3 consecutive days 
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resulted in chronic prostatic infection and inflammation in two strains of animals 

genetically susceptible to experimental autoimmune prostatitis, Wistar rats and 

NOD mice [43].  Histological examination of the infected prostates revealed the 

presence of mononuclear and polymorphonuclear infiltrates that were mostly 

composed of CD3+ cells.  The marked inflammatory infiltration in C. muridarum 

infected prostates was accompanied by high serum levels of antibodies against 

different prostate antigens in both infected adult Wistar rats and NOD mice, 

suggesting a possible role of Chlamydia-induced prostatic inflammation in 

stimulating autoimmune reactions in genetically susceptible hosts.  Shinohara 

and colleagues have also established a mouse model of prostatic inflammation 

induced by a single transurethral instillation of a radical prostatectomy-derived 

strain of Propionibacterium acnes (PA2 P. acnes) [44].  Histological analysis 

demonstrated that P. acnes infection induced acute and chronic inflammation 

that persisted for at least 8 weeks post-inoculation in the prostates of adult 

C57BL/6J male mice.  In addition, P. acnes induced prostatic inflammation was 

accompanied by increased epithelial proliferation, decreased expression of 

Nkx3.1 and androgen receptor in the epithelium of the inflamed glands, which 

were similar to the cellular and molecular features of the human prostate 

associated with inflammation [45,46]. 

 

In summary, these studies show that bacterial-induced prostatic inflammation 

can recapitulate certain histopathologic, cellular and molecular characteristics of 
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the inflamed human prostate.  Studies are currently underway in several 

laboratories to determine the effects of prostatic inflammation on voiding 

behavior, fibrosis, extracellular matrix deposition and neurovascular physiology 

that are believed to be highly relevant in BPH/LUTS development. 

 

C. Prostatic Vasculature in Development, Inflammation, Benign Prostatic 

Hyperplasia/Lower Urinary Tract Symptoms 

The prostatic vasculature provides nutrients and oxygen to the organ that is 

necessary for its normal development, growth and function.  Previous studies of 

the adult rat prostatic vasculature highlighted its importance in androgen-

mediated prostatic growth homeostasis.  Castration induced a rapid reduction in 

blood flow to the prostate accompanied with vasoconstriction, increased vascular 

permeability, increased apoptosis and decreased proliferation of endothelial cells 

in 12-24 hours after castration [47-53].  This response preceded the onset of 

prostatic epithelial cell apoptosis and tissue regression that occurred 24-72 hours 

post-castration [48-50].  Subsequent testosterone replenishment of the castrated 

animals rapidly restored the prostatic vasculature through increasing endothelial 

proliferation and blood flow preceding epithelial proliferation in the prostate [50].  

Follow up studies in rats and rabbits have demonstrated that reduction in 

prostatic blood flow through impairment of iliac arterial supply created an 

ischemic condition in the prostate that induced epithelial cell apoptosis, and 

functional and structural alterations of the prostatic tissues [54,55].  Taken 
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together, these observations suggest that the vasculature might play a more 

important role in supporting the normal prostatic growth and function than 

previously recognized.  

 

Vascular remodeling and angiogenesis is a critical feature of the response to 

injury, inflammation and wound healing.  The initial response to injury is 

hemostasis and is characterized by platelet adhesion and aggregation, 

development of a fibrin clot and coagulation.  This is followed by vasodilation, 

increased vascular permeability and blood flow at the site of injury facilitating the 

infiltration of inflammatory cells through the endothelium into the injured tissue.  

These vascular changes are tightly regulated by vascular mediators released 

mainly from platelets and inflammatory cells, including platelet-derived growth 

factor, platelet-activating factor, prostaglandin, leukotriene, histamine and clotting 

factors [56,57].  At the later phase of wound healing, inflammatory cells, epithelial 

cells, fibroblasts and endothelial cells near the wound area secrete a variety of 

angiogenic factors to promote angiogenesis for new blood vessel growth from 

preexisting vessels in the wound tissue.  These classical angiogenic factors 

primarily include vascular endothelial growth factors, angiopoietins, and fibroblast 

growth factors [56,57].  In summary, the vascular response to inflammation 

contributes significantly to the process of tissue repairing and is predominantly 

mediated by the actions of angiogenic factors on the vasculature. 



	
  

	
  

12 
Studies in animal models of tissue injury and inflammation have characterized 

the vascular response to inflammation and the role of angiogenic factors in this 

process in various organ systems; however, this study has never been 

conducted in the prostate.  In a swine skin excision model of tissue injury, 

ultrasound serial images of the wound area revealed the formation of a highly 

vascularized granulation tissue at the injured site [58].  Local treatment with 

neutralizing VEGFA antibody significantly reduced vessel density and inhibited 

wound granulation tissue formation compared with animals treated with a control 

IgG.  Previous studies have also demonstrated that mustard oil-induced 

inflammation resulted in increased vascular permeability in the mouse skin ear as 

evidenced by the leakage of Evan blue dye from the ear vasculature after 

injecting the dye into the femoral vein [59,60].  Importantly, this vascular 

response to inflammation was inhibited in transgenic mice overexpressing 

Angpt1 whereas the effect was increased in transgenic mice overexpressing 

Vegfa [60].  Studies in rodents infected with the respiratory pathogen 

Mycoplasma pulmonis have showed that bacterial-induced airway inflammation 

was accompanied by vascular changes that preceded tissue remodeling [61].  

The vascular remodeling in the trachea in response to bacterial infection involved 

increased endothelial cell proliferation, enhanced angiogenesis, increased vessel 

density, increased vessel permeability, enlargement of vessel diameter, and 

vascular reorganization in a non-uniform pattern [61-65].  Similarly, respiratory 

infection with herpes virus in mice induced endothelial cell proliferation and 
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vessel thickening in the lung [66].  Previous studies have further suggested that 

these vascular changes were at least in part mediated by Angiopoietin/Tek 

receptor signaling [67,68].  Overexpression of Angpt1 in pathogen-free mice 

induced the vascular remodeling similar to as in Mycoplasma pulmonis infected 

animals while blocking its effect by injection of soluble Tek receptor in infected 

animals inhibited the vascular response to inflammation [68]. 

 

Experimental and clinical studies have consistently suggested that vascular 

pathogenesis is a potential contributor to the etiology of BPH/LUTS.  Previous 

studies in spontaneously hypertensive rats have shown that this rat strain 

exhibited hyperactive urinary voiding and developed benign adenomatous 

hyperplasia in the aging prostate, suggesting a possible pathogenic link between 

vascular diseases and BPH/LUTS [69,70].  Studies in aging men have further 

revealed that atherosclerotic diseases, such as coronary heart disease, 

hypertension, diabetes mellitus, are a risk factor for BPH/LUTS and are 

associated with the prevalence or symptom severity of BPH/LUTS [22-24,71-74].  

Several studies indicated that reduced prostatic blood flow and increased 

vascular resistance in the transition zone in patients with BPH/LUTS compared to 

control healthy group [72,75].  It also appears that BPH/LUTS patients with 

vascular disorders had a greater reduction of prostatic blood flow and a greater 

severity of BPH symptoms than men without vascular disorders [23,72].  Despite 

there is accumulating evidence to suggest that vascular diseases are likely a risk 
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factor for BPH/LUTS, the causal relationship between these two pathological 

conditions has yet to be elucidated.  Given that prostatic inflammation and 

vascular pathology are associated with BPH/LUTS and vascular response is 

essential during inflammation for tissue repair, the mechanisms underlying the 

vascular changes in response to inflammation in the prostate are postulated to 

contribute to the etiology of BPH/LUTS. 

 

D. Prostatic Fibrosis in Inflammation and Benign Prostatic 

Hyperplasia/Lower Urinary Tract Symptoms 

Emerging evidence suggests that increased collagen accumulation in the 

prostate is a contributing factor to the pathogenesis of BPH/LUTS.  An 

epidemiological study of BPH patients with LUTS has revealed that the amount 

of prostatic fibrosis was significantly inversely correlated with urine flow rate, 

implicating that increased fibrous tissue in the prostate may compromise urinary 

functions [76].  A recent study has further demonstrated that the periurethral 

prostatic tissues from men with LUTS had a higher collagen amount that was 

positively correlated with the tissue stiffness as compared with those without 

LUTS [77].  More importantly, the mechanical stiffness of the tissues was directly 

associated with the severity of LUTS.   Taken together, these studies support an 

idea that prostatic tissue stiffening attributed to high collagen content and fibrosis 

impairs urethral function and compliance.  To date, the mechanisms leading to 

increased collagen deposition in BPH/LUTS have not yet been investigated. 
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Many studies have suggested that immune regulation is the key player in the 

establishment and progression of excessive collagen deposition in various 

diseases [78-80].  Collagen remodeling and deposition is a predominant feature 

of tissue inflammation for normal wound healing [81,82].  However, when 

inflammation fails to resolve a pathological state of chronic wound healing 

response occurs and results in development of fibrosis.  Considering that 

prostatic inflammation and fibrosis are characteristics in BPH/LUTS and that 

increased collagen deposition occurs in response to chronic inflammation/injury 

for tissue repair, we postulate that prostatic inflammation contributes to 

development and progression of BPH/LUTS by inducing fibrosis.  This concept is 

supported by a recent prospective study showing a significantly higher collagen 

content in the periurethral prostatic tissues with histological evidence of 

inflammation as compared to those without inflammation [83].  

 

E. Summary 

BPH/LUTS is one of the most common diseases in aging men.  Due to the 

associated bothersome clinical symptoms and the high prevalence and incidence 

of BPH/LUTS in the aging population, this disease has been a subject of interest 

in research and clinical studies for many years.  According to the current 

literature, it is evident that prostatic inflammation is commonly noted in 

BPH/LUTS and has been suggested as one of the factors contributing to 

BPH/LUTS.  However, as of today the mechanisms of prostatic inflammation 
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underlying the pathogenesis of BPH/LUTS is still unclear.  Additionally, there is 

increasing evidence suggesting that vascular pathology and prostatic fibrosis 

might contribute to LUTS in aging men.  We used our previously described 

mouse model of bacterial-induced inflammation [40,41,84] to examine the effect 

of inflammation on the vascular system and extracellular matrix of the prostate.  

The work presented here addresses three specific aims:   

Aim 1: To examine the effects of bacterial-induced prostatic inflammation 

on endothelial proliferation in the prostate 

Aim 2: To examine the effects of bacterial-induced prostatic inflammation 

on collagen deposition in the prostate 

Aim 3:  To examine whether the changes in collagen deposition induced by 

bacterial prostatic inflammation is reversible 

The results of these aims are described in the following chapters.  They are 

believed to serve as a useful resource for future studies in understanding the 

roles of angiogenesis and fibrosis associated with prostatic inflammation in the 

complex pathobiology of BPH/LUTS. 
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CHAPTER TWO 

This manuscript was published in The Prostate 2014;74(4):345-58. 

Contributions of authors:  L.W. performed transurethral instillation experiments 

and prepared the manuscript.  J.G. performed India ink perfusion, RT-PCR and 

immunohistochemical analyses in prostate development and infection 

experiments and assisted in manuscript preparation.  J.C. and C.J.L. assisted in 

RT-PCR and immunohistochemical analyses.  M.B. designed and drew 

schematic illustrations.  S.L. performed vascular density analysis and assisted in 

India ink perfusion. V.M. and C.M.V. performed India ink perfusion and 

immunohistochemical analysis in prostate development and assisted in 

manuscript preparation.  W.B. supervised studies and assisted in manuscript 

preparation. 
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Prostate angiogenesis in development and inflammation 

Letitia Wong, Jerry Gipp, Jason Carr, Christopher J. Loftus, Molly Benck, 

Sanghee Lee, Vatsal Mehta, Chad M. Vezina, Wade Bushman 

 

ABSTRACT 

BACKGROUND.  Prostatic inflammation is an important factor in development 

and progression of BPH/LUTS.   This study was performed to characterize the 

normal development and vascular anatomy of the mouse prostate and then 

examine, for the first time, the effects of prostatic inflammation on the prostate 

vasculature. 

METHODS.  Adult mice were perfused with India ink to visualize the prostatic 

vascular anatomy. Immunostaining was performed on the E16.5 UGS and the 

P5, P20 and adult prostate to characterize vascular development.  

Uropathogenic E. coli 1677 was instilled transurethrally into adult male mice to 

induce prostate inflammation.  RT-PCR and BrdU labeling was performed to 

assay anigogenic factor expression and endothelial proliferation, respectively. 

RESULTS.  An artery on the ventral surface of the bladder trifurcates near the 

bladder neck to supply the prostate lobes and seminal vesicle. Development of 

the prostatic vascular system is associated with endothelial proliferation and 

robust expression of pro-angiogenic factors Pecam1, Tie1, Tek, Angpt1, Angpt2, 

Fgf2, Vegfa, Vegfc, and Figf.  Bacterial-induced prostatic inflammation induced 

endothelial cell proliferation and increased vascular density but surprisingly 
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decreased pro-angiogenic factor expression. 

CONCLUSIONS.  The striking decrease in pro-angiogenic factor mRNA 

expression associated with endothelial proliferation and increased vascular 

density during inflammation suggests that endothelial response to injury is not a 

recapitulation of normal development and may be initiated and regulated by 

different regulatory mechanisms. 

 

INTRODUCTION 

The prostate is an androgen-dependent male accessory sex organ that is 

composed of the epithelial ductal glands surrounded by the stromal components, 

including the vasculature.  In addition to androgen stimulation, the prostate 

requires nutrients and oxygen supplied by the vasculature for normal 

development, growth and function.  Studies of the adult rat prostatic gland have 

consistently emphasized the importance of the prostatic vascular system in 

growth homeostasis, yet its aspect in prostate biology is still understudied.  In 

response to androgen deprivation, there was an early and rapid reduction in 

blood flow to the adult rat ventral prostate after castration accompanied with 

vasoconstriction, increased vascular permeability, increased apoptosis and 

decreased proliferation of endothelial cells that occurred prior to the onset of 

prostatic epithelial cell apoptosis and tissue regression [1-3].  Androgen 

supplements rapidly restored the prostatic vasculature after castration that was 

required for the subsequent epithelial regeneration [1,2,4].  Studies in human 
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prostates have further revealed vascular changes in prostate cancer and benign 

prostatic hyperplasia (BPH) including increased vessels with tiny lumens and 

irregular shapes, increased vessel density, and reduced blood flow, suggesting 

changes in vascular architecture or anatomy may have a potential role in 

prostate diseases [8-11].  To date, there has been only one published study to 

describe the vascular anatomy in the rat ventral prostate [12].  The arterial supply 

to the ventral lobe of the adult rat prostate was shown to derive in common or 

individually from the inferior vesical artery.  The arterioles and venules traveled 

along the periphery of the glandular lobules while thin walled capillaries 

predominated immediately adjacent to the basement membranes of the glands 

as well as within the stroma surrounding the ducts.  As of yet, the vascular 

anatomy of the adult mouse prostate and the development of the mouse prostatic 

vascular system have never been studied. 

 

Vascular remodeling is a critical feature during inflammation after tissue injury 

and is mediated by angiogenic factors [4-6].  Studies in rodents infected with the 

respiratory pathogen Mycoplasma pulmonis have showed that bacterial infection 

induced airway inflammation was accompanied by numerous early vascular 

responses that preceded the tissue remodeling and was persistent as the 

infection continued toward chronic conditions [16].  The vascular remodeling in 

the trachea in response to bacterial infection involved increased endothelial cell 

proliferation, enhanced angiogenesis, increased vessel density, increased vessel 
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permeability, enlargement of vessel diameter, and vascular reorganization in a 

non-uniform pattern [16-20].  Similarly, respiratory infection with herpes virus in 

mice induced endothelial cell proliferation and vessel thickening in the lung [21].  

Previous studies have further suggested that these vascular changes were at 

least in part mediated by Angiopoietin/Tek receptor signaling.  Overexpression of 

Angpt1 in pathogen-free mice induced the vascular remodeling similar to as in 

Mycoplasma pulmonis infected animals while blocking its effect by injection of 

soluble Tek receptor in infected animals inhibited the vascular responses to 

inflammation [22]. 

 

Prostatic inflammation is a common feature in aging men and is considered to be 

one of the major factors in the development and progression of BPH and its 

associated lower urinary tract symptoms (LUTS) as previous studies have 

demonstrated a strong association between the presence of prostatic 

inflammation and the increased incidence of BPH/LUTS [7-10].  In spite of this 

connection, the underlying mechanisms of how prostatic inflammation contributes 

to BPH/LUTS, has yet to be elucidated.  There is increasing evidence suggesting 

that the vascular pathogenesis is a potential contributor to the etiology of 

BPH/LUTS.  Studies in aging men have revealed that atherosclerotic diseases, 

such as coronary heart disease, hypertension, diabetes mellitus, are a risk factor 

for BPH/LUTS and are associated with the prevalence or symptom severity of 

BPH/LUTS [11-17].  Subsequent studies on BPH have indicated that reduced 
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prostatic blood flow and increased vascular resistance in the transition zone of 

the prostate were observed in patients with BPH/LUTS compared to control 

healthy group [12,18].  It also appears that BPH/LUTS patients with vascular 

disorders had a greater reduction of prostatic blood flow and a greater severity of 

BPH symptoms than men without vascular disorders [12,14].  Given that prostatic 

inflammation and vascular pathology are associated with BPH/LUTS and 

vascular response is essential during inflammation for tissue repair, the 

mechanisms underlying the vascular changes in response to inflammation in the 

prostate are postulated to contribute to the etiology of BPH/LUTS.  Therefore, it 

is tempting to investigate the effect of inflammation on vascular changes in the 

prostate.  

 

In this study, the vascular development and its response to inflammation in the 

mouse prostate were described.  We began the study by describing the vascular 

anatomy of the mouse prostate at the macroscopic level.  We also evaluated the 

relationship of prostate vasculature with the epithelium, endothelial proliferation 

and mRNA expression of the major angiogenic factors in the developing and the 

mature adult mouse prostates.  Finally exploiting our previously described mouse 

model of bacterial-induced prostatic inflammation [19], we characterized the 

vascular response to acute inflammation by measuring endothelial proliferation, 

vessel density and changes in the mRNA expression of the major angiogenic 

factors in the adult mouse prostate.  The findings of this study are to serve as a 
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fundamental resource for future research aimed at elucidating the role of 

vascular mechanisms in prostate development as well as the pathogenesis of 

inflammation associated prostatic diseases. 

 

MATERIALS AND METHODS 

Visualization of the Vascular System by Intra-cardiac Perfusion of India Ink  

Adult C57BL6/J (Jackson Laboratory) or CD-1 WT (Charles River) male mice 

were used in these studies.  To visualize the vascular anatomy of the mouse 

prostate, anesthetized mice were perfused with 25% India ink in sterile PBS 

through the left ventricle.  India ink is commonly used in research for visualization 

of the blood vessels [20,21].  After the ink is completely distributed to all vessels 

in the entire body, the urogenital tracts were removed immediately from the 

animals and were fixed in 10% neutral buffered formalin overnight at 4oC. The 

next day the tissues are rinsed in PBS and then incubated in PBS+ 1% KOH for 

2 days at 4oC followed by serial steps with graded increasing concentration of 

glycerol in PBS + 1% KOH starting at 25-50%, 75% and finally 100% for 2 days 

each with final storage in glycerol, all incubations done at 4°C.  Note that as the 

concentration of glycerol goes up the concentration of the PBS/KOH goes down, 

starting with 1% KOH in PBS.  The vasculature of the prostate was visualized 

under the dissecting light microscope and images were obtained using a digital 

SPOT camera. 
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Transurethral Instillation 

Transurethral instillation was performed as previously described [19].  Briefly, 8- 

to 10-week old CD-1 (Charles River) or C57BL6/J (Jackson Laboratory) WT male 

mice were anesthetized with isoflurane and a lubricated sterile polyethylene 

catheter was inserted into the mouse urethra. Uropathogenic E. coli 1677 (2 x106 

CFU/ml) or sterile PBS in a volume of 200µl was instilled transurethrally into the 

adult male mice. 

 

Animals were sacrificed 1, 2, 3, 5, and 7 days post-instillation.  Naïve animals not 

undergoing instillation procedures were also sacrificed to control for vascular 

changes associated with catherization or transurethral instillation.  In the study of 

the effect of prostatic inflammation on endothelial proliferation, animals were 

intraperitoneally injected with BrdU 2 hr prior to sacrifice and the prostate was 

collected from each animal for histology and immunohistochemistry.  In the study 

of the effect of prostatic inflammation on gene expression of the angiogenic 

factors, the prostatic lobes were collected from each animal for RNA isolation.  

Four to seven mice per time point and per treatment were used.  Ten animals 

without any treatment were sacrificed as naïve. 

 

Vascular Development 

CD-1 WT pregnant females and 8-week old male mice were purchased from 

Charles River.  For study in quantitation of endothelial proliferation, animals were 
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sacrificed at postnatal Day 15 (n = 6) and 8-week (n = 6).  Prostatic tissues were 

harvested and processed as described below for histology and 

immunohistochemistry.  For study of angiogenic factor expressions, the male 

urogenital sinus (UGS) at embryonic Day 16 (n = 4), the prostate at postnatal 

Day 5 (n = 4) and the prostatic lobes at 8-week old animals (n = 5) were collected 

for RNA isolation.   

 

Immunohistochemical staining 

Co-staining for Brdu and PECAM was used to assess the proliferation in 

endothelial cells. Tissue was removed from the animals and fixed in 4% PFA 

overnight at 4oC.  PFA was replaced with 20% sucrose and incubated at 4oC for 

3 days after which sucrose was replaced with OCT for 3 hr prior to embedding in 

fresh OCT.  Samples were stored at -80oC until sectioned.  Serially sections were 

cut at 10 µm and slides stored at -80oC until staining.  To begin staining tissue 

sections were washed in 0.01M PBS (pH 7.4) with 0.1% triton x100 (3x 5min).  

Incubate in 1N HCl for 10 min on ice followed by 2N HCl for 10 min at room temp 

and transfer to 37oC for another 20 min.  Immediately place in 0.1M borate buffer 

(pH 9) for 12 min at room temperature.  Slides were then washed in PBS + 0.1% 

Triton x100, three times 5 min each at room temperature.  IHC blocking was with 

PBS (pH 7.4) + 0.1% Triton x100 + Glycine (1M) + 5% normal donkey serum for 

1hr at room temperature. Following blocking primary antibody in blocking solution 

was added, BrdU (Abcam 1893) at 1:50 dilution and PECAM (BD 550274) at 
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1:200 dilution.  Primary antibodies were incubated at room temperature overnight 

followed by three 5 min washes with PBS + 0.1% Triton x100.  Secondary 

staining was done with fluorescence antibodies from Invitrogen, (A21209, 

Alexa594 for PECAM, A11015, Alexa488 for BrdU) at 1:200 dilution in block 

buffer for 1hr at room temperature.  Wash three times as above for primary 

antibody.  To stain nuclei add Hoechst 33258 at 4µg/ml in PBS for 10 min at 

room temperature.  Wash three times, 5 min each in PBS, coverslip and image. 

 

Co-staining for CDH1 and KDR was used to assess the relationship of the 

endothelial cells with the epithelial cells in the mouse UGS and prostate at 

different stages of development.  Male urogenital sinus from E16.5, and 

prostates from P5, P20 and adult C57BL/6J mouse tissues were fixed in 4% 

paraformaldehyde, dehydrated in methanol, infiltrated with paraffin, and cut into 

5-µm sections. After deparaffinization, hydration, and antigen unmasking in 

boiling 1mM Tris-EDTA buffer (pH 9), tissues were blocked for 1 hr in TBSTw 

containing 1% Blocking Reagent (Roche Diagnostics, Indianapolis, IN), 5% 

normal goat sera, and 1% bovine serum albumin fraction 5 (RGBTw). Tissues 

were incubated overnight at 4°C with primary antibodies diluted in RGBTw as 

follows: 1:250 mouse anti-CDH1 (61081, BD Transduction Laboratories, Franklin 

Lakes, NJ) and 1:600 rabbit anti-KDR (2479S, Cell Signaling Technology). 

Secondary antibodies were diluted as follows: 1:250 Dylight 488-conjugated anti-

mouse IgG (115-487-003, Jackson Immunoresearch, West Grove, PA), 1:250  
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Alexa Fluor 594 Goat Anti-Rabbit IgG (A11012, Life Technologies, Grand Island, 

NY). Immunofluorecent labeled tissues were counterstained with 4′,6-diamidino-

2-phenylindole, dilactate, and mounted in anti-fade media (phosphate-buffered 

saline containing 80% glycerol and 0.2% n-propyl gallate).  

 

Mean Blood Vessel Density (MVD) 

Eight to twelve-week old C57BL6/J WT male mice (Jackson Laboratory) were 

instilled transurethrally with uropathogenic E. coli or sterile saline as described 

above.  Prostatic tissues at Day 3 (n = 4 saline, n = 3 E. coli) and 7 (n = 4 saline, 

n = 4 E. coli) post-instillation were harvested, fixed in 10% formalin, embedded in 

paraffin and serially sectioned at 6µm.  Standard H&E staining were performed 

for histology. The severity of inflammation was graded based on our previously 

established grading system [19].  The identification of blood vessels in the H&E 

images was consulted with a pathologist.  The number of blood vessels in the 

stromal area per 10X field were counted and used to determine MVD for the 

DLP. The data are presented as the mean ± SEM. 

 

Endothelial Proliferation  

Immunohistochemical staining for BrdU and PECAM were performed on frozen 

sections as described above.  20X field images were obtained using an Olympus 

fluorescent microscope and a digital SPOT camera.  Double positive 

BrdU/PECAM (+/+) cells representing endothelial proliferation were counted.  For 
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developmental experiments comparisons were made between animals at P15 

and 8-week old.  Comparisons between saline and 3, 5, 7-day E. coli post-

instillation were used to assess proliferation during inflammation.  In addition, 

H&E staining for histology was performed to confirm prostatic inflammation in the 

E. coli infected animals.  The data are presented as the mean ± SEM. 

 

RNA isolation and cDNA 

UGS tissues and prostatic lobes from animals were collected in 1.6 ml 

microcentrifuge tubes and snap frozen in liquid nitrogen immediately.  RNA from 

the tissues was extracted using RNeasy Micro Kit (Qiagen, Inc.) and following 

the manufacture’s protocol and RNA yield was measured and purity determined 

by 260 / 280 nm ratio on a Nanodrop 1000 spectrophotometer (Thermo Scientific 

Inc.).  RNA was converted to cDNA by reverse transcription as previously 

described [19]. 

 

Semi-Quantitative Real-Time PCR 

Semi-quantitative RT-PCR was performed with cDNA samples to quantitate gene 

expression levels of the angiogenic factors.  The forward and reverse primers of 

each angiogenic factor Pecam, Pdgfa, Tie1, Tek, Angpt1, Angpt2, Angpt4, Fgf2, 

Vegfa, Vegfb, Vegfc, and Figf were designed using the NCBI mouse nucleotide 

database, the mouse genomic BLAST database and the Primer-3 program.  The 

sequences of the primers used are shown in Table I.  RT-PCR cycle reactions 
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were detected with SYBR green (Roche) and run on a BioRad Real-Time CFX 

with run conditions of 95°C for 10 min, followed by 50 cycles of 95°C for 15 sec 

and 60°C for 1 min.  Gene expression levels were normalized to the 

housekeeping gene Gapdh. 

 

Statistical Analysis 

Gene expression between different time periods was compared using ANOVA 

(analysis of variance), followed by a Fisher’s LSD (Least Significant Difference) 

test for pair-wise comparisons of different time periods. Prior to ANOVA, 

Levene’s test was used to verify the homoscedasticity assumption and a non-

parametric procedure was used for non-conforming data. All analysis was 

conducted using SAS 9.2 (SAS Institute, Cary NC) software. A P-value < 0.05 

was considered statistically significant in two-tailed statistical tests.  

 

To explore the relationship between mean vessel density and inflammation score 

for different prostatic lobes, Spearman's rank correlation coefficient (ρ) was 

calculated together with its test statistic. Commonly the strength of the correlation 

ranges from -1 to 1, with values closer to 1 indicating very strong correlation and 

to 0 representing very weak correlation. The sign (+ or -) of the correlation 

coefficient defines the direction of the relationship. Further, a comparison was 

performed on the inflammation score between WT and E. coli for different 

prostatic lobes on Day 3 and 7 using a two-sample t-test. All analysis was 
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conducted using SAS 9.2 (SAS Institute, Cary NC) software. A P-value < 0.05 

was considered statistically significant in two-tailed statistical tests.  

 

RESULTS 

Vascular Anatomy of the Adult Mouse Prostate 

We investigated the vascular anatomy of the adult mouse prostate vasculature 

by intra-cardiac injection of India ink and light microscopy (Fig. 1 A and B).  The 

India ink angiograms revealed one main artery on each side of the ventral aspect 

of the bladder supplying the prostate/seminal vesicle complex.  This artery 

branches into three vessels near the neck of the bladder to supply the bladder, 

prostate, seminal vesicle and the urethra.  The central branch bifurcates - giving 

off one vessel that runs along the anterior prostate to supply the anterior prostatic 

ducts and parts of the adjacent seminal vesicle and another vessel that directly 

supplies the anterior prostate.  The dorsal branch supplies the dorsolateral 

prostate while the ventral branch supplies the ventral surface of the bladder and 

the ventral prostate.  Vessels supplying the ventral and dorsolateral prostate 

lobes enter near the junction of the main prostate ducts with the urethra and 

arborize as they extend distally (Fig. 1C and D).  Schematic illustrations of the 

vascular anatomy of the adult male mouse urogenital tract are shown in Figure 

1E and F. 
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Architecture of Vascular Development  

To visualize the relationship between microvessels and prostate ducts during 

their initial outgrowth (E16.5), branching morphogenesis (P5), glandularization 

(P20), and upon maturation (P50), we conducted double immunofluorescent 

staining for vascular endothelial growth factor receptor 2 (VEGFR2 also known 

as KDR, marks endothelium) and cadherin 1 (CDH1, marks prostatic epithelium).  

We observed a distinct vascular network in the stroma along the entire cranial-

caudal axis of the urethra of the male UGS at E16.5 (Fig. 2A).  This network was 

also detected in the stroma of the seminal vesicle and ejaculatory duct 

epithelium, similar to the observations made by Abler et al., 2011 [36].  

Importantly, a discernible vascular network circumscribed nascent ducts from the 

very beginning of their development, suggesting a coordinated mechanism of 

pattern formation (Fig. 2A).  A similar spatial relationship was observed at P5, 

when microvessels enveloped newly formed prostatic branch tips (Fig. 2B).  

Vessels were oriented along the proximodistal duct axis at P20 (Fig. 2C) and P50 

(Fig. 2D), again suggesting coordination in patterning of prostatic ducts and the 

prostatic vascular supply. 

 

Angiogenic Factor Expression in Mouse Prostate Development 

We analyzed mRNA expression pattern of angiogenic factors in the male E16 

UGS, P5 prostate and the individual lobes of the adult prostate (Fig. 3).  

Expression of Pecam1, Tie1, Tek, Angpt1, Angpt2, Fgf2, Vegfc, and Figf was 
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higher at E16 than at the adult stage.   A subset of these genes (Tie1, Tek, 

Angpt1, Fgf2, Vegfc, and Figf) as well as Vegfa, were expressed more 

abundantly at P5 as well.  Several genes, including Angpt2, Angpt4 and Vegfb, 

did not exhibit increased expression at either E16 or P5 and actually seemed to 

be expressed more abundantly in the adult.  In contrast, Pdgfa showed no 

significant differences in expression at any of the time points examined.  All of 

the angiogenic factors examined have been shown to have important functions 

associated with angiogenesis. However, their angiogenic effects are highly 

dependent on the presence of each other and the interaction with specific 

receptors [37, 38].  Further, many of these angiogenic factors have multiple 

isoforms with variable potency and activity [37, 38].  It is therefore difficult to 

directly correlate the temporal patterns of mRNA expression for any factor with a 

specific angiogenic process in either the developing or adult prostate.  However, 

our finding that a majority of angiogenic factors are expressed more abundantly 

in the perinatal period is clearly consistent with generally robust angiogenic 

activity required for vascularization of the growing prostate.  

 

Vascular Response to Acute Inflammation in the Mouse Prostate 

To assess the response of vasculature in bacterial-induced injury and 

inflammation we measured the mean blood vessel density, endothelial cell 

proliferation and the expression profiles of angiogenic genes in the DLP following 

bacterial infection.  The DLP was selected for analysis since our previous work 
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has shown that the DLP exhibits the most consistent and robust inflammatory 

response to bacterial inoculation [33].  Analysis of H&E stained sections showed 

a significant increase of inflammatory degree and mean blood vessel density in 

the stromal area of the DLP of the E. coli infected mice at Day 3 and 7 post-

instillation (Fig. 4A and B).  Correlation analysis revealed a strong positive 

relationship between the severity of inflammation and the mean blood vessel 

density (Fig. 4C and D).  To determine whether increased mean vessel density is 

associated with an increase in endothelial proliferation, mice were injected IP 

with BrdU 2 hr before sacrifice.  Proliferating endothelial cells were identified by 

co-immunostaining for BrdU and the endothelial marker (PECAM).  The number 

of double positive PECAM/BrdU (+/+) cells was 16-fold higher on Day 3 post-

infection as compared to saline control.  Endothelial proliferation returned to 

baseline by Day 5 post-infection (Fig. 5A-D, G).  There was no difference in 

endothelial BrdU labeling index between naïve and saline controls (data not 

shown), demonstrating that the instillation procedure itself had no effect on 

endothelial proliferation.  To ascertain the relative magnitude of the proliferative 

response induced by inflammation of the adult prostate, we compared the 

endothelial labeling index in adult and P15 mice.  P15 is a period of robust ductal 

morphogenesis and growth of the prostate ductal network is at its peak.  This 

revealed that endothelial proliferation was six-fold higher at P15 than in the adult 

(Fig. 5E-F, H).  These data show that there is a rapid vascular response to 



	
  

	
  

47 
bacterial-induced inflammation that is characterized by a very robust increase in 

endothelial proliferation. 

 

Angiogenic Factor Expression in the Bacterial-Inflamed Prostate 

We analyzed mRNA expression pattern of angiogenic factors in the DLP (Fig. 6) 

of the adult mice at Day 1, 2, 3, 5, and 7 post-instillation.  Expression of Pecam, 

Pdgfa, Tie1, Tek, Angpt1, Angpt2, Angpt4, Fgf2, Vegfb, Vegfc, and Figf 

decreased significantly in the first 3 days following bacterial infection.  By Day 5 

and 7 post-infection, expression of most of these genes (Pdgfa, Tie1, Tek, 

Angpt1, Angpt2, Angpt4, Fgf2, Vegfb, and Vegfc) returned to baseline while 

Pecam and Figf exhibited a rebound expression significantly higher than 

baseline.  Expression of Vegfa showed no significant changes at any time point. 

 

DISCUSSION 

We used intra-cardiac injection of India ink to visualize the mouse prostatic 

vasculature.    Injection into the beating heart allowed the ink to distribute through 

the arterial system.  We observed a single main artery on the ventral aspect of 

each side of the bladder running laterally onto the side of the prostatic urethra 

and trifurcating near the bladder neck.  The ventral branch supplies the bladder 

and the ventral prostate; the central branch supplies the seminal vesicle and the 

anterior prostate; the dorsal branch supplies the dorsolateral prostate.  
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Immunonstaining for VEGFR2 in the UGS demonstrated an abundant 

microvessel network circumscribing the newly formed prostatic bud.  This 

network enveloped the elongating ducts and duct tips postnatally and generated 

the microvascular network of the adult prostate.  These observations 

complement a detailed electron-microscopy study of the microvascular network 

in the adult rat previously published by Buttyan and colleagues [12].   Formation 

of this vascular network during prostate development was accompanied by 

robust expression of a variety of angiogenic factors, including Pecam1, Tie1, 

Tek, Angpt1, Angpt2, Fgf2, Vegfa, Vegfc, and Figf.  The association of 

angiogenic factor expression with development of the vascular network is 

compelling, however, we cannot at this time ascribe a specific role to any single 

or group of factors in the process of endothelial proliferation and vascular 

remodeling in the prostate. 

 

We observed a dramatic increase in endothelial proliferation in response to 

bacterial-induced prostatic inflammation.  Endothelial proliferation was increased 

16-fold 3 days after bacterial inoculation and decreased to baseline 5 days post-

inoculation.  Vascular density was also increased. The magnitude of the vascular 

response to bacterial-induced inflammation was assessed by comparing it to the 

angiogenic activity in the adolescent (P15) and the normal adult prostate. We 

selected the P15 for comparison because P15 is a period of robust ductal 

morphogenesis [39].  These studies revealed that endothelial proliferation was 6-



	
  

	
  

49 
fold higher at P15 than in the adult, but the relative increase in proliferation was 

even higher in the inflamed prostate.  The increase in endothelial proliferation 3 

days post-infection occurs concomitant with a marked increase in epithelial 

proliferation as previously reported [33, 40]. 

 

Angiogenesis is a critical step during inflammation in response to tissue injury 

and is tightly mediated by a variety of angiogenic factors.  The resulting new 

vessels are essential to provide oxygen in wounded area and facilitate tissue 

regeneration.  Previous studies have shown that airway inflammation induced by 

Mycoplasma pulmonis infection in C3H/HeN mice increased angiogenesis as 

evidenced by increased endothelial cell proliferation beginning as early as 1 day 

following infection [16].  The proliferative index of endothelial cells peaked at 5 

days, and sharply declined at Day 9 post-infection but remained higher than 

uninfected control.  This angiogenic response to airway inflammation was 

accompanied by numerous vascular modeling including enlargement of existing 

vessels, endothelial cell enlargement and increased vessel density.  

 

We found mRNA expression of a majority of angiogenic factors examined to be 

decreased in the prostate after bacterial infection. This finding stands at odds 

with the robust endothelial proliferation that accompanies the inflammatory 

response.  It is, to our knowledge, without precedent in the literature.  One 

possible explanation is that inflammation/injury induces the release of previously 
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synthesized angiogenic factors.  An alternative explanation is that endothelial 

proliferation during bacterial-induced inflammation may not be mediated by the 

angiogenic factors examined in this study but instead by other factors produced 

following bacterial-infection.  We have previously shown that IL-1 is highly 

expressed in prostatic inflammation and is required for the epithelial hyperplasia 

that occurs in response to bacterial-induced inflammation [40]. IL-1 has been 

demonstrated to be pro-angiogenic and might contribute to the angiogenic 

response observed.  Previous studies have suggested that IL-1 can elicit 

production of both classical pro-angiogenic factors and inflammatory cytokines 

such as IL-8, TNFα, HGF, TGFβ, and COX2 that possess angiogenic activity [40-

49]. 

 

Despite the extensive focus in studying the pathogenesis of BPH, the role of 

angiogenesis and the angiogenic factors in BPH is poorly studied.  Previous 

studies have showed that microvascularity was increased in BPH [9].  However, 

subsequent studies to characterize the pro-angiogenic factor expression in BPH 

tissues are controversial.  Studies by Jackson et al [50] have shown 100% cases 

of BPH were stained positive for VEGFA.  Stefanou and colleagues [51] have 

reported that VEGFA were expressed in 81.25% of BPH samples examined.  In 

contrast, another studies have found that 83% of BPH cases were negative for 

VEGFA [52].  Thus, it is unclear whether the classical pro-angiogenic factors are 

important in regulating angiogenesis in BPH due to these inconsistent findings.  
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Intriguingly, previous studies have shown that inflammatory factors including IL-1, 

IL-8, TGFβ were capable to mediate angiogenesis in addition to their typical 

inflammatory functions and more importantly, these factors were highly 

expressed in some cases of BPH tissues with inflammation [40-57].  Given that 

angiogenesis is a typical vascular response to inflammation and prostatic 

inflammation is a common feature in BPH, it is tempting to speculate that 

prostatic inflammation in BPH induces vascular remodeling through the 

angiogenic effects of the inflammatory cytokines.  The findings in our studies 

support this concept, leading to a hypothesis that angiogenesis in response to 

prostatic inflammation may be mediated by inflammatory cytokines rather than 

the classical angiogenic factors.  This suggests a mechanism that may explain 

the inconsistent findings of the correlation between angiogenesis and classical 

angiogenic factor expression in BPH and provide a new perspective for a 

possible role of inflammation-induced vascular remodeling and angiogenesis in 

the pathogenesis of BPH. 

 

CONCLUSIONS 

The developing prostate and the inflamed adult prostate both exhibit robust 

endothelial proliferation. However, the endothelial proliferation associated with 

inflammation is characterized by a decrease in pro-angiogenic factor mRNA 

expression suggesting that it is not a recapitulation of normal vascular 

development but a process initiated and regulated by a different set of regulatory 
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factors. 

 

ACKNOWLEDGEMENTS 

This work was supported by NIH R01DK0757, T32 ES007015 from the National 

Institute of Environmental Health Sciences (NIEHS), NIH, and Herman I. Shapiro 

Distinguished Graduate Fellowship from UW-Madison School of Medicine and 

Public Health. Its contents are solely the responsibility of the authors and do not 

necessarily represent the official views of the funders. The authors also greatly 

appreciate the help from M. Shahriar Salamat, M.D., Ph.D. with his knowledge in 

pathology and Chee Paul Lin for providing statistical analysis. 

  



	
  

	
  

53 
 

 

 

 

 

 

 

 

TABLE I. Primer Sequences (5' to 3') Used for RT-PCR Analysis 

Mediator Forward Sequence Reverse Sequence 

Pecam1 GTCAGAGTCTTCCTTGCCCC CTGTTTGGCCTTGGCTTTCC 

Pdgfa AGTCAGATCCACAGCATCCG TGGTTAATGGCATGGGACCC 

Tie1 GCTGCTCCCCACTCTTTTCT GACACGCAGGTCAGGAAGAA 

Tek (Tie2) ACCTCTTGTGTCTGATGCCG CAGTGGATCTTGGTGCTGGT 

Angpt1 TTCTTCCAGAACACGACGGG AAGAGAAATCCGGCTCCACG 

Angpt2 

Angpt4 

CATAGCAGCCCCTTTCCACA 

GGTAATGTGGCCAGAGAGCA 

GACTGCAGTGCCTTTGGTTG 

TCCCAGTCATGCAGTTCCAC 

Fgf2 GAGAAGAGCGACCCACACG CAGCCGTCCATCTTCCTTCA 

Vegfa ACTTCTGAGGGGCCTAGGAG AGGTGGGGTAAGGAGAGGAC 

Vegfb GTGCCTCTGAGCATGGAACT ACATTCCAGGCCATCGTCAG 

Vegfc CAGCCCACCTCAATACCAG CTCACGTGGCATGCATTGAG 

Figf (Vegfd) CCCATCGCTCCACCAGATTT CGCATGTCTCTCTAGGGCTG 

Gapdh AGAACATCATCCCTGCATCC CACATTGGGGGTAGGAACAC 



	
  

	
  

54 

 
Fig. 1.  Visualization of the prostatic vascular anatomy by intracardiac perfusion 
of India ink.  A.  Low magnification brightfield image of the ventral and lateral side 
of adult male mouse urogenital tract.  The blood vessels were filled with black 
India ink.  Black arrow indicates the main artery supplying the male urogenital 
tract.  Note that left lobe of the ventral prostate was removed to visualize the 
vessels near the neck of the bladder.  B.  Low magnification brightfield image of 
the dorsal side of adult mouse male urogenital tract. Black arrow indicates the 
main artery supplying the seminal vesicle and anterior prostate.  C and D.  
Images of ventral prostate showing that the vessels supplying the lobe enter 
close to the urethra and arborize distally.  U, urethra; VP, ventral prostate; DLP, 
dorsalateral prostate; AP, anterior prostate; SV, seminal vesicle; B, bladder.  E 
and F. Schematic illustrations of the vascular anatomy of the adult male mouse 
urogenital tract.  E.  A lateral and ventral view.  F.  A dorsal view.  The main 
artery on the ventral aspect of the bladder runs laterally onto each side of the 
male urethra and branches into three vessels near the neck of the bladder: the 
ventral branch supplies the bladder and the ventral prostate; the central branch 
supplies the seminal vesicle and the anterior prostate; the dorsal branch supplies 
the dorsolateral prostate. 
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Fig. 2.  Immunostaining for CDH1 (Green), KDR (Red) and DAPI (Blue) in the 
E16.5 UGS (A), P5 ventral prostate (B), P20 ventral prostate (C), adult ventral 
prostate (D). bl, bladder; sv, seminal vesicle.  In panel A, arrowheads indicate 
prostatic bud. Scale bars in panel A and inset correspond to 100 µm. Note that 
there is abundant auto-fluorescence of the red blood cells shown as yellow in the 
E16.5 UGS. 
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Fig. 3.  qRT-PCR analysis for the angiogenic factors in the E16 male UGS, P5 
prostate, and the AP, DLP, VP of the adult.  The data are presented as the mean 
± SEM.  * Indicates a P-value < 0.05 compared to E16 UGS by two-sample t-test.  
# Indicates a P-value < 0.05 compared to P5 prostate by two-sample t-test. UGS, 
urogenital sinus; AP, anterior prostate; DLP, dorsolateral prostate; VP, ventral 
prostate. 
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Fig. 4.  Vascular response to bacterial-induced acute inflammation.  A. 
Comparisons of the inflammatory infiltrate in the DLP of the saline and E. coli 
infected adult male mice at Day 3 and 7 post-instillation (n = 4 each time point).  
B. Comparisons of the mean blood vessel density in the DLP of the saline and E. 
coli infected adult male mice at Day 3 and 7 post-instillation (n = 4 each time 
point).  The data are presented as the mean ± SEM.  * Indicates P-value < 0.05 
compared to saline by two-sample t-test.  C and D.  Spearman correlation 
analysis of the relationship between inflammation and mean blood vessel density 
in the DLP of the saline and E.coli infected adult male mice at Day 3 (C) and 7 
(D) post-instillation. PID, post instillation day. 
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Fig. 5. A-F. Immunostaining for BrdU (Green), PECAM (Red) and DAPI (Blue) in 
the adult prostate of saline-instilled control (A), 3 days post-bacterial inoculation 
(B), 5 days post-bacterial inoculation (C), 7 days post-bacterial inoculation (D), 
postnatal day 15 (E) and adult (F) prostate.  Scale bar 100 µm.  G. Comparisons 
of the endothelial proliferation determined by double positive PECAM/BrdU (+/+) 
cells per 20X field in the prostate after saline instillation (n = 5) and Day 3, 5, 7 
post-bacterial inoculation (n = 4 each time point).  The data are presented as the 
mean ± SEM. * Indicates P-value < 0.05 compared to saline by two-sample t-test.  
H. Comparison of endothelial proliferation determined by double positive 
PECAM/BrdU cells per 20X field in the prostate of postnatal Day 15 (n = 6) and 
adult (n = 6) male mice.  The data are presented as the mean ± SEM. * Indicates 
a P-value < 0.05 compared to adult by two-sample t-test. PID, post instillation 
day. 
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Fig. 6.  qRT-PCR for the angiogenic factors in the DLP of the naïve and E. coli 
infected adult male mice at Day 1, 2, 3, 5, and 7 after instillation.  The data are 
presented as the mean ± SEM.  * Indicates P-value < 0.05 compared to naïve by 
two-sample t-test.  PID, post instillation day. 
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Prostatic inflammation induces fibrosis in a mouse model of chronic 

bacterial infection 

Letitia Wong, Paul R. Hutson, Wade Bushman 

 

ABSTRACT 

Inflammation of the prostate is strongly correlated with development of lower 

urinary tract symptoms and several studies have implicated prostatic fibrosis in 

the pathogenesis of bladder outlet obstruction.  It has been postulated that 

inflammation induces prostatic fibrosis but this relationship has never been 

tested.  Here, we characterized the fibrotic response to inflammation in a mouse 

model of chronic bacterial-induced prostatic inflammation.  Transurethral 

instillation of the uropathogenic E. coli into C3H/HeOuJ male mice induced 

persistent prostatic inflammation followed by a significant increase in collagen 

deposition and hydroxyproline content.  This fibrotic response to inflammation 

was accompanied with an increase in collagen synthesis determined by the 

incorporation of 3H-hydroxyproline and mRNA expression of several collagen 

remodeling-associated genes, including Col1a1, Col1a2, Col3a1, Mmp2, Mmp9, 

and Lox.  Correlation analysis revealed a positive correlation of inflammation 

severity with collagen deposition and immunohistochemical staining revealed that 

CD45+VIM+ fibrocytes were abundant in inflamed prostates at the time point 

coinciding with increased collagen synthesis.   Furthermore, flow cytometric 

analysis demonstrated an increased percentage of these CD45+VIM+ fibrocytes 
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among collagen type I expressing cells.  These data show – for the first time –

that chronic prostatic inflammation induces collagen deposition and implicates 

fibrocytes in the fibrotic process. 

 

INTRODUCTION 

Prostatic inflammation is a common finding in the adult prostate.  It is more 

prevalent in men with benign prostatic hyperplasia (BPH) and lower urinary tract 

symptoms (LUTS) and the degree of prostatic inflammation correlates with 

severity and progression of symptoms [1,2].  The mechanisms by which prostatic 

inflammation contributes to LUTS are a current focus of investigation.  Several 

studies have suggested a correlation of prostatic fibrosis with increased urethral 

resistance and LUTS [3,4].  Considering that prostatic inflammation and fibrosis 

are both associated with LUTS in men, it is postulated that prostatic inflammation 

contributes to the development and progression of BPH/LUTS by inducing 

prostatic fibrosis.  

 

Inflammation has long been associated with fibrosis in other tissues but evidence 

for this in the prostate is only inferential.  A recent study by Cantiello and 

colleagues, for example, showed that human prostate samples with evidence of 

inflammation had a significantly greater collagen content than those without 

inflammation [5].  However, a causal relationship between inflammation and 

fibrosis of the prostate has never been established.  The purpose of this study 
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was to examine directly whether inflammation causes fibrosis in a previously 

described mouse model of bacterial-induced prostatic inflammation [6,7].  While 

there are significant species-specific differences in the anatomy, cellular and 

extracellular matrix compositions in the stroma of the mouse and human prostate 

[8,9], the stromal-epithelial interactions are highly conserved between them [10] 

and the inflammatory responses to bacterial infection in the mouse prostate, in 

particular, appears to recapitulate the immunologic features of inflammation in 

the human prostate [7,11-15].   We therefore expect our studies to provide insight 

into the causal relationship of inflammation and prostate fibrosis that are relevant 

to fibrosis of the human prostate.  

 

Using a previously described model of bacterial-induced prostatic inflammation 

(6) we correlated prostatic inflammation with changes in collagen content using 

histological and biochemical quantitative methods at different time points after 

bacterial infection.  We analyzed parameters related to inflammation and fibrosis 

including rates of collagen synthesis, the identity of collagen-producing cells, 

inflammatory infiltrate subtypes, and the changes in the mRNA expression of 

collagen remodeling-associated genes.  Our observations validate the hypothesis 

that chronic inflammation induces prostatic fibrosis and describes, for the first 

time, the role of fibrocytes in the generation of prostatic fibrosis. 
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RESULTS 

Chronic Prostatic Inflammation Induced by Bacterial Infection 

Inbred C3H/HeOuJ male mice were instilled transurethrally with either sterile 

PBS or uropathogenic E. coli 1677 as described previously [7].  This strain of 

mouse has previously been shown to remain infected and inflamed for at least 3 

months post-inoculation [6].  Histopathological analysis was performed on the 

ventral prostate (VP), dorsolateral prostate (DLP), and anterior prostate (AP) of 

saline instilled and E. coli infected animals 2, 7, and 28 days post-inoculation.  

Saline instilled controls showed little or no inflammation whereas all lobes of the 

E. coli infected prostates displayed widespread mild-to-severe inflammation 

(Figure 1A-R).  Significant inflammation was observed as early as on day 2 post-

infection in the DLP and AP but not until day 7 in the VP.  At 28 days post-

inoculation, there was persistent inflammation in all three lobes (Figure 1S-U).    

 

Collagen Deposition In Response to Chronic Inflammation 

Picrosirius red staining for collagen content was performed on adjacent serial 

tissue sections of the H&E stained slides from saline instilled and E. coli infected 

male mice 2, 7, and 28 days post-instillation (Figure 2A-R).  As shown in Figure 

2S-U, quantitation of the staining showed no significant difference in collagen 

content of any lobe between saline instilled and E. coli infected animals on day 2 

post-instillation.  On day 7 post-instillation, a significant increase was observed in 

the AP of the infected mice.  On day 28 post-instillation, all three prostatic lobes 
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from infected mice showed a significant increase in collagen content.  Increased 

collagen deposition on day 28 post-infection (Figure 2F, L, R) appeared to 

associate with the sites of inflammation as shown in the H&E images (Figure 1F, 

L, R).  Hydroxyproline is a specific and unique amino acid found in collagen that 

can be used to measure collagen content.  To validate the results obtained with 

picrosirius red staining, we quantitated hydroxyproline content by HPLC 2, 7, 14, 

21, and 28 days post-instillation.   Naïve animals and saline instilled animals 28 

days post-instillation showed no significant difference in hydroxyproline content 

(Figure S1), confirming that instillation alone had no impact on collagen 

deposition.  In agreement with the picrosirius red staining, no significant change 

in hydroxyproline content was observed 2 days post-instillation (Figure 3A).  

Hydroxyproline content was significantly increased on day 7 post-infection and 

remained increased until 28 days post-infection.  We interpret our data as 

showing that chronic prostatic inflammation induces a significant and sustained 

increase in prostatic collagen content. 

 

To determine if the increase in collagen content in chronic bacterial-induced 

prostatic inflammation is due to increased collagen synthesis, we measured the 

incorporation of 3H-hydroxyproline.  Animals transurethrally either instilled with 

saline or infected with E. coli were i.p. injected with 3H-proline 0, 5, 12, 19, 26 

days post-instillation and were sacrificed 48 hours later.   3H-hydroxyproline 

content was significantly increased in the infected prostates when assayed at 7 
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and 14 days post-infection as compared to saline controls. There was no 

significant difference when assayed at 21 and 28 days post-infection (Figure 3B).  

These findings reveal   increased collagen synthesis during early phase of 

inflammation is responsible for the measured increase in collagen content 

associated with chronic inflammation. 

 

Correlation Between Inflammation And Collagen Deposition 

To evaluate the relationship between prostatic inflammation and collagen 

deposition, we correlated inflammation score determined from H&E images with 

collagen content determined from adjacent sections stained with picrosirius red 

for the VP, DLP, AP of saline instilled and E. coli infected animals 2, 7, and 28 

days post-instillation (Table 1).  On day 2 post-instillation, there was no 

correlation between the degree of inflammation and collagen content.  At 7 days 

post-instillation the inflammation score was significantly and directly correlated 

with collagen content only in the AP.   At 28 days post-instillation all three 

prostatic lobes showed a significant positive correlation between inflammation 

and collagen content.  

 

Collagen Remodeling-Associated Gene Expression in the Inflamed Prostate 

We analyzed mRNA expression pattern of collagen remodeling-associated genes 

in the DLP (Figure 4) of saline instilled and E. coli infected mice 7 and 28 days 

post-instillation.  Robust changes in expression of several genes was evident 7 
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days post-infection; expression of Col1a1, Col1a2, Col3a1, Mmp2, Mmp9 and 

Lox was significantly increased while expression of Timp3 was significantly 

decreased.  No significant changes were observed in the expression of Col4a1, 

Col6a1, Col6a2, Mmp7 and Mmp13  (Figure 4, Figure S2).  In striking contrast, 

we observed no differences in expression of any collagen remodeling-associated 

genes except Timp3 28 days post-instillation.  Thus, the time course of increased 

expression of collagen remodeling-associated genes seems to parallel active 

collagen synthesis as determined by measurement of 3H-hydroxyproline 

incorporation. 

 

Characterization of Inflammatory Infiltrates   

The inflammatory infiltrates present in the VP, DLP, and AP were characterized 

28 days after bacterial inoculation.  CD3+ T cells (Figure 5A), CD20+ B cells 

(Figure 5B) and F4/80+ macrophages (Figure 5C) were the predominant 

inflammatory cells found in all three E. coli infected prostatic lobes.  A relatively 

small but significant number of neutrophils were also present (Figure 5D).  To 

determine the cell type responsible for collagen synthesis associated with 

inflammation we performed immunohistochemical costaining 7 days post-

instillation, a time point that corresponds to the peak of 3H-hydroxyproline 

incorporation in the inflamed prostate.  Staining for vimentin and α-smooth 

muscle actin surprisingly showed no evidence of VIM+αSMA+ myofibroblasts in 

either the saline instilled or E. coli infected prostates (Figure S3).  In contrast, 
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staining for vimentin and CD45 showed abundant number of CD45+VIM+ 

fibrocytes in the E. coli infected prostates while only minimal number of fibrocytes 

was detected in the saline instilled prostates (Figure 6A-B).  To determine if 

these fibrocytes are involved in collagen synthesis we performed staining for 

prolyl 4-hydroxylase (P4H), a key enzyme involved in collagen synthesis that 

catalyzes the conversion of proline to hydroxyproline before collagen secretion.  

Triple immunohistochemical staining for vimentin, CD45 and P4H in the E. coli 

infected prostates demonstrated P4H expression in a subpopulation of 

CD45+VIM+ fibrocytes (Figure 6C-D).  Further assessment of prostatic cells 

isolated from saline instilled and E. coli infected mice using flow cytometry 

demonstrated that CD45+VIM+ fibrocytes are present within collagen type I 

(COL1) positive cells.  Consistent with our immunohistochemical finding, there 

was a 6-fold increase in the percentage of CD45+VIM+ fibrocytes enriched in 

COL1 expressing cell population from the E. coli infected prostates (Figure 7).  

This observation strongly suggests fibrocytes as collagen-producing cells in 

chronic bacterial-induced prostatic inflammation. 

 

DISCUSSION 

The collagens are a major group of extracellular matrix proteins.  To date, 28 

types of collagen have been identified in vertebrates and are grouped into 

subclasses based on their structural characteristics. The majority of collagen 

subtypes form fibrils.  Others are network-forming collagens, transmembrane 
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collagens or collagens associated with fibrils [16].  As a group, they play an 

important role in maintaining structural integrity of various tissues and organs.  

They are best known to provide tensile strength to the tissues but also have 

significant roles in tissue scaffolding, cell migration, cell adhesion, 

morphogenesis and tissue repair [17-19].  The collagen content of the 

extracellular matrix of the tissues is a function of collagen synthesis and 

degradation.  Dysregulation of collagen turnover resulting in excess collagen 

accumulation (fibrosis) can disrupt organ structure and function [20-23] and 

fibrosis is associated with the development and progression of disease in many 

different organs, including the lung, liver, intestine and heart [24-31]. 

 

Collagen remodeling and deposition is cardinal feature of the response to injury 

and is necessary to restore mechanical strength and function of the injured tissue 

[17,32].  Immune regulation is critical to prevent excess collagen deposition [33-

35].  When inflammation fails to resolve – typically because of persistent tissue 

injury – a pathologic wound healing response occurs that can produce fibrosis.  

Fibrosis is generally characterized by an accumulation of fibrogenic cells and 

excessive deposition of extracellular matrix components [36].  A mouse model of 

bleomycin-induced lung injury and inflammation showed that repeated injury was 

accompanied by a loss of normal tissue architecture, a persistent increase in 

collagen deposition, increased collagen synthesis and increased number of 

myofibroblasts [37].  The fibrotic change in lung inflammation was associated 
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with reduced total lung capacity, increased dynamic resistance and decreased 

dynamic compliance [38].  Subsequent studies showed that a variety of 

inflammatory cytokines and chemokines including TGFβ, CXCL6, IL-1, IL-5, IL-6, 

IL-17 modulate collagen deposition and the fibrotic effects of lung inflammation 

[39-44]. 

 

We observed significant collagen deposition with chronic inflammation induced 

by bacterial infection.  Inflammation present on day 2 post-inoculation is 

characterized by an acute inflammatory infiltrate composed of 

polymorphonuclear cells and macrophages [7].  At later time points, the 

inflammation is characterized by a chronic inflammatory infiltrate composed 

predominantly of T cells, B cells and macrophages.  Our quantitative studies 

revealed that collagen deposition occurs primarily in the early stage of chronic 

inflammation.  Collagen accumulation was associated with the sites of 

inflammation and we observed a significant positive correlation between collagen 

content and the severity of inflammation. The observed spatial and temporal 

association between inflammation and collagen accumulation supports the 

concept that excessive collagen deposition is a response to chronic 

inflammation. 

 

We found that collagen deposition in chronic bacterial prostatic inflammation was 

associated with an increase in de novo collagen synthesis and collagen 
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remodeling-associated gene expression early in the chronic inflammatory phase.  

Incorporation of 3H-hydroxyproline was significantly increased at 7 and 14 days 

post-inoculation and then decreased to baseline.   Elevated collagen synthesis 

was accompanied by increased expression of collagens (Col1a1, Col1a2, 

Col3a1), crosslinking enzyme lysyl oxidase (Lox), and matrix metalloproteinases 

(Mmp2, Mmp9) and decreased expression of the tissue inhibitor of 

metalloproteinases (Timp3).  These factors coordinately regulate the processes 

of collagen synthesis, degradation and stabilization.  Collagen I and III are the 

predominant fibrillar types of collagens upregulated in fibrotic conditions 

associated with inflammation.  The increase in expression of these collagen 

subtypes in our study occurred in parallel with increased collagen deposition, 

suggesting that collagen synthesis, partly due to enhanced transcriptional level, 

contributes to collagen accumulation in persistent prostatic inflammation.  In 

addition to increased collagen synthesis, stabilization of collagen fibrillar 

structures through formation of collagen cross-links by LOXs renders collagen to 

be less susceptible to degradation mediated by collagenases and therefore could 

further contribute to its accumulation [45].  Conversely, MMPs, whose proteolytic 

activity is inhibited by TIMPs, cleave and remodel extracellular matrix 

components as well as release and activate proinflammatory and profibrotic 

cytokines, constituting a microenvironment favoring fibrogenic process [46].    
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Fibroblasts/myofibroblasts are traditionally considered as the main sources of 

extracellular matrix components in tissue repair and inflammation [47].  However, 

there is a growing body of research supporting the involvement of a unique 

population of bone marrow derived inflammatory fibroblast-like cells called 

fibrocytes in the development of fibrosis in chronic inflammatory diseases, 

including pulmonary fibrosis [48-52], autoimmune disorders [53,54], asthma 

[55,56], and chronic kidney disease [57,58].  Fibrocytes are collagen-producing 

cells that have been classically identified based on their distinctive expression of 

the common leukocytic surface marker CD45, the hematopoietic stem cell 

marker CD34 and the fibroblastic markers collagen I, vimentin, and/or prolyl 4-

hydroxylase [59,60].  An increased number of fibrocytes has been reported in the 

circulation and the lungs of patients with fibrotic interstitial lung disease as 

compared to that in healthy subjects [50-52].  In the mouse model of bleomycin-

induced pulmonary fibrosis, the intrapulmonary recruitment of fibrocytes was 

dramatically increased and correlated with increased collagen deposition in the 

lungs [49].  Inhibition of fibrocyte infiltration to the lungs of bleomycin-treated 

mice significantly reduced lung fibrosis, suggesting that fibrocytes could directly 

contribute to the pathogenesis of fibrosis. 

 

Our data suggests that fibrocytes but not myofibroblasts are a key feature of the 

fibrotic response to bacterial-induced prostatic inflammation.  Whereas 

immunostaining for vimentin and αSMA showed no evidence of VIM+αSMA+ 
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myofibroblasts in the infected prostates, immunostaining for CD45, vimentin, and 

prolyl 4-hydroxylase revealed that the E. coli infected prostates had abundant 

CD45+VIM+ fibrocytes of which a subpopulation also expressed prolyl 4-

hydroxylase, a key enzyme essential for collagen synthesis.  Flow cytometric 

analysis further demonstrated that CD45+VIM+ fibrocytes are a subpopulation of 

collagen type I expressing cells in the prostates and there was a significant 

increase in the percentage of CD45+VIM+ fibrocytes in COL1+ cells post-

infection.  The appearance of these CD45+VIM+ fibrocytes in the prostates 

following 7 days of bacterial infection was temporally associated with enhanced 

collagen synthesis and increased collagen deposition and suggests, therefore, 

that CD45+VIM+ fibrocytes have a significant if not primary role in prostatic 

fibrosis.  It is noteworthy that a recent study documented the presence of a cell 

population phenotypically consistent with fibrocytes in the prostate of human 

patients with LUTS [61].  However, these authors did not characterize the role of 

this specific cell population in BPH/LUTS.  Therefore, to our knowledge, the 

present study is the first report in the literature to describe fibrocytes in prostatic 

inflammation and fibrosis. 

 

There is accumulating evidence for the contribution of increased collagen 

deposition and fibrosis to the pathogenesis of BPH/LUTS [3-5,62]; however, the 

underlying cause of increased collagen deposition in this common aging-related 

disease has not been elucidated.  Experimental studies have observed a 
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potential link between inflammation and extracellular matrix alterations in the 

prostate in both in vitro and in vivo studies.  Barron and colleagues have shown 

that a transgenic mouse model constructed with constitutively active Tgfb1 in 

prostate epithelium exhibited an age-dependent inflammation concomitant with 

the increase in collagen deposition in the prostates [63].  Another study by 

Gharaee-Kermani, et al. has demonstrated that treatment of primary human 

prostate stromal fibroblasts isolated from BPH patients with inflammatory factors 

such as TGFβ1, CXCL5, CXCL8, CXCL12 induced their collagen expression 

[61].  Recently, there are several retrospective studies of BPH/LUTS specimens 

reporting a positive relationship between the degree of chronic inflammation and 

prostatic fibrosis [4,5].  Although these studies suggested that prostatic 

inflammation might play a role in promoting the fibrotic changes in BPH/LUTS, 

this has never been directly verified.  Our results support this hypothesis that 

prostatic chronic inflammation induces collagen deposition and, for the first time, 

suggest a key role for fibrocytes in inflammation-associated prostatic fibrosis. 

 

MATERIALS AND METHODS 

Study Approval 

This study was carried out in strict accordance with the recommendations in the 

Guide for the Care and Use of Laboratory Animals of the National Institutes of 

Health.  All animal studies were approved by the Institutional Animal Care and 

Use Committee at the University of Wisconsin-Madison (M02448).  All surgery 
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was performed under isoflurane anesthesia and all sacrifice was performed 

under isoflurane anesthesia immediately followed by cervical dislocation.  All 

efforts were made to minimize animal suffering. 

 

Transurethral Instillation 

Transurethral instillation was performed as previously described [7]. 8 week old 

C3H/HeOuJ male mice (Jackson Laboratories) were anesthetized with isoflurane 

and catheterized with a lubricated sterile polyethylene catheter per urethra.  

Inoculation was performed by a single transurethral instillation of uropathogenic 

E. coli 1677 (2 x106 CFU/ml) or sterile PBS in a volume of 200 µl.   

 

Animals were sacrificed 2, 7, 14, 21, and 28 days post-instillation.  The paired 

prostatic lobes (VP, DLP, AP) were bisected separately and were used for RNA 

isolation, hydroxyproline assay, and/or histology.  The whole mouse prostates 

were collected and used for measuring incorporation of 3H-hydroxyproline to 

determine collagen synthesis.  Four to thirteen mice per time point and per 

treatment were analyzed for histology.  Four to seven mice per time point and per 

treatment were used for gene expression analysis.  Four to eight mice per time 

point and per treatment were used for hydroxyproline assay. Four to seven mice 

per time point and per treatment were used for determination of collagen 

synthesis. Four to six mice per treatment were used for FACS analysis.   
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Quantitation of Inflammatory Degree 

Inflammatory Grading 

Tissues were fixed in 10% formalin, imbedded in paraffin and serially sectioned 

at 6µm.  Standard H&E staining was performed for histology.  Using our 

previously established scoring system [7], the severity of inflammation was 

graded in at least 3 random 10X fields of H&E sections from each prostatic lobe.  

Data are presented as the mean inflammation score ± standard error of the mean 

(SEM). 

 

Characterization of Inflammatory Infiltrates 

Neutrophils were identified as polymorphonuclear leukocytes and counted on 

20X fields of H&E stained slides.  T-lymphocytes, B-lymphocytes, and 

macrophages were counted by using immunohistochemistry for specific cell 

surface markers as previously described [7].  6µm formalin-fixed paraffin-

embedded sections were used.  Antigen retrieval was performed by boiling in 

citrate buffer solution (pH 6.0) for 10 minutes and blocking for nonspecific 

background was achieved by using 10% donkey serum and 1% BSA in PBS for 1 

hour at room temperature.  Slides were incubated with primary antibodies in 

blocking buffer at 4°C overnight and secondary antibodies for one hour at room 

temperature in dark.  Sections were counterstained with Hoechst 33258 at 

4µg/ml in PBS, coverslipped with anti-fade media and imaged.  Primary 

antibodies included rabbit polyclonal anti-CD3 (1:100, DAKO A0452), goat 
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polyclonal anti-CD20 (1:50, Santa cruz sc-7735), and rat monoclonal anti-F4/80 

(1:50, eBioscience 14-4801-85).  Secondary antibodies included donkey anti-

rabbit IgG-Alexa 594 conjugated antibody (1:200, Invitrogen), donkey anti-goat 

IgG-Alexa 488 conjugated antibody (1:100, Invitrogen), and donkey anti-rat IgG-

Alexa 594 conjugated antibody (1:50, Invitrogen), respectively.  Data are 

presented as the mean number of cells ± SEM. 

 

Quantitation of Collagen Content 

Picrosirius Red Staining  

Adjacent serial tissues sections of H&E stained slides were used for picrosirius 

red staining.  The staining was performed by incubating slides in 0.1% sirius red 

in saturated aqueous solution of picric acid for one hour at room temperature.  

Images were taken by digital camera using NIS Element software under a Nikon 

Eclipse 80i polarized light microscope.  The settings of the software and 

microscope remained unchanged throughout the observation for the purpose of 

quantitation and comparisons.  The color staining that shows up under polarizing 

microscope corresponds to the birefringence of collagen fibers [64].  Quantitation 

of the staining for collagen content was then determined by using NIH Image J.  

Briefly, the images were converted from RBG to 8-bit gray scale and the intensity 

of the three color channels was summed into one image.  The images were 

manually thresholded to define the collagen staining and a constant value of the 

threshold was set for all the images analyzed.  The region of interest (prostatic 
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tissues) was manually outlined to analyze the area that was stained for collagen.  

Large blood vessels and nerve fiber bundles in the prostate were eliminated in 

the quantitation.  Data are presented as the mean percentage of collagen area  ± 

SEM. 

 

Hydroxyproline Assay for Collagen Content by HPLC 

Mouse prostate tissues were harvested, snap frozen in liquid nitrogen, and 

stored at -80°C until further analysis.  The procedure was performed as 

previously described with some modifications [65].  The tissues were thawed on 

ice and weighed.  Each tissue sample was homogenized in 2ml of 12N HCl with 

a motorized homogenizer in a clean glass tube.  75µl of 20mM sacrosine 

(reagent grade) as internal standard was mixed in the homogenate.  Then, the 

glass tubes containing the tissue homogenate were tightly capped to prevent 

evaporation and were incubated in a 110°C heating block for 18 hours.  The 

hydrolysates were allowed to cool to room temperature, neutralized with 2ml of 

12N NaOH and 1ml of borate buffer (0.7M boric acid in water, pH 9.5 with 

NaOH), and were adjusted to a pH 9.5 with NaOH and HCl.  Aliquots of 500µl of 

the sample solution were used for subsequent derivatization process.  Some 

samples were run in duplicate or triplicate for intra-day reaction consistency and 

these same samples were run on the next day for inter-day reaction consistency.  

Hydroxyproline (reagent grade) standards of 0.3125, 0.625, 1.25, 2.5, 5, 10, 

20mM with 7.5mM L-proline (reagent grade) in water were prepared.  200µl of 
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each hydroxyproline standard was mixed with 75µl of 20mM sacrosine, 1.8ml of 

12N HCl, 2ml of 12N NaOH and 1ml of borate buffer.  The solutions were then 

adjusted to pH 9.5.  Aliquots of 500µl of the hydroxyproline standard solution 

were used for subsequent derivatization process. 

 

Aliquots (500µl) of tissue homogenate or hydroxyproline standard were added 

with 700µl of borate buffer.  The following procedures were performed in dark.  

The solutions were mixed with 100µl of OPA solution (50mg o-phthalaldehyde 

dissolved in 1ml acetonitrile and 26µl of reagent grade β-mercaptoethanol) by 

vortexing and allowed to react at room temperature for 1 minute.  The solution 

was then mixed with 100µl of iodoacetamide solution (140mg/ml of 

iodoacetamide in acetonitrile) by vortexing and reacted at room temperature for 1 

minute.  600µl of 5mM FMOC-Cl in acetone was subsequently added, mixed by 

vortexing and reacted at room temperature for 1 minute.  The solutions were then 

washed three times with 3ml of ethyl ether by vortexing for 30 seconds.  The 

organic layer was discarded each time.  50µl of the aqueous phase was injected 

into the HPLC.  A total of 3 injections were run for each reacted sample or 

standard.  Sample injections were made every 25 minutes without an intervening 

wash.  The isocratic mobile phase was prepared by combining 650ml of 3% 

glacial acetic acid that was adjusted to pH 4.3 with sodium acetate (reagent 

grade) with 350ml of acetonitrile, followed by vacuum filtration for degassing.  All 

reagents used were ACS or HPLC grade unless stated otherwise. 
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The HPLC instrumentation and spectrofluorometer was set up as previously 

described [65].  The HPLC instrumentation included a Shimadzu LC-10AD HPLC 

pump, SIL-10A auto injector and system controller.  A McPherson Model FL-750 

spectrofluorometer was used with the high-sensitivity module, an excitation 

wavelength of 265nm and without an emission cut-off filter.  Separation was 

achieved by using a Lichrosphere 5 RP18e 250 mm x 4.60 mm, 5µm column.   

The mobile phase was pumped at a constant rate of 0.75ml/min.   

 

The coefficients of variation for intra-day reaction consistency were less than 

4.5% and for inter-day reaction consistency were less than 10.2%.  The height 

ratio of the internal standard (sarcosine) and hydroxyproline peak was calculated 

for each sample and standard.  The exact amount of hydroxyproline standards in 

µg injected into the HPLC was determined by calculating the total dilution made 

from the original concentration prepared.  The standard curve of hydroxproline 

standards showed linear regression with R2=0.998.  The amount of 

hydroxyproline in µg presented in the prostate samples was calculated from the 

peak height ratio of hydroxyproline and internal standard peak into the linear 

regression equation obtained from the hydroxyproline standard curve.  Data are 

presented as mean hydroxyproline (µg)/prostate weight (mg) ± SEM. 

 

Collagen Synthesis by Incorporation of 3H-hydroxyproline 
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The animals instilled transurethrally with either sterile PBS or uropathogenic E. 

coli 1677 were i.p. injected with 15µCi of L-[3,4-3H]-proline (specific activity 50 

Ci/mmol, ARC, Inc.) on day 0, 5, 12, 19, 26 post-instillation.  For day 0 post-

instillation, animals were injected 2-3 hours after bacterial inoculation.  Prostates 

were harvested 48 hours after 3H-proline injection, snap frozen in liquid nitrogen, 

and stored at -80°C until further analysis.  The tissue samples were thawed on 

ice and weighed.  The extraction procedure of hydroxyproline has previously 

been described in detail [66].  Briefly, each tissue sample was placed in a clean 

glass tube, homogenized in 2ml 12N HCl with a motorized homogenizer and was 

heated at 110°C for 18 hours.  The hydrolysates were then allowed to cool to 

room temperature and neutralized with 2ml of 12N KOH and 1ml of 1M boric acid 

in water.  The samples were then adjusted to pH 8.7 with KOH and HCl.  Aliquots 

of 2ml of the sample solution were used for subsequent reaction.  First, each 

sample was reacted with 4ml of 0.2M chloramine T-solution in methoxyethanol at 

room temperature for 20 minutes.  2.4ml of 3.6M sodium thiosulfate in water was 

then added followed by saturation with 1.5g KCl.  The solutions were then 

washed 3X with 9ml of toluene by vigorously shaking for 5 minutes each.  

Organic layer was discarded each time.  The samples were heated in boiling 

water for 30 minutes and then allowed to cool down on ice for 10 minutes.  Then, 

7ml of toluene was added into each sample and mixed by vigorously shaking for 

10 minutes.  The organic layer that contained hydroxyproline was then removed 

and mixed with 7ml of liquid scintillation cocktail (Fisher, SX25-5) in a 20ml liquid 
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scintillation vial.  Counts per minute (cpm) were measured with a Beckman LS 

6000TA liquid scintillation counter.  Data are presented as mean 3H-

hydroxyproline cpm/mg prostate ± SEM. 

 

Immunohistochemical Staining  

Immunohistochemical costaining for vimentin, CD45 and P4H was used to 

assess the presence of fibrocyte in the prostate and the expression of prolyl 4-

hydroxylase in fibrocyte.  6µm sections of formalin-fixed paraffin-embedded 

tissues were dewaxed and rehydrated by passing them through xylene 3X for 5 

minutes each, 100% methanol 3X for 5 minutes each, and then running tap water 

for 10 minutes.  The slides were submerged in boiling citrate buffer solution (pH 

6.0) for 10 minutes for antigen retrieval, and blocked for nonspecific background 

by using 10% donkey serum and 1% BSA in PBS for 1 hour at room 

temperature.  Slides were then washed three times with PBS+0.025% Tween 20 

(PBST) for 5 minutes.  Primary antibodies including rabbit monoclonal anti-

vimentin (1:100, Abcam ab92547), rat monoclonal anti-CD45 (1:50, Abcam 

ab25386), and goat polyclonal anti-P4H (1:50, Abcam ab59497) were added in 

the blocking solution.  The slides were incubated with primary antibodies at 4°C 

overnight followed by three washes with PBST for 5 minutes each.  The slides 

were then incubated with the secondary antibodies in blocking solution for 1 hour 

at room temperature in the dark.   Secondary antibodies included donkey anti-

rabbit IgG-Alexa 594 conjugated antibody (1:100, Invitrogen), donkey anti-rat-
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Alexa 488 conjugated antibody (1:100, Invitrogen), and donkey anti-goat-Alexa 

647 conjugated antibody (1:200, Invitrogen).  Following incubation with 

secondary antibodies the slides were rinsed three times with PBST for 5 minutes.  

Nuclei staining was performed by incubating slides with Hoechst 33258 at 4µg/ml 

in PBST at room temperature for 10 minutes.  The slides were then washed 3X 

with PBST and 2X with distilled water for 5 minutes each.  The slides were 

mounted with anti-fade media, a coverslip and imaged.  Images were taken by a 

digital camera using NIS Element software under Nikon Eclipse Ti-E fluorescent 

microscope. 

 

Fluorescence Activated Cell Sorting (FACS) Analysis for Collagen 

Producing Fibrocytes 

Prostatic tissues were minced, digested with 1X collagenase/hyaluronidase at 

37°C for 3 hours, 0.25% trypsin on ice for 1 hour and 5U/ml dispase at room 

temperature for 2 minutes.  Cells were passed through a 22-gauge needle and 

then a 100-µm cell strainer to produce a single cell suspension.  Cells were 

resuspended into 100µl 2% FBS/DMEM/F12, incubated with mouse Fc Block  

(1µg/sample, BD Pharmingen #553142) at 4°C for 15 minutes and washed.  

Each sample was then divided into 5 aliquots: (a) unstained control, (b) CD45 

only control, (c) Vimentin only control, (d) collagen type I only control, and (e) 

CD45, Vimentin, collagen type I sample.  Cells were stained with APC labeled rat 

anti-mouse CD45 (1:20, BD Pharmingen #559864) at 4°C for 30 minutes in dark, 
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washed, fixed and permeabilized with BD Cytofix/Cytoperm (BD Pharmingen 

#554714) at 4°C for 20 minutes.  Cells were then stained with PE labeled rabbit 

anti-mouse Vimentin (1:20, Cell Signaling Technology #12020) and rabbit anti-

mouse collagen type I (1:100, Rockland Immunochemical) conjugated with Alexa 

Fluor 488 using Zenon Rabbit IgG Labeling Kits (Invitrogen #Z-25302) at 4°C for 

30 minutes in dark and washed.  A three-color analysis of stained cells was 

performed on a flow cytometer (BD Biosciences FACSCalibur) using Cellquest 

software and data analysis was subsequently performed using FlowJo software.  

Unstained and single antibody-stained cells were used as controls.  The gate 

parameters were set based on the findings in controls. 

 

RNA Isolation and Semi-Quantitative Real-Time PCR 

RNA from the tissues was extracted using RNeasy Micro Kit (Qiagen, Inc.) and 

converted to cDNA as previously described [7].  Semi-quantitative RT-PCR was 

performed with cDNA samples to quantitate gene expression levels.  The forward 

and reverse primers of Col1a1, Col1a2, Col3a1, Mmp2, Mmp7, Mmp9, Mmp13, 

Timp3, and Lox were designed using the NCBI mouse nucleotide database, the 

mouse genomic BLAST database and the Primer-3 program.  The sequences of 

the primers used are shown in Table  S1.  RT-PCR cycle reactions were detected 

with SYBR green (Roche) and run on a BioRad Real-Time CFX with run 

conditions of 95°C for 10 minutes, followed by 50 cycles of 95°C for 15 seconds 
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and 60°C for 1 minute.  Gene expression levels were normalized to the 

housekeeping gene Gapdh. 

 

Statistical Analysis 

Each end point of interest (inflammation score, collagen area, hydroxyproline 

content per prostate weight, collagen synthesis measurement, quantitation of 

inflammatory cell subtypes and fibrocytes, collagen remodeling-associated gene 

expressions) was evaluated between saline instilled and E. coli infected animals 

at various time points. We employed a two-sample t-test or Wilcoxon rank-sum 

test to compare the group difference as appropriate. To explore the relationship 

between collagen area and inflammation score for each prostatic lobe, 

Spearman's rank correlation coefficient (ρ) was calculated.  All analyses were 

conducted using SAS 9.2 (SAS Institute, Cary NC) software.  A P-value < 0.05 

was considered statistically significant in two-tailed statistical tests. 
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Figure 1. Prostatic inflammation induced by bacterial infection.  A-R. 
Representative H&E stained sections of the VP (A-F), DLP (G-L), and AP (M-R) 
from saline instilled and E. coli infected C3H/HeOuJ male mice 2, 7, 28 days 
post-instillation.  Scale bar 200µm in panel A.  S-U.  Comparisons of the degree 
of inflammation in the VP (S), DLP (T) and AP (U) of saline instilled and E. coli 
infected C3H/HeOuJ male mice 2, 7, 28 days post-instillation (n = 4-13 per 
treatment per time point).  Data are presented as the mean inflammation score ± 
SEM.  * indicates a P-value < 0.05 compared to saline control by two-sample t-
test. Ventral prostate (VP); Dorsolateral prostate (DLP); Anterior prostate (AP). 
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Figure 2. Collagen deposition is increased in response to chronic bacterial-
induced prostatic inflammation. A-R. Representative picrosirius red stained 
sections of the VP (A-F), DLP (G-L), and AP (M-R) from saline instilled and E. 
coli infected C3H/HeOuJ male mice 2, 7, 28 days post-instillation.  Scale bar 
200µm in panel A.  S-U.  Comparisons of the collagen content determined by the 
percentage of picrosirius red stained area in the VP (S), DLP (T) and AP (U) of 
saline instilled and E. coli infected C3H/HeOuJ male mice 2, 7, 28 days post-
instillation (n = 4-13 per treatment per time point).  Data are presented as the 
mean percentage of collagen area ± SEM.  * indicates a P-value < 0.05 
compared to saline control by two-sample t-test. Ventral prostate (VP); 
Dorsolateral prostate (DLP); Anterior prostate (AP). 
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Figure 3. Hydroxyproline content and collagen synthesis are increased in 
bacterial-induced prostatic inflammation. A. Hydroxyproline content in saline 
instilled and E. coli infected prostates 2, 7, 14, 21, 28 days post-instillation (n = 4-
8 per treatment per time point).  Data are presented as mean hydroxyproline 
(µg)/prostate weight (mg) ± SEM.  B. 3H-hydroxyproline incorporation in saline 
instilled and E. coli infected prostates 2, 7, 14, 21, 28 days post-instillation (n = 4-
7 per treatment per time point).  Data are presented as mean cpm/mg prostate ± 
SEM.  * indicates a P-value < 0.05 compared to saline control by two-sample t-
test. Post-Instillation Day (PID); Hydroxyproline (HYP). 
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Figure 4. Changes in collagen remodeling-associated gene expressions 
during bacterial-induced prostatic inflammation.  qRT-PCR for collagen 
remodeling-associated genes in the DLP of saline instilled and E. coli infected 
animals 7 and 28 days post-instillation (n = 4-7 per treatment per time point).  
Data are presented as mean gene expression ± SEM.  Gene expression levels 
were normalized to the housekeeping gene Gapdh.  * indicates a P-value < 0.05 
compared to saline control by two-sample t-test. Post-Instillation Day (PID); 
Dorsolateral prostate (DLP). 
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Figure 5.  Characterization of inflammatory infiltrate in the inflamed 
prostate.   Comparisons of the number of CD3+ T cells (A), CD20+ B cells (B), 
F4/80+ macrophages (C), and neutrophils (D) in the VP, DLP, and AP from 
saline instilled and E. coli infected mice 28 days post-instillation.  n = 4 per group. 
Data are presented as the mean number of cells per 20X field.  * indicates a P-
value < 0.05 compared to saline control by Wilcoxon rank-sum test. Ventral 
prostate (VP); Dorsolateral prostate (DLP); Anterior prostate (AP). 
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Figure 6.  Identification of collagen-producing cells in the inflamed 
prostate.  Representative IHC images of CD45 (Green) and vimentin (Red) in 
the saline instilled (A) and E. coli infected (B) prostates 7 days post-instillation. n 
= 4-6 per group. Hoechst nuclear staining is shown in blue.  Scale bar 100 µm in 
panel A. C. High magnification inset (box in panel B) shows abundant number of 
CD45+VIM+ fibrocytes in the E. coli infected prostate. Scale bar 20µm in panel 
C.  D.  Immunostaining for prolyl 4-hydroxylase (Magneta) in the same field as 
panel C.  White arrows indicate localization of prolyl 4-hydroxylase to 
CD45+VIM+ fibrocytes.  Vimentin (VIM); prolyl 4-hydroxylase (P4H). 
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Figure 7. CD45+VIM+ fibrocytes are enriched in the population of COL1+ 
cells in the inflamed prostate.  Representative flow cytometric analyses of 
freshly isolated prostatic cells from saline instilled (A-B) and E. coli infected (C-D) 
prostates 7 days post-instillation triple stained for the expression of COL1, CD45 
and vimentin. The cells were gated for COL1 expression (A and C) and 
subsequently COL1 positive cells were analyzed for CD45 and vimentin 
expression (B and D) based on unstained controls. Representative flow 
cytometric analyses of unstained prostatic cells control with gate parameter for 
COL1 were shown in E and vimentin/CD45 in F.  G. Comparison of the 
percentage of CD45+VIM+ fibrocytes in COL1 expressing cell population from 
the prostates of saline instilled and E. coli infected mice. Data are presented as 
mean percentage ± SEM. Prostatic tissue cells were pooled from 4-6 mice per 
group and total 3 independent experiments were performed.  * indicates a P-
value < 0.05 compared to saline control by two-sample t-test. 
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  Table 1. Correlation between inflammation and collagen 

deposition in the VP, DLP, and AP from saline instilled and 
E. coli infected mice (n = 4-13 per treatment per time point) 

 VP DLP AP 

ρ  P-value ρ P-value ρ P-value 

PID 2 0.54 0.11 -0.26 0.47 0.13 0.72 

PID 7 0.06 0.86 0.30 0.43 0.89 0.0005 

PID 
28 

0.65 0.0013 0.58 0.0056 0.71 0.0004 

ρ: Spearman's rank correlation coefficient; VP: Ventral prostate; DLP: Dorsolateral 

prostate, AP: anterior prostate 
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SUPPORTING INFORMATION 

 

 

 
Figure S1. No significant difference in collagen content of the prostate was 
observed between saline-instilled and naïve controls.  Hydroxyproline 
content of prostate tissues from age-matched naïve C3H/HeOuJ male mice and 
saline-instilled C3H/HeOuJ mice 28 days post-instillation. n = 8 for naïve group, n 
= 9 for saline-instilled group.  Data are presented as hydroxyproline (µg)/prostate 
weight (mg) ± SEM.  Comparison of the hydroxyproline content between the two 
groups was performed by two-sample t-test. Hydroxyproline (HYP). 
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Figure S2. Collagen subtype gene expressions in bacterial-induced 
prostatic inflammation.  qRT-PCR for Col4a1, Col6a1, and Col6a2 in the DLP 
from saline instilled and E. coli infected animals 7 and 28 days post-instillation. n 
= 4-7 per treatment per time point.  Data are presented as mean gene expression 
± SEM.  Gene expression levels were normalized to the housekeeping gene 
Gapdh.  Comparisons of the gene expressions between saline instilled and E. 
coli infected animals were performed by two-sample t-test. Post-Instillation Day 
(PID); Dorsolateral prostate (DLP). 
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Figure S3. αSMA+VIM+ myofibroblast accumulation is not evident in 
bacterial-induced prostatic inflammation.  Immunohistochemical staining for 
αSMA (Green), vimentin (Red), and Hoechst (blue) in the saline instilled (A) and 
E. coli infected (B) prostates 7 days post-instillation. Scale bar 100 µm in panel 
A. Urogenital sinus obtained from an 18-day-old mouse embryo was used as a 
positive control for αSMA+VIM+ myofibroblasts (data not shown). Vimentin (VIM); 
α-smooth muscle actin (αSMA). 
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Table S1. Primer Sequences (5’-3’) Used for RT-PCR Analysis 

Gene Forward Sequence Reverse Sequence 

Col1a1 CCCCAAAAGCCAAAAATATG TTTTGGTCACGTTCAGTTGG 

Col1a2 ACACCCTGACACCTGTTGTG ACAAGTGGTGCGAATGTTCA 

Col3a1 CAACCAGTGCAAGTGACCAA TGACCTGTATTGGGTGGTTG 

Mmp2 TCCGCGTAAAGTATGGGAAC ATCACTGCGACCAGTGTCTG 

Mmp7 AGCTATGCAGCTCACCCTGT GAGCCTGTTCCCACTGATGT 

Mmp9 CATTCGCGTGGATAAGGAGT TCACACGCCAGAAGAATTTG 

Mmp13 AGTTGACAGGCTCCGAGAAA GGCACTCCACATCTTGGTTT 

Timp3 TTGGGTACCCTGGCTATCAG TTGCTGATGCTCTTGTCTGG 

Lox TTCTTCTGCTGCGTGACAAC AAACCAGCTTGGAACCAGTG 

Gapdh AGAACATCATCCCTGCATCC CACATTGGGGGTAGGAACAC 
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Resolution of chronic bacterial-induced prostatic inflammation 

reverses established fibrosis 

Letitia Wong, Paul R. Hutson, Wade Bushman 

 

ABSTRACT  

BACKGROUND.  Prostatic inflammation has been suggested to contribute to the 

etiology of lower urinary tract symptoms by inducing fibrosis.  We previously used 

a well-characterized mouse model of bacterial-induced prostate inflammation to 

demonstrate that chronic prostatic inflammation induces collagen deposition.  

Here, we examined stability of the newly synthesized collagen in bacterial-

induced prostatic inflammation and the reversibility of fibrosis after resolution of 

infection and inflammation.   

METHODS.  Uropathogenic E. coli 1677 was instilled transurethrally into adult 

C3H/HeOuJ male mice to induce chronic prostatic inflammation.  Collagen was 

labeled by 3H-proline administration for 28 days post-inoculation and 3H-

hydroxyproline incorporation measured to determine stability of the newly 

synthesized collagen.  Inflammation score was graded using a previously 

established system and total collagen content was measured by picrosirius red 

staining quantitation and hydroxyproline content.  Resolution of inflammation and 

reversal of collagen deposition was assessed after treatment with antibiotic 

enrofloxacin for two weeks on day 28 post-inoculation followed by an eight-week 

recovery period. 



	
  

	
  

120 
RESULTS.  Decay analysis of incorporated 3H-hydroxyproline revealed the half-

life of newly synthesized collagen to be significantly shorter in infected/inflamed 

prostates than in controls.  Treatment with antibiotic enrofloxacin completely 

eradicated bacterial infection and allowed resolution of inflammation.  This was 

followed by marked attenuation of collagen content and correlation analysis 

verified a positive association between the resolution of inflammation and the 

reversal of collagen deposition.   

CONCLUSIONS.  These data demonstrate, for the first time, that inflammation-

induced prostatic fibrosis is a reversible process.   

 

INTRODUCTION 

Prostatic inflammation is frequently present in aging men.  It has been suggested 

to be a major etiological factor for benign prostatic hyperplasia (BPH) and lower 

urinary tract symptoms (LUTS) as there is accumulating evidence showing that 

the degree of inflammation was correlated with symptom severity and disease 

progression of BPH/LUTS [1,2].  However, the underlying mechanism for this 

association remains to be established.  Several studies have shown that prostatic 

fibrosis is strongly associated with impaired urethral function and LUTS severity 

[3,4].  This led to the hypothesis that prostatic inflammation contributes to the 

pathogenesis of BPH/LUTS by inducing prostatic fibrosis and impairing opening 

of the bladder neck – prostate complex during voiding.  Using a previously 

described mouse model of bacterial-induced prostatic inflammation [5], we 
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recently characterized the fibrotic response to inflammation in the prostate [6].  

Our findings demonstrated that chronic prostatic inflammation results in a 

significant increase in prostate collagen content, strongly supporting a role for 

inflammation in prostatic fibrosis. 

 

Given that inflammation-induced prostatic fibrosis could be a major contributing 

factor in the development and progression of BPH/LUTS, it is imperative to 

determine whether the injured prostate has the capacity to resolve and remodel 

the established fibrosis induced by inflammation.  In this study, we extended our 

work to investigate the reversibility of fibrosis induced by inflammation. We first 

measured the stability of the newly synthesized collagen to examine whether 

collagen induced in prostate inflammation undergoes remodeling and 

degradation.  We then used antibiotic treatment to induce resolution of bacterial-

induced inflammation and measured reversal of the associated fibrosis over an 

eight-week recovery period.  Our findings demonstrate, for the first time, that 

prostatic fibrosis induced by chronic inflammation is at least partly reversible.   

 

MATERIALS AND METHODS 

Transurethral Instillation 

Transurethral instillation was performed as previously described [5].  8-week old 

C3H/HeOuJ male mice (Jackson Laboratories, Bar Harbor, Maine) were 

anesthetized with isoflurane and catheterized with a lubricated sterile 
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polyethylene catheter per urethra.  Inoculation was performed by a single 

transurethral instillation of uropathogenic E. coli 1677 (2 x106 CFU/ml) or sterile 

PBS in a volume of 200µl.   

 

Antibiotic Treatment 

At day 28 post-instillation some animals were treated with 1ml of 100mg/ml 

enrofloxacin (Baytril® 100, Bayer Corp., Pittsburgh, PA) per 450 ml drinking 

water for two weeks.  Fresh water with enrofloxacin was replaced every 3-4 days.  

Other animals received sham treatment (regular drinking water).  After two weeks 

of treatment, all animals received regular drinking water.  Animals were sacrificed 

either immediately or 8 weeks after the end of enrofloxacin/sham treatment.  The 

prostatic lobes (ventral prostate, dorsolateral prostate, anterior prostate) were 

harvested separately and were used for bacterial culture and histology.  The 

whole mouse prostates were collected and used for hydroxyproline assay and 

measuring the incorporation of 3H-hydroxyproline to determine collagen stability.  

Four to six mice per treatment group were analyzed for histology.  Four mice per 

treatment group were used for bacterial counts.  Four to five mice per treatment 

group were used for hydroxyproline assay.  Three to eight mice per time point 

per treatment group were used for collagen stability measurement. 

 

Bacterial Counts 
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Each prostatic lobe was collected separately, weighed and homogenized in 400µl 

of sterile cold PBS.  The homogenate was serially diluted to 1:100 and 1:1000 

and plated onto Levine EMB agar at 37°C for 24 hours.  Each dilution was plated 

in duplicate.  Prostatic bacterial titers are presented as the mean colony-forming 

units (CFUs) x103/prostate weight (mg) ± standard error of the mean (SEM). 

 

Quantitation of Inflammatory Degree 

Tissues were fixed in 10% formalin, imbedded in paraffin and serially sectioned 

at 6µm.  Standard H&E staining was performed for histology.  Using our 

previously established scoring system [5], the severity of inflammation was 

graded in at least 3 random 10X fields of H&E sections from each prostatic lobe.  

Data are presented as the mean inflammation score ± SEM. 

 

Quantitation of Collagen Content 

Picrosirius Red Staining  

Adjacent tissues sections of H&E stained slides were used for picrosirius red 

staining.  The staining was performed by incubating slides in 0.1% sirius red in 

saturated aqueous solution of picric acid for one hour at room temperature.  

Images were taken by digital camera using NIS Element software under a Nikon 

Eclipse 80i polarized light microscope.  The settings of the software and 

microscope remained unchanged throughout the observation for the purpose of 

quantitation and comparisons.  The color staining that shows up under polarizing 
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microscope corresponds to the birefringence of collagen fibers [7].  Quantitation 

of the staining for collagen content was then determined by using NIH Image J.  

Briefly, the images were converted from RBG to 8-bit gray scale and the intensity 

of the three color channels was summed into one image.  The images were 

manually thresholded to define the collagen staining and a constant value of the 

threshold was set for all the images analyzed.  The region of interest (prostatic 

tissues) was manually outlined to analyze the area that was stained for collagen.  

Large blood vessels and nerve fiber bundles in the prostate were eliminated in 

the quantitation.  Data are presented as the mean percentage of collagen area ± 

SEM. 

 

Hydroxyproline Assay for Collagen Content by High-Performance Liquid 

Chromatography (HPLC) 

Mouse prostate tissues were harvested, snap frozen in liquid nitrogen, and 

stored at -80°C until further analysis.  The procedure was performed as 

previously described with some modifications [8].  The tissues were thawed on 

ice and weighed.  Each tissue sample was homogenized in 2ml of 12N HCl with 

a motorized homogenizer in a clean glass tube.  75µl of 20mM sacrosine 

(reagent grade) as internal standard was mixed in the homogenate.  Then, the 

glass tubes containing the tissue homogenate were tightly capped to prevent 

evaporation and were incubated in a 110°C heating block for 18 hours.  The 

hydrolysates were allowed to cool to room temperature, neutralized with 2ml of 
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12N NaOH and 1ml of borate buffer (0.7M boric acid in water, pH 9.5 with 

NaOH), and were adjusted to a pH 9.5 with NaOH and HCl.  Aliquots of 500µl of 

the sample solution were used for subsequent derivatization process.  Some 

samples were run in duplicate or triplicate for intra-day reaction consistency and 

these same samples were run on the next day for inter-day reaction consistency.  

Hydroxyproline (reagent grade) standards of 0.3125, 0.625, 1.25, 2.5, 5, 10, 

20mM with 7.5mM L-proline (reagent grade) in water were prepared.  200µl of 

each hydroxyproline standard was mixed with 75µl of 20mM sacrosine, 1.8ml of 

12N HCl, 2ml of 12N NaOH and 1ml of borate buffer.  The solutions were then 

adjusted to pH 9.5.  Aliquots of 500µl of the hydroxyproline standard solution 

were used for subsequent derivatization process. 

 

Aliquots (500µl) of tissue homogenate or hydroxyproline standard were added 

with 700µl of borate buffer.  The following procedures were performed in dark.  

The solutions were mixed with 100µl of OPA solution (50mg o-phthalaldehyde 

dissolved in 1ml acetonitrile and 26µl of reagent grade β-mercaptoethanol) by 

vortexing and allowed to react at room temperature for 1 minute.  The solution 

was then mixed with 100µl of iodoacetamide solution (140mg/ml of 

iodoacetamide in acetonitrile) by vortexing and reacted at room temperature for 1 

minute.  600µl of 5mM FMOC-Cl in acetone was subsequently added, mixed by 

vortexing and reacted at room temperature for 1 minute.  The solutions were then 

washed three times with 3ml of ethyl ether by vortexing for 30 seconds each.  
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The organic layer was discarded each time.  50µl of the aqueous phase was 

injected into the HPLC.  A total of 3 injections were run for each reacted sample 

or standard.  Sample injections were made every 25 minutes without an 

intervening wash.  The isocratic mobile phase was prepared by combining 650ml 

of 3% glacial acetic acid that was adjusted to pH 4.3 with sodium acetate 

(reagent grade) with 350ml of acetonitrile, followed by vacuum filtration for 

degassing.  All reagents used were ACS or HPLC grade unless stated otherwise. 

 

The HPLC instrumentation and spectrofluorometer was set up as previously 

described [8].  The HPLC instrumentation included a Shimadzu LC-10AD HPLC 

pump, SIL-10A auto injector and system controller.  A McPherson Model FL-750 

spectrofluorometer was used with the high-sensitivity module, an excitation 

wavelength of 265ηm and without an emission cut-off filter.  Separation was 

achieved by using a Lichrosphere 5 RP18e 250 mm x 4.60 mm, 5µm column.   

The mobile phase was pumped at a constant rate of 0.75ml/min.   

 

The coefficients of variation for intra-day reaction consistency were less than 

2.2% and for inter-day reaction consistency were less than 11%.  The height ratio 

of the internal standard (sarcosine) and hydroxyproline peak was calculated for 

each sample and standard.  The exact amount of hydroxyproline standards in µg 

injected into the HPLC was determined by calculating the total dilution made from 

the original concentration prepared.  The standard curve of hydroxyproline 



	
  

	
  

127 
standards showed linear regression with R2 = 0.995.  The amount of 

hydroxyproline in µg presented in the prostate samples was calculated from the 

peak height ratio of hydroxyproline and internal standard peak into the linear 

regression equation obtained from the hydroxyproline standard curve.  Data are 

presented as mean hydroxyproline (µg)/prostate weight (mg) ± SEM. 

 

Collagen Stability Measured by The Incorporation of 3H-hydroxyproline 

Animals instilled transurethrally with either sterile PBS or uropathogenic E. coli 

1677 were injected intraperitoneally with 15µCi of L-[3,4-3H] proline (specific 

activity 50-60 Ci/mmol, ARC, Inc.) every two days for 28 days.  Animals were 

sacrificed on day 1, 4, 8, 15, 22, 29, 36, 57, 78, 113 after the last injection of 3H-

proline.  The whole prostate was harvested, snap frozen in liquid nitrogen and 

stored at -80°C until further analysis.  The extraction procedure of hydroxyproline 

has previously been described in detail.[9] Briefly, each tissue sample was 

placed in a clean glass tube, homogenized in 2ml 12N HCl with a motorized 

homogenizer and was heated at 110°C for 18 hours.  The hydrolysates were 

then allowed to cool to room temperature and neutralized with 2ml of 12N KOH 

and 1ml of 1M boric acid in water.  The samples were then adjusted to pH 8.7 

with KOH and HCl.  Aliquots of 2ml of the sample solution were used for 

subsequent reaction.  First, each sample was reacted with 4ml of 0.2M 

chloramine T-solution in methoxyethanol at room temperature for 20 minutes.  

2.4ml of 3.6M sodium thiosulfate in water was then added followed by saturation 
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with 1.5g KCl.  The solutions were then washed 3X with 9ml of toluene by 

vigorously shaking for 5 minutes each.  Organic layer was discarded each time.  

The samples were heated in boiling water for 30 minutes and then allowed to 

cool down on ice for 10 minutes.  Then, 7ml of toluene was added into each 

sample and mixed by vigorously shaking for 10 minutes.  The organic layer that 

contained hydroxyproline was then removed and mixed with 7ml of liquid 

scintillation cocktail (Fisher, SX25-5) in a 20ml liquid scintillation vial.  Counts per 

minute (cpm) were measured with a Beckman LS 6000TA liquid scintillation 

counter.  Decay curves were graphed individually for saline instilled and E. coli 

infected prostates by fitting a non-linear regression line through individual data 

points.  The non-linear regression equation is y = y0/ (1+ y0 k x), where y is 

remaining 3H-hydroxyproline radioactivity (cpm)/prostate, y0 and k are fitting 

parameters, x is time (days).  The graphs are plotted as the natural log of cpm 

versus time after the last injection of 3H-proline.  The half-life (t½) is calculated 

using the following equation t½ = 1/(y0  k) obtained from the non-linear regression 

line.   

 

Statistical Analysis 

Inflammation score, collagen area, hydroxyproline content per prostate weight 

were compared between untreated saline instilled, antibiotic treated saline 

instilled, untreated E. coli infected, and antibiotic treated E. coli infected animals.  

ANOVA (analysis of variance) was employed, followed by a Fisher’s protected 
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LSD (Least Significant Difference) test for pair-wise comparisons of different 

groups.  Prior to ANOVA, Levene’s test was used to verify the homoscedasticity 

assumption.  The relationship between inflammation score and collagen area for 

each prostatic lobe in different groups of animals was assessed via Spearman’s 

rank correlation.  All analysis was conducted using SAS 9.2 (SAS Institute, Cary 

NC) software.  A P-value < 0.05 was considered statistically significant in two-

tailed statistical tests.  

 

Study Approval 

All animal studies were approved by the Institutional Animal Care and Use 

Committee at the University of Wisconsin-Madison. 

 

RESULTS 

Collagen Stability In Chronic Bacterial-induced Prostatic Inflammation 

Our previous work demonstrated that collagen deposition was significantly 

increased in bacterial-induced prostatic inflammation and this increase was 

associated with enhanced collagen synthesis as determined by 3H-

hydroxyproline incorporation and mRNA expression of collagen genes [6].  Here, 

we measured the stability of the newly synthesized collagen in saline and E. coli 

instilled prostates using a direct in vivo radiolabeling method.  Inbred C3H/HeOuJ 

mice instilled transurethrally either with sterile saline or E. coli were i.p. injected 

with 3H-proline every 2 days for 28 days, a timeframe within which collagen 
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synthesis and content were significantly elevated and peaked post-infection [6].  

The radioactivity of 3H-hydroxyproline in the prostates 1, 4, 8, 15, 22, 29, 36, 57, 

78, 113 days after the last 3H-proline labeling was measured and decay curves 

generated from these data (Figure 1A and B).  We noted a greater 3H-

hydroxyproline content in the infected prostates 1 day after the last labeling. This 

reflects increased de novo collagen synthesis in prostatic inflammation as 

previously demonstrated [6].  A rapid decrease in 3H-hydroxyproline content was 

observed in the first 36 days and the level reached a plateau after 57 days in 

both groups.  The decline in total radioactivity with time signifies disappearance 

of labeled collagen from the prostate.   As determined from the decay curves, the 

half-life of collagen in the saline instilled prostates was 18.6 days whereas the 

collagen synthesized in the E. coli infected prostates had a half-life of 13.7 days.  

Our findings revealed that the newly synthesized collagen in chronic prostatic 

inflammation is relatively less stable and tends to undergo rapid degradative 

remodeling.    

 

Resolution of Chronic Bacterial-Induced Prostatic Inflammation After 

Antibiotic Treatment 

To ascertain the reversibility of fibrosis, we used antibiotic treatment to resolve 

infection and inflammation and examined the effect on collagen content.  Saline 

instilled and E. coli infected mice were treated with or without enrofloxacin for two 

weeks on day 28 post-inoculation.  We first performed bacterial cultures of each 
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individual prostatic lobe to evaluate the effectiveness of the antibiotic treatment 

(Table I).  Significant bacterial infection was present in all three prostatic lobes 

from sham-treated E. coli infected animals whereas no bacteria were cultured 

from any infected prostatic lobe after treatment with enrofloxacin.  Prostatic 

tissues from saline instilled mice with and without antibiotic treatment were both 

culture negative.  Histopathological analysis was performed in the ventral 

prostate (VP) (Figure 2A-B, G-H, M), dorsolateral prostate (DLP) (Figure 2C-D, 

I-J, N), and anterior prostate (AP) (Figure 2E-F, K-L, O) of sham, and 

enrofloxacin-treated saline instilled and E. coli infected animals after a recovery 

period of 8 weeks.  Saline instilled animals with and without antibiotic treatment 

had no or minimal prostatic inflammation.  All three prostatic lobes from sham-

treated E. coli infected animals showed evidence of widespread severe 

inflammation whereas enrofloxacin-treated infected prostates exhibited very mild 

inflammation with a restoration of the normal prostatic ductal architecture similar 

to saline instilled controls.  These findings demonstrate resolution of chronic 

bacterial-induced prostatic inflammation after complete elimination of infection 

with antibiotic treatment. 

 

Reversibility of Excess Collagen Deposition Induced in Response to 

Chronic Bacterial Prostatic Inflammation 

Picrosirius red staining for collagen content was performed on adjacent serial 

tissue sections of the H&E stained slides from saline instilled and E. coli infected 
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male mice with and without antibiotic treatment (Figure 3A-L).  As shown in 

Figure 3M-O, quantitation of the staining showed that there was no significant 

difference in collagen content of any prostatic lobe between saline instilled 

animals with and without antibiotic treatment, indicating that treatment with 

enrofloxacin alone had no effect on collagen deposition in the prostate.  A 

significant increase in collagen deposition was observed in all lobes of sham-

treated E. coli infected animals.  In striking contrast, collagen content in all three 

prostatic lobes from enrofloxacin-treated E. coli infected animals decreased to 

levels comparable to saline instilled controls.   To validate the quantitative result 

of the picrosirius red staining, hydroxyproline content measured by HPLC was 

performed (Figure 4).  In accordance with the picrosirius red staining, a 

substantial increase in hydroxyproline content was observed in the prostates of 

sham-treated E. coli infected animals.  On the other hand, hydroxyproline content 

in the prostates of enrofloxacin-treated E. coli infected animals was significantly 

decreased.  However, unlike the result obtained from the picrosirius red staining, 

the reduction of hydroxyproline content in the prostates of enrofloxacin-treated 

infected animals did not completely reach the baseline level.  

 

To evaluate the relationship between inflammation and reversal of fibrosis, we 

correlated the inflammation score determined from the H&E images with collagen 

content measured from the adjacent picrosirius red stained sections for the VP 

(Figure 5A), DLP (Figure 5B), and AP (Figure 5C) of saline instilled and E. coli 
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infected mice with and without enrofloxacin treatment.  A significant positive 

correlation between inflammation and collagen deposition was shown in all three 

prostatic lobes. Taken together, our results suggest that collagen deposition 

induced by chronic bacterial-induced prostatic inflammation is at least partly 

reversible after resolution of inflammation. 

 

DISCUSSION 

Fibrosis resulting from excessive deposition of collagen is traditionally recognized 

as a progressive irreversible condition and an end stage of inflammatory 

diseases; however, there is compelling evidence in both animal and human 

studies to support that the development of fibrosis could potentially be a 

reversible process when the underlying cause is removed or suppressed in 

various tissues, including the liver and kidney [10-17].  Collagen degradation has 

been suggested to be a key mechanism mediating the recovery process of 

fibrosis through the enzymatic action of collagenases.  Studies of a rodent model 

of liver inflammation and fibrosis have shown that increased collagen deposition 

in the liver of rats injected repeatedly with hepatotoxin carbon tetrachloride (CCl4) 

was spontaneously regressed to control level and the extracellular matrix was 

remodeled to restore the tissue architecture over time after termination of the 

toxin injection [12,13].  The recovery phase of fibrosis in this model was 

associated with decreased mRNA expression of collagenase inhibitors, 

increased expression of interstitial collagenase and increased collagenase 
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activity [13,18,19].  Follow-up studies demonstrated that liver fibrosis with an 

accumulation of collagenase-resistant type I collagen in CCl4-treated Col1a1r/r 

mice failed to undergo significant regression and remodeling [20].  

 

Accumulating evidence has suggested that collagen stabilization is the principal 

mechanism regulating the rate of collagen degradation and thus determines the 

reversal of fibrosis in pathological conditions [21-25].  The stability of collagen is 

conferred by the extent of collagen cross-linking [21].  Previous studies of an in 

vitro model system have demonstrated that formation of cross-links in collagen 

molecules significantly increased the resistance of collagen to collagenase 

degradation [21].  In support of this, subsequent studies of an in vivo model of 

liver fibrosis have indicated that incomplete resolution of liver fibrosis in rats 

treated with CCl4 was accompanied with a substantial amount of matrix 

crosslinks as compared to the rats undergoing extensive regression of fibrosis 

[12].  Indeed, the level of cross-links appears to be increased in the livers from 

patients with irreversible granulomatous liver fibrosis [26,27] and is associated 

with the degree of reversibility of fibrosis in experimental models [28,29].  Taken 

together, these studies support the concept that reversibility of fibrosis is 

determined by the extent of collagen stabilization. 

 

Our data suggests that the stability of newly synthesized collagen was decreased 

in chronic bacterial prostatic inflammation.  Prostatic fibrosis induced by chronic 
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bacterial inflammation is attributed to a significant increase in de novo collagen 

synthesis as determined by the incorporation of 3H-hydroxyproline [6].  Collagen 

content increases predominantly between 7 and 14 days post-inoculation.  At 

later time points, collagen content remains elevated but collagen turnover 

appears homeostatic.  Decay analysis of incorporated 3H-hydroxyproline showed 

that this newly synthesized collagen in prostatic inflammation had a relatively 

short half-life.  Considering that the short-lived 3H-hydroxyproline incorporated in 

collagen predominantly represents those induced at early time points, our study 

suggests that collagen produced primarily in early stage of chronic prostatic 

inflammation undergoes rapid remodeling and is more liable to degradation.   

 

We found that collagen content significantly decreased with resolution of chronic 

prostatic inflammation.  Inflammation was completely resolved after eradication 

of bacterial infection with antibiotic treatment and an eight-week recovery period.  

Our quantitative studies revealed that resolution of inflammation and restoration 

of normal ductal architecture in the prostate was accompanied by marked 

attenuation of collagen content.  These findings were in agreement with our 

decay study of incorporated 3H-hydroxyproline suggesting that collagen 

synthesized in chronic prostatic inflammation is susceptible to a rapid 

degradative remodeling.  These findings support the conclusion that 

inflammation-induced prostatic fibrosis is at least partly reversible when the 

underlying cause is completely treated and sufficient recovery time is allowed. 
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It is noteworthy that there was a disparity between the results obtained from 

picrosirius red staining and hydroxyproline content for measurement of collagen 

deposition.  Picrosirius red staining showed that prostatic fibrosis in antibiotic-

treated infected animals was remodeled through the recovery period of 8 weeks 

to level comparable to saline instilled controls while the reduced hydroxyproline 

content in these animals was still significantly different from controls.  This 

difference reflects the distinct mechanism of the two quantitative methods.  Sirius 

red is an elongated dye molecule that attaches parallel to collagen by reacting its 

sulfonic acid groups with the basic groups of collagen molecules [7].  Such 

interaction enhances the birefringence of the highly oriented collagen fibers in 

tissue sections that can easily be identified in polarized light [30].  Conversely, 

the biochemical analysis of hydroxyproline content is based on the general 

concept that this amino acid is abundant and almost exclusively found in 

collagen.  Thus one possibility is that proteins other than collagen also contain 

hydroxyproline.  Indeed, hydroxyproline is found in elastin, hypoxia inducible 

factor α, complement protein C1q and other non-collagen proteins with 

collagenous domains [31].  However, the amount of hydroxyproline in these 

proteins is much less than that in collagen and thus is likely negligible in 

collagen-enriched tissues [32].  Another explanation is the presence of collagen 

fragments by MMP cleavage remaining before complete degradation in the 

antibiotic-treated infected prostates.  Collagen fragments lacks the highly-ordered 

molecular orientation as found in intact collagen fibers and is expected to lose 
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the birefringence promoted by Sirius red staining, while hydroxyproline content in 

collagen fragments can still be detectible.  In support of this, previous studies 

have demonstrated that a pathological condition characterized by collagen 

degradation resulted in fragmented and damaged collagens that were weakly 

birefringent when detected by the picrosirius-polarization method [33]. 

 

Prostatic inflammation-induced fibrosis has gained increasing attention as a 

major contributing factor in the pathogenesis of BPH/LUTS.  Several 

epidemiological studies of human BPH/LUTS have provided evidence for the 

contribution of excessive collagen deposition and fibrosis in the prostate to 

impaired urethral function and LUTS.  Bercovich and colleagues were the first to 

report an inverse correlation of uroflow with prostatic fibrosis and symptom score 

in BPH/LUTS patients [34].  A subsequent study by Ma et al. has demonstrated 

that prostatic tissues from men with moderate/severe LUTS had a greater 

mechanical stiffness and a significantly higher collagen content than men with 

no/mild LUTS [3].  Further, Cantiello et al. have shown that collagen content was 

significantly higher in prostatic tissues with inflammation than those without 

inflammation [4].  There were also positive correlations between LUTS severity, 

inflammation degree, and collagen content.  Together, these observational 

analyses lead to the hypothesis that prostatic fibrosis caused by inflammation 

increases tissue stiffness that compromises the opening of bladder neck – 

prostate complex during micturition, and subsequently promotes LUTS.  Our 
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recent study of a mouse model of bacterial-induced prostatic inflammation 

supports this speculation, suggesting a role of chronic inflammation in promoting 

excessive collagen deposition in the prostate [6].  Therefore, considering that 

prostatic fibrosis is induced by inflammation and is a potential etiologic factor of 

BPH/LUTS, it is critical to understand whether the injured/inflamed prostate has 

the capacity for recovery from the associated established fibrosis.  However, the 

reversibility of fibrosis has never been examined in the prostate.  Our present 

study is the first report demonstrating that collagen induced in chronic prostatic 

inflammation is more susceptible to degradation and is at least partly reversible 

when the underlying cause is resolved.   

 

CONCLUSIONS 

Collagen deposition induced by chronic prostatic inflammation exhibits a 

relatively short half-life as compared to the collagen content of the uninflamed 

prostate.  Our findings show that inflammation-induced prostatic fibrosis is at 

least partly reversible and suggest that fibrosis of the human prostate may be 

addressed therapeutically by removing the cause of inflammation or suppressing 

the inflammatory response. 
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Figure 1.  Decay curves of 3H-hydroxyproline radioactivity for collagen stability in 
the prostates of saline instilled (A) and E. coli infected (B) mice (n = 3-8 per 
treatment per time point).  Each data point represents an individual mouse and 
the line on each graph represents the nonlinear regression line calculated 
through the data points. The graphs are plotted as the natural log of cpm/prostate 
versus time after the last injection of 3H-proline. Hydroxyproline (HYP); Count per 
minute (cpm); Half-life (t½). 
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Figure 2.  Representative H&E images of the VP (A-B, G-H), DLP (C-D, I-J), and 
AP (E-F, K-L) from saline instilled and E. coli infected mice 28 days post-
instillation that were treated either with enrofloxacin or sham for another 2 weeks.  
Scale bar 200µm in panel A.  Comparisons of the degree of inflammation in the 
VP (M), DLP (N) and AP (O) from saline instilled and E. coli infected mice 28 
days post-instillation that were treated either with enrofloxacin or sham for 
another 2 weeks.  The animals were harvested 8 weeks after the antibiotic 
treatment (n = 4-6 per treatment).  Data are presented as mean inflammation 
score ± SEM.  * indicates a P-value < 0.05 compared to saline treated with sham.  
† indicates a P-value < 0.05 for E. coli treated with enrofloxacin compared to E. 
coli treated with sham. Ventral prostate (VP); Dorsolateral prostate (DLP); 
Anterior prostate (AP). 
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Figure 3.  Representative picrosirius red stained sections of the VP (A-B, G-H), 
DLP (C-D, I-J), and AP (E-F, K-L) from saline instilled and E. coli infected mice 
28 days post-instillation that were treated either with enrofloxacin or sham for 
another 2 weeks.  Scale bar 200µm in panel A.  Comparisons of the collagen 
content determined by the percentage of picrosirius red stained area in the VP 
(M), DLP (N) and AP (O) from saline instilled and E. coli infected mice 28 days 
post-instillation that were treated either with enrofloxacin or sham for another 2 
weeks.  The animals were harvested 8 weeks after the antibiotic treatment (n = 
4-6 per treatment).  Data are presented as mean percentage of collagen area ± 
SEM.  * indicates a P-value < 0.05 compared to saline treated with sham.  † 
indicates a P-value < 0.05 for E. coli treated with enrofloxacin compared to E. coli 
treated with sham. Ventral prostate (VP); Dorsolateral prostate (DLP); Anterior 
prostate (AP). 
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Figure 4.  Comparisons of hydroxyproline content in the prostates of saline 
instilled and E. coli infected mice 28 days post-instillation that were treated either 
with enrofloxacin or sham for another 2 weeks.  The animals were harvested 8 
weeks after the antibiotic treatment (n = 4-5 per treatment).  Data are presented 
as mean hydroxyproline (µg)/prostate weight (mg) ± SEM.  * indicates a P-value 
< 0.05 compared to saline treated with sham.  † indicates a P-value < 0.05 for E. 
coli treated with enrofloxacin compared to E. coli treated with sham.  ‡ indicates 
a P-value < 0.05 compared to saline treated with enrofloxacin. Hydroxyproline 
(HYP). 
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Figure 5.  Spearman correlation analysis of the relationship between prostatic 
inflammation and collagen deposition in the VP (A), DLP (B), and AP (C) from 
saline instilled and E. coli infected mice 28 days post-instillation that were treated 
either with enrofloxacin or sham for another 2 weeks.  The animals were 
harvested 8 weeks after the antibiotic treatment (n = 4-6 per treatment). Ventral 
prostate (VP); Dorsolateral prostate (DLP); Anterior prostate (AP), Spearman's 
rank correlation coefficient (ρ).  
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FUTURE DIRECTIONS 

BPH is a significant health burden in elderly men due to its associated LUTS and 

consequent bladder and renal complications.  Although aging and androgen have 

traditionally been viewed as the major factors for BPH/LUTS, recent observations 

suggest that prostatic inflammation plays an important role in the initiation and 

progression of this disease.  The mechanism has not been elucidated.  Findings 

from the studies of human BPH samples and animal models have led to the 

speculation that prostatic inflammation could contribute to BPH/LUTS through a 

variety of mechanisms, including hyperplasia and proliferation of epithelial and 

stromal cells, alteration of vascular remodeling and homeostasis, induction of 

extracellular matrix accumulation, and alteration in nerve sensitization. 

 

We utilized our previously established mouse model of bacterial infection to 

demonstrate that prostatic inflammation induces significant vascular and fibrotic 

changes in the mouse prostates.  Our findings of the present studies are believed 

to provide novel perspectives on the inflammatory mechanisms leading to 

BPH/LUTS as well as clinical implication for the development of therapeutic 

treatments for inflammation-associated prostatic diseases. 

 

In chapter 2, we described the effects of acute bacterial-induced prostatic 

inflammation on vasculature.  We found that prostatic inflammation caused a 

significant increase in endothelial proliferation and vascular density.  Surprisingly, 
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RT-PCR analysis revealed that these vascular changes were associated with 

decreased pro-angiogenic factor expression, including Pecam1, Pdgfa, Tie1, 

Tek, Angpt1, Angpt2, Angpt4, Fgf2, Vegfb, Vegfc, and Figf.  This result was 

unexpected because it is in contrast to our study of prostatic development 

showing vascular formation and endothelial proliferation were accompanied by 

increased expression of most of these pro-angiogenic factors.  Therefore, we 

propose that endothelial proliferation during prostatic inflammation may not be 

mediated by the pro-angiogenic factors examined here but rather by other factors 

induced after injury. 

 

What are the factors mediating angiogenesis in prostatic inflammation? 

Several inflammatory factors such as IL-1 were highly expressed in some cases 

of human BPH samples as well as in the mouse prostates after bacterial infection 

[1-3].  Inhibition of IL-1 signaling using IL-1R1 knockout mice reduced epithelial 

reactive hyperplasia in response to prostatic inflammation [4], suggesting that IL-

1 signaling is required for inflammatory response to bacterial infection in the 

prostates.  Intriguingly, IL-1 has been shown to induce in vivo angiogenesis in 

mouse tumor xenograft and cornea models [5-8].  Subsequent in vitro and in vivo 

studies have demonstrated that the angiogenic effect of IL-1 was mediated 

through production of pro-angiogenic factors (eg. VEGFA) and inflammatory 

factors with angiogenic activity (eg. IL-8, TNFα, COX2, HGF) in both paracrine 

and autocrine manners [7-11].  Therefore, further studies focusing on the role of 
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inflammatory pathways, particularly IL-1 signaling, in prostatic angiogenesis are 

necessary to improve our understanding of the vascular mechanisms of the 

pathogenesis of BPH/LUTS. 

 

In chapter 3, we demonstrated that chronic prostatic inflammation induces 

fibrosis in a mouse model of bacterial infection.  Picrosirius red staining and 

hydroxyproline assay showed that collagen deposition was significantly 

increased in the inflamed prostates.  Histopathological examination revealed that 

accumulation of collagen was associated with the sites of inflammation and 

correlation analysis showed that the degree of inflammation was positively 

associated with collagen content.  This fibrotic change in inflammation was 

accompanied with an increase in collagen synthesis determined by the 

incorporation of 3H-hydroxyproline and mRNA expression of several collagen 

remodeling-associated genes (Col1a1, Col1a2, Col3a1, Mmp2, Mmp9, and Lox).  

At the time point coinciding with increased collagen synthesis, immunostaining 

showed that CD45+VIM+ fibrocytes were abundant in inflamed prostates and 

flow cytometric analysis further demonstrated an increased percentage of 

CD45+VIM+ fibrocytes in collagen type I expressing cells as compared to saline 

control.  These findings indicate that prostatic inflammation induces collagen 

deposition and also implicate a role for fibrocytes in the generation of prostatic 

fibrosis.   
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What are the molecular factors responsible for mediating excess collagen 

production and deposition in prostatic inflammation? 

A variety of inflammatory factors such as TGFβ, IL-1, IL-6 have been shown to 

be highly expressed in human BPH and experimental mouse model of prostatic 

inflammation [1-4,12,13].  More important, studies using overexpression and 

deficiency of certain inflammatory factors in transgenic mouse models have 

demonstrated that some of them play a critical role in regulating collagen 

deposition during inflammation and tissue injury/repair in multiple organ systems 

[14].  However, these have never been studied in the prostate.  Thus, studies 

examining the role of these profibrotic factors in inflammation-induced prostatic 

fibrosis are warranted. 

 

What is the role of fibrocytes in inflammation-induced prostatic fibrosis? 

The contribution of fibrocytes to tissue fibrosis has been suggested in various 

human fibrosing diseases and experimental models associated with conditions 

such as skin wounds, pulmonary, hepatic and renal fibrosis [15-20].  Fibrocytes 

are capable of producing profibrotic factors such as TGFβ and collagen type I, as 

well as differentiating into myofibroblasts, the key effector cells in fibrogenesis 

[17,19,21-24].  Immunostaining and flow cytometric analyses have revealed that 

fibrocytes express chemokine receptors CCR7, CXCR4 and CCR2, allowing 

them to migrate into the injured tissues in response to chemokines 

[15,17,22,23,25].  Blockade of CCL21/CCR7 signaling in CCR7-/- mice reduced 
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fibrocyte infiltration and renal fibrosis after ureteral ligation [15].  Similar findings 

in studies of experimental pulmonary fibrosis have also been reported when 

CXCL12/CXCR4 and CCL2/CCR2 pathways were blocked [17,25].  In human 

with idiopathic pulmonary fibrosis, fibrocytes were detected in the lung tissues 

[18] and circulation of these patients [26] and an increased number of circulating 

fibrocytes has been associated with poor prognosis [27].  Recently, studies of 

LUTS patients have reported that fibrocytes were present predominantly in 

prostatic tissues with increased collagen content from men with moderate/severe 

LUTS [28].  This is consistent with the result presented here in chapter 3 that 

fibrocytes were recruited in inflammation-induced prostatic fibrosis.  Future 

investigations into the role of fibrocytes in collagen deposition, the mechanisms 

of their prostatic recruitments into the fibrotic areas, and their capability of 

differentiating into myofibroblasts are critical to elucidate the cellular and 

molecular mechanisms of fibrosis in the prostate.   

 

In chapter 4, we characterized the reversibility of collagen deposition induced by 

prostatic inflammation in our previously established mouse model of bacterial-

infection.  We showed that prostatic inflammation had completely resolved 

following antibiotic treatment and a recovery period.  Resolution of inflammation 

was associated with a significant reduction in established collagen deposition as 

determined by picrosirius red staining and hydroxyproline assay, suggesting that 

prostatic fibrosis is potentially a reversible process when the cause of injury is 
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removed or treated.  We also found that the newly synthesized collagen in 

inflamed prostates had a shorter half-life and were more susceptible to 

degradation than that in control.  Taken together, we interpret the findings in this 

study as that the reversal of collagen induced in response to prostatic 

inflammation is at least partly attributed to increased collagen remodeling and 

degradation. 

  

What are the factors determining the reversibility of prostatic fibrosis? 

Collagen degradation has been suggested to be essential for resolution of 

fibrosis, however the mechanisms of collagen degradation pathway are not 

completely understood.  MMPs are a group of zinc dependent endopeptidases 

that are well recognized for their ability to cleave and degrade extracellular matrix 

(ECM) components [29].  The proteolytic activity of MMPs is tightly regulated by 

their endogenous inhibitors TIMPs.  To date, 28 members have been identified in 

the MMP family.  Because of their primary functions on the ECM, they are 

implicated to have an important anti-fibrotic role in tissue fibrosis.  In a mouse 

model of CCl4-induced hepatic fibrosis, RT-PCR analyses have shown that 

Mmp13 mRNA expression was reduced during progression phase of fibrosis and 

was significantly increased in the recovery phase [30,31].  Deletion of Mmp13 in 

mice treated with CCl4 retarded resolution of fibrosis [31].  On the other hand, 

contradictory results showing a profibrotic effect of MMPs have also been 

reported in numerous experimental models [32].  Indeed, microarray and 
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immunostaining analyses revealed that mRNA and protein expression of several 

MMPs (eg. MMP1, 2, 7, 9, 14) were highly expressed in studies of human fibrotic 

lung and liver [33,34].  It has been suggested that the profibrotic effect of MMPs 

is attributed to the ability of MMPs to degrade basement membrane for facilitating 

fibroblast invasion and reepithelization, and to process and activate growth 

factors, cytokines, chemokines, and cell surface receptors that subsequently 

contribute to the process of fibrogenesis [33,35].  Thus, it is apparent that MMPs 

have complex biological activities in regulating collagen remodeling and 

degradation during tissue injury/repair and fibrosis.  Nonetheless, at this point 

only a few MMPs have been characterized in the prostate and little is known 

about their ECM remodeling role in prostatic fibrosis.    

 

Another factor that is involved in the regulation of collagen degradation is 

collagen cross-linking.  In vitro assays have demonstrated that cross-linking 

increased the stabilization of collagen molecules and rendered the collagen 

fibers to be less susceptible to MMP1 degradation [36].  Interestingly, in the 

rodent model of CCl4-induced liver injury, a prolonged 12-week CCl4 treatment 

resulted in an incomplete resolution of established fibrosis and a failure of 

restoration of normal tissue architecture even after one year of recovery [37].  

Further, immunostaining and western blotting have revealed that the failure to 

undergo complete resolution was associated with the presence of tissue 

transglutaminase-mediated matrix crosslinks.  Thus, it is likely that collagen 
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crosslinking also has an important role in determining the reversibility of prostatic 

fibrosis, as we observed an increased mRNA expression of crosslinking enzyme 

LOX in early inflammation but no change at later time in our bacterial-induced 

mouse fibrosis model (see Chapter 3, Figure 4).  Further investigation in this 

aspect is anticipated to improve our understanding of the mechanisms mediating 

and restricting the reversibility of collagen deposition in prostatic inflammation. 

 

Clinical relevance of experimental animal data in human BPH/LUTS 

It is hypothesized that prostatic inflammation induces fibrosis resulting in a stiffer 

tissue that impairs the urethral flexibility and function, and consequently 

promotes LUTS in men.  Although accumulating studies have established a 

correlation between these parameters [38], this hypothesis has never been 

directly tested.  Our studies using the established mouse model of bacterial 

infection – for the first time – show that prostatic inflammation induces fibrosis 

and demonstrate further that prostatic fibrosis is a treatable condition upon 

resolution of inflammation.  These findings provide a novel perspective of the 

pathobiology of inflammation-associated prostate diseases.   

 

Nevertheless, the mechanisms of how prostatic fibrosis leads to LUTS are not 

well understood.  Thus, a functional study with the aim of evaluating the 

relationship of prostatic fibrosis with the changes in tissue stiffness, urethral 

function and voiding dysfunction is required.  This should also include the testing 
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of the reversibility of these parameters after recovery from fibrosis.  Further 

characterization of the cellular and molecular changes underlying this 

relationship could provide clinically relevant implication in the development and 

progression of BPH/LUTS. 

 

Moving forward, it is important to note that BPH-related LUTS is a multifactorial 

disease and this is the major reason that complicates our understanding of the 

pathophysiology of LUTS.  Human and experimental studies have suggested a 

role for aging, hormonal change, inflammation, obesity, diabetes, cardiovascular 

disease in LUTS through a variety of mechanisms such as epithelial and stromal 

hyperplasia, fibrosis, alteration in nerve fiber sensitization and possibly other 

important yet unknown factors.  However, it is still uncertain of how these factors 

together influence the clinical setting in one individual.  This is likely due to the 

fact that the currently available data are combined with pieces of information from 

multiple epidemiological studies based on different populations.  Thus, efforts to 

conduct a detailed clinical and histological characterization for each patient in 

one population are necessary to understand the complex relationships between 

these factors as well as to incorporate their combined relationship into further 

studies on the etiology of LUTS. 
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