OPEN a ACCESS Freely available online

@' PLOS ’ ONE

Prostatic Inflammation Induces Fibrosis in a Mouse
Model of Chronic Bacterial Infection

Letitia Wong'?, Paul R. Hutson?®, Wade Bushman'*

1 Department of Urology, University of Wisconsin-Madison, Madison, Wisconsin, United States of America, 2 Molecular and Environmental Toxicology Center, University of
Wisconsin-Madison, Madison, Wisconsin, United States of America, 3 School of Pharmacy, University of Wisconsin-Madison, Madison, Wisconsin, United States of America

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 *H-hydroxyproline and mRNA expression of several
collagen remodeling-associated genes, including Collal, Colla2, Col3al, 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 among collagen type | expressing cells. These data show-for the first time-that chronic prostatic inflammation
induces collagen deposition and implicates fibrocytes in the fibrotic process.
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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 inflam-
mation [5]. However, a causal relationship between inflammation
and fibrosis of the prostate has never been established. The
purpose of this study was to examine directly whether inflamma-
tion causes fibrosis in a previously described mouse model of
bacterial-induced prostatic inflammation [6,7]. While there are
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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 biochem-
ical 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 FE. 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 15-U).

Prostatic Inflammation Induces Fibrosis

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
mstilled and E. coli infected male mice 2, 7, and 28 days post-
instillation (Figure 2A-R). As shown in Figure 25-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 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. Naive animals
and saline instilled animals 28 days post-instillation showed no
significant difference in hydroxyproline content (Figure SI),
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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 200 um 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).

doi:10.1371/journal.pone.0100770.g001

PLOS ONE | www.plosone.org

June 2014 | Volume 9 | Issue 6 | e100770



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 signifi-
cantly 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 *H-
hydroxyproline. Animals transurethrally either instilled with saline
or infected with E. coli were i.p. injected with *H-proline 0, 5, 12,
19, 26 days post-instillation and were sacrificed 48 hours later. *H-
hydroxyproline content was significantly increased in the infected
prostates when assayed at 7 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.
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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 F. 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 . coli
infected mice 7 and 28 days post-instillation. Robust changes in
expression of several genes was evident 7 days post-infection;
expression of Collal, Colla2, Col3al, Mmp2, Mmp9 and Lox was
significantly increased while expression of Timp3 was significantly
decreased. No significant changes were observed in the expression
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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 200 um 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).

doi:10.1371/journal.pone.0100770.g002
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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 (ug)/prostate
weight (mg) = SEM. B. >H-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).

doi:10.1371/journal.pone.0100770.9003

of Col4al, Colbal, Col6a2, Mmp7 and Mmpl3 (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 *H-hydroxy-
proline incorporation.

mice (n=4-13 per treatment per time point).

Prostatic Inflammation Induces Fibrosis

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 immunobhis-
tochemical costaining 7 days post-instillation, a time point that
corresponds to the peak of *H-hydroxyproline incorporation in the
inflamed prostate. Staining for vimentin and o-smooth muscle
actin surprisingly showed no evidence of VIM+aSMA+ myofi-
broblasts in either the saline instilled or E. coli infected prostates
(Figure S3). In contrast, 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
1isolated from saline instilled and E. coli infected mice using flow
cytometry demonstrated that CD45+VIM+ fibrocytes are present
within collagen type I (COLI) positive cells. Consistent with our
immunohistochemical finding, there was a 6-fold increase in the
percentage of CD45+VIM+ fibrocytes enriched in COLI
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
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

Table 1. Correlation between inflammation and collagen deposition in the VP, DLP, and AP from saline instilled and E. coli infected

VP DLP AP

p P-value p P-value p 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

doi:10.1371/journal.pone.0100770.t001
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p: Spearman’s rank correlation coefficient; VP: Ventral prostate; DLP: Dorsolateral prostate, AP: anterior prostate.
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Figure 4. Changes in collagen remodeling-associated gene expressions during bacterial-induced prostatic inflammation. gRT-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).

doi:10.1371/journal.pone.0100770.g004

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

PLOS ONE | www.plosone.org

architecture, a persistent increase in collagen deposition, increased
collagen synthesis and increased number of myofibroblasts [37].
The fibrotic change in lung inflammation was associated 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
TGFB, 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 inflamma-
tory infiltrate composed of polymorphonuclear cells and macro-
phages [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

June 2014 | Volume 9 | Issue 6 | e100770
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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).

doi:10.1371/journal.pone.0100770.g005

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 inflam-
mation. 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 remodeling-associated gene expression early
in the chronic inflammatory phase. Incorporation of 3H—hydroxy—
proline 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
(Collal, Colla2, Col3al), crosslinking enzyme lysyl oxidase (Lox),
and matrix metalloproteinases (Mmp2, Mmp9) and decreased
expression of the tissue inhibitor of metalloproteinases (7imp3).
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

PLOS ONE | www.plosone.org

conditions associated with inflammation. The increase in expres-
sion 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 proinflamma-
tory and profibrotic cytokines, constituting a microenvironment
favoring fibrogenic process [46].

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
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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 um 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 20 um 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).

doi:10.1371/journal.pone.0100770.g006

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 re-
cruitment 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 aSMA
showed no evidence of VIM+aSMA+ myofibroblasts in the
infected prostates, immunostaining for GCD45, vimentin, and prolyl
4-hydroxylase revealed that the FE. 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

PLOS ONE | www.plosone.org

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 COLI1+ 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 1s 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 potential
link between inflammation and extracellular matrix alterations in
the prostate in both @ vitro and in vivo studies. Barron and
colleagues have shown that a transgenic mouse model constructed
with constitutively active Tgfb/ in prostate epithelium exhibited an

June 2014 | Volume 9 | Issue 6 | e100770
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saline control by two-sample t-test.
doi:10.1371/journal.pone.0100770.g007

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 TGFBI, CXCL5,
CXCL8, CXCLI12 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 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.
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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 uropatho-
genic E. coli 1677 (2x10° CFU/ml) or sterile PBS in a volume of
200 pl

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, hydroxy-
proline assay, and/or histology. The whole mouse prostates were
collected and used for measuring incorporation of *H-hydroxy-
proline 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.

Quantitation of Inflammatory Degree

Inflammatory grading. Tissues were fixed in 10% formalin,
imbedded in paraffin and serially sectioned at 6 um. 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).
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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]. 6 pm 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 4 pug/ml in PBS, coverslipped with anti-fade media and
imaged. Primary antibodies included rabbit polyclonal anti-CD3
(1:100, DAKO A0452), goat 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 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 2 ml of 12N HCI with a
motorized homogenizer in a clean glass tube. 75 pl of 20 mM
sacrosine (reagent grade) as internal standard was mixed in the
homogenate. Then, the glass tubes containing the tissue homog-
enate 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 2 ml
of 12N NaOH and 1 ml of borate buffer (0.7 M boric acid in
water, pH 9.5 with NaOH), and were adjusted to a pH 9.5 with
NaOH and HCI. Aliquots of 500 ul 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
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consistency. Hydroxyproline (reagent grade) standards of 0.3125,
0.625, 1.25, 2.5, 5, 10, 20 mM with 7.5 mM L-proline (reagent
grade) in water were prepared. 200 ul of each hydroxyproline
standard was mixed with 75 pl of 20 mM sacrosine, 1.8 ml of 12N
HCI, 2 ml of 12N NaOH and 1 ml of borate buffer. The solutions
were then adjusted to pH 9.5. Aliquots of 500 ul of the
hydroxyproline standard solution were used for subsequent
derivatization process.

Aliquots (500 pl) of tissue homogenate or hydroxyproline
standard were added with 700 ul of borate buffer. The following
procedures were performed in dark. The solutions were mixed
with 100 pl of OPA solution (50 mg o-phthalaldehyde dissolved in
1 ml acetonitrile and 26 ul of reagent grade B-mercaptoethanol)
by vortexing and allowed to react at room temperature for
I minute. The solution was then mixed with 100 pul of
1odoacetamide solution (140 mg/ml of iodoacetamide in acetoni-
trile) by vortexing and reacted at room temperature for 1 minute.
600 wl of 5 mM FMOC-CI in acetone was subsequently added,
mixed by vortexing and reacted at room temperature for
1 minute. The solutions were then washed three times with 3 ml
of ethyl ether by vortexing for 30 seconds. The organic layer was
discarded each time. 50 pl 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 650 ml of 3% glacial acetic acid that was
adjusted to pH 4.3 with sodium acetate (reagent grade) with
350 ml 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 [65]. The HPLC instrumentation included
a Shimadzu LC-10AD HPLC pump, SIL-10A auto injector and
system controller. A McPherson Model FL-750 spectrofluorom-
eter was used with the high-sensitivity module, an excitation
wavelength of 265 nm and without an emission cut-off filter.
Separation was achieved by using a Lichrosphere 5 RP18e
250 mm x4.60 mm, 5 wm column. The mobile phase was
pumped at a constant rate of 0.75 ml/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 Mg 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 R*=0.998. The amount of hydroxyproline
in Ug 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 hydroxy-
proline standard curve. Data are presented as mean hydroxypro-
line (Ug)/prostate weight (mg) = SEM.

Collagen Synthesis by Incorporation of *H-
hydroxyproline

The animals instilled transurethrally with either sterile PBS or
uropathogenic E. coli 1677 were 1.p. injected with 15 pCi of L-
[3,4-*H]-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—pl"oline 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
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procedure of hydroxyproline has previously been described in
detail [66]. Briefly, each tissue sample was placed in a clean glass
tube, homogenized in 2 ml 12N HCI with a motorized homog-
enizer and was heated at 110°C for 18 hours. The hydrolysates
were then allowed to cool to room temperature and neutralized
with 2 ml of 12N KOH and 1 ml of 1 M boric acid in water. The
samples were then adjusted to pH 8.7 with KOH and HCI.
Aliquots of 2 ml of the sample solution were used for subsequent
reaction. First, each sample was reacted with 4 ml of 0.2 M
chloramine T-solution in methoxyethanol at room temperature for
20 minutes. 2.4 ml of 3.6 M sodium thiosulfate in water was then
added followed by saturation with 1.5 g KCI. The solutions were
then washed 3X with 9 ml 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, 7 ml 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 7 ml of liquid scintillation cocktail
(Fisher, SX25-5) in a 20 ml liquid scintillation vial. Counts per
minute (cpm) were measured with a Beckman LS 6000TA liquid
scintillation counter. Data are presented as mean “H-hydroxypro-
line 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. 6 Um 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 monoclo-
nal 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-Alexa 488 conjugated antibody (1:100, Invitrogen), and
donkey anti-goat-Alexa 647 conjugated antibody (1:200, Invitro-
gen). 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 4 ng/
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 5 U/ml dispase at room temperature for 2 minutes. Cells
were passed through a 22-gauge needle and then a 100-um cell
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strainer to produce a single cell suspension. Cells were resus-
pended into 100 ul 2% FBS/DMEM/F12, incubated with mouse
Fc Block (I pg/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, 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 Immuno-
chemical) conjugated with Alexa Fluor 488 using Zenon Rabbit
IgG Labeling Kits (Invitrogen #7-25302) 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 Flow]Jo 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 Collal, Colla2, Col3al, Mmp2, Mmp7, Mmp9, Mmp135, 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 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 (p) 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.

Supporting Information

Figure S1 No significant difference in collagen content
of the prostate was observed between saline-instilled
and naive controls. Hydroxyproline content of prostate tissues
from age-matched naive C3H/HeOuJ male mice and saline-
instilled C3H/HeOuJ mice 28 days post-instillation. n=8 for
naive group, n =9 for saline-instilled group. Data are presented as
hydroxyproline (ug)/prostate weight (mg) = SEM. Comparison of
the hydroxyproline content between the two groups was
performed by two-sample t-test. Hydroxyproline (HYP).

(PDF)
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Figure S2 Collagen subtype gene expressions in bacte-
rial-induced prostatic inflammation. gRT-PCR for Col4al,
Colbal, and Col6a2 in the DLP from saline instilled and E. colt
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).

(PDF)

Figure S3 aSMA+VIM+ myofibroblast accumulation is
not evident in bacterial-induced prostatic inflammation.
Immunohistochemical staining for aSMA (Green), vimentin (Red),
and Hoechst (blue) in the saline instilled (A) and E. colz infected (B)
prostates 7 days post-instillation. Scale bar 100 um in panel A.
Urogenital sinus obtained from an 18-day-old mouse embryo was
used as a positive control for aSMA+VIM+ myofibroblasts (data
not shown). Vimentin (VIM); o-smooth muscle actin (aSMA).

References
1. Nickel JC, Roehrborn CG, O’Leary MP, Bostwick DG, Somerville MC, et al.

(2008) The relationship between prostate inflammation and lower urinary tract
symptoms: examination of baseline data from the REDUCE trial. Eur Urol 54:
1379-1384.

2. Roehrborn CG (2006) Definition of at-risk patients: baseline variables. BJU Int
97 Suppl 2: 7-11; discussion 21-12.

3. Bercovich E, Barabino G, Pirozzi-Farina F, Deriu M (1999) A multivariate
analysis of lower urinary tract ageing and urinary symptoms: the role of fibrosis.
Arch Ital Urol Androl 71: 287-292.

4. Ma J, Gharace-Kermani M, Kunju L, Hollingsworth JM, Adler J, et al. (2012)
Prostatic fibrosis is associated with lower urinary tract symptoms. J Urol 188:
1375-1381.

. Cantiello F, Cicione A, Salonia A, Autorino R, Tucci L, et al. (2013) Periurethral
fibrosis secondary to prostatic inflammation causing lower urinary tract
symptoms: a prospective cohort study. Urology 81: 1018-1023.

6. Elkahwaji JE, Zhong W, Hopkins WJ, Bushman W (2007) Chronic bacterial
infection and inflammation incite reactive hyperplasia in a mouse model of
chronic prostatitis. Prostate 67: 14-21.

7. Boehm BJ, Colopy SA, Jerde TJ, Loftus CJ, Bushman W (2012) Acute bacterial
inflammation of the mouse prostate. Prostate 72: 307-317.

8. Marker PC, Donjacour AA, Dahiya R, Cunha GR (2003) Hormonal, cellular,
and molecular control of prostatic development. Dev Biol 253: 165-174.

9. Shappell SB, Thomas GV, Roberts RL, Herbert R, Ittmann MM, et al. (2004)
Prostate pathology of genetically engineered mice: definitions and classification.
The consensus report from the Bar Harbor meeting of the Mouse Models of
Human Cancer Consortium Prostate Pathology Committee. Cancer Res 64:
2270-2305.

10. Cunha GR, Sckkingstad M, Meloy BA (1983) Heterospecific induction of
prostatic development in tissue recombinants prepared with mouse, rat, rabbit
and human tissues. Differentiation 24: 174-180.

11. Kramer G, Mitteregger D, Marberger M (2007) Is benign prostatic hyperplasia
(BPH) an immune inflammatory disease? Eur Urol 51: 1202-1216.

12. Steiner GE, Stix U, Handisurya A, Willheim M, Haitel A, et al. (2003) Cytokine
expression pattern in benign prostatic hyperplasia infiltrating T cells and impact
of lymphocytic infiltration on cytokine mRNA profile in prostatic tissue. Lab
Invest 83: 1131-1146.

13. Robert G, Descazeaud A, Nicolaiew N, Terry S, Sirab N, et al. (2009)
Inflammation in benign prostatic hyperplasia: a 282 patients’ immunohisto-
chemical analysis. Prostate 69: 1774-1780.

14. Shinohara DB, Vaghasia AM, Yu SH, Mak TN, Bruggemann H, et al. (2013) A
mouse model of chronic prostatic inflammation using a human prostate cancer-
derived isolate of Propionibacterium acnes. Prostate 73: 1007-1015.

15. De Marzo AM, Marchi VL, Epstein JI, Nelson WG (1999) Proliferative
inflammatory atrophy of the prostate: implications for prostatic carcinogenesis.
Am ] Pathol 155: 1985-1992.

16. Gordon MK, Hahn RA (2010) Collagens. Cell Tissue Res 339: 247-257.

17. Frantz C, Stewart KM, Weaver VM (2010) The extracellular matrix at a glance.
J Cell Sci 123: 4195-4200.

18. Kadler KE, Baldock C, Bella J, Boot-Handford RP (2007) Collagens at a glance.
J Cell Sci 120: 1955-1958.

19. Rodés J (2007) Textbook of hepatology from basic science to clinical practice.
3rd ed. Malden, Mass.: Blackwell.

20. Thickett DR, Poole AR, Millar AB (2001) The balance between collagen
synthesis and degradation in diffuse lung disease. Sarcoidosis Vasc Diffuse Lung
Dis 18: 27-33.

o

PLOS ONE | www.plosone.org

Prostatic Inflammation Induces Fibrosis

(PDF)

Table S1 Primer Sequences (5'-3') Used for RT-PCR
Analysis.

(DOC)

Acknowledgments

The authors greatly thank Dr. William Ricke’s laboratory (UW-Madison)
for providing polarizing microscopy, Chee Paul Lin (UW-Madison) for
providing statistical analysis, the W.M. Keck Laboratory for Biological
Imaging for providing fluorescent imaging services (UW-Madison), and the
UWCCC Flow Cytometry laboratory (UW-Madison) for providing service
and expertise in flow cytometry analysis.

Author Contributions

Conceived and designed the experiments: LW WB. Performed the
experiments: LW. Analyzed the data: LW PRH. Contributed reagents/
materials/analysis tools: PRH WB. Contributed to the writing of the
manuscript: LW PRH WB.

21. Armstrong L, Thickett DR, Mansell JP, Ionescu M, Hoyle E, et al. (1999)
Changes in collagen turnover in early acute respiratory distress syndrome.
Am ] Respir Crit Care Med 160: 1910-1915.

22. Garcia-Bolao I, Lopez B, Macias A, Gavira JJ, Azcarate P, et al. (2008) Impact
of collagen type I turnover on the long-term response to cardiac resynchroniza-
tion therapy. Eur Heart J 29: 898-906.

23. Selman M, Montano M, Ramos C, Chapela R (1986) Concentration,
biosynthesis and degradation of collagen in idiopathic pulmonary fibrosis.
Thorax 41: 355-359.

24. Pardo A, Selman M (2002) Idiopathic pulmonary fibrosis: new insights in its
pathogenesis. Int J Biochem Cell Biol 34: 1534-1538.

25. Selman M, King TE, Pardo A, American Thoracic S, European Respiratory S,
et al. (2001) Idiopathic pulmonary fibrosis: prevailing and evolving hypotheses
about its pathogenesis and implications for therapy. Ann Intern Med 134: 136—
151.

26. Farrell GC, Larter CZ (2006) Nonalcoholic fatty liver disease: from steatosis to
cirrhosis. Hepatology 43: S99-S112.

27. Adams LA, Lymp JF, St Sauver J, Sanderson SO, Lindor KD, et al. (2005) The
natural history of nonalcoholic fatty liver disease: a population-based cohort
study. Gastroenterology 129: 113-121.

28. Rieder F, Fiocchi C (2009) Intestinal fibrosis in IBD-a dynamic, multifactorial
process. Nat Rev Gastroenterol Hepatol 6: 228-235.

29. Fiocchi C (1998) Inflammatory bowel disease: etiology and pathogenesis.
Gastroenterology 115: 182-205.

30. Querejeta R, Lopez B, Gonzalez A, Sanchez E, Larman M, et al. (2004)
Increased collagen type I synthesis in patients with heart failure of hypertensive
origin: relation to myocardial fibrosis. Circulation 110: 1263-1268.

31. McLenachan JM, Dargie HJ (1990) Ventricular arrhythmias in hypertensive left
ventricular hypertrophy. Relationship to coronary artery disease, left ventricular
dysfunction, and myocardial fibrosis. Am J Hypertens 3: 735-740.

32. Broughton G, 2nd, Janis JE, Attinger CE (2006) The basic science of wound
healing. Plast Reconstr Surg 117: 125-34S.

33. Borthwick LA, Wynn TA, Fisher AJ (2013) Cytokine mediated tissue fibrosis.
Biochim Biophys Acta 1832: 1049-1060.

34. Atamas SP (2002) Complex cytokine regulation of tissue fibrosis. Life Sci 72:
631-643.

35. Ucha S, Shand FH, Matsushima K (2012) Cellular and molecular mechanisms
of chronic inflammation-associated organ fibrosis. Front Immunol 3: 71.

36. Wight TN, Potter-Perigo S (2011) The extracellular matrix: an active or passive
player in fibrosis? Am J Physiol Gastrointest Liver Physiol 301: G950-955.

37. Rydell-Tormanen K, Andreasson K, Hesselstrand R, Risteli J, Heinegard D, et
al. (2012) Extracellular matrix alterations and acute inflammation; developing in
parallel during early induction of pulmonary fibrosis. Lab Invest 92: 917-925.

38. Lv XX, Wang XX, Li K, Wang ZY, Li Z, et al. (2013) Rupatadine protects
against pulmonary fibrosis by attenuating PAF-mediated senescence in rodents.
PLoS One 8: ¢68631.

39. Besnard AG, Struyf S, Guabiraba R, Fauconnier L, Rouxel N, et al. (2013)
CXCL6 antibody neutralization prevents lung inflammation and fibrosis in mice
in the bleomycin model. J Leukoc Biol 94: 1317-1323.

40. Kang HR, Cho SJ, Lee CG, Homer R], Elias JA (2007) Transforming growth
factor (TGF)-betal stimulates pulmonary fibrosis and inflammation via a Bax-
dependent, bid-activated pathway that involves matrix metalloproteinase-12.

J Biol Chem 282: 7723-7732.

June 2014 | Volume 9 | Issue 6 | e100770



41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

Gharaee-Kermani M, McGarry B, Lukacs N, Huflhagle G, Egan RW, et al.
(1998) The role of IL-5 in bleomycin-induced pulmonary fibrosis. J Leukoc Biol
64: 657-666.

Degryse AL, Tanjore H, Xu XC, Polosukhin VV, Jones BR, et al. (2011)
TGFbeta signaling in lung epithelium regulates bleomycin-induced alveolar
injury and fibroblast recruitment. Am J Physiol Lung Cell Mol Physiol 300:
1L887-897.

Saito F, Tasaka S, Inoue K, Miyamoto K, Nakano Y, et al. (2008) Role of
interleukin-6 in bleomycin-induced lung inflammatory changes in mice.
Am J Respir Cell Mol Biol 38: 566-571.

Wilson MS, Madala SK, Ramalingam TR, Gochuico BR, Rosas 10, et al.
(2010) Bleomycin and IL-1lbeta-mediated pulmonary fibrosis is IL-17A
dependent. J Exp Med 207: 535-552.

. Vater CA, Harris ED, Jr., Siegel RC (1979) Native cross-links in collagen fibrils

induce resistance to human synovial collagenase. Biochem J 181: 639-645.
Lagente V, Manoury B, Nenan S, Le Quement C, Martin-Chouly C, et al.
(2005) Role of matrix metalloproteinases in the development of airway
inflammation and remodeling. Braz J Med Biol Res 38: 1521-1530.

Hinz B (2007) Formation and function of the myofibroblast during tissue repair.
J Invest Dermatol 127: 526-537.

Hashimoto N, Jin H, Liu T, Chensue SW, Phan SH (2004) Bone marrow-
derived progenitor cells in pulmonary fibrosis. J Clin Invest 113: 243-252.
Phillips RJ, Burdick MD, Hong K, Lutz MA, Murray LA, et al. (2004)
Circulating fibrocytes traffic to the lungs in response to CXCLI2 and mediate
fibrosis. J Clin Invest 114: 438-446.

Peng X, Mathai SK, Murray LA, Russell T, Reilkoff R, et al. (2011) Local
apoptosis promotes collagen production by monocyte-derived cells in trans-
forming growth factor betal-induced lung fibrosis. Fibrogenesis Tissue Repair 4:
12.

Mehrad B, Burdick MD, Zisman DA, Keane MP, Belperio JA, et al. (2007)
Circulating peripheral blood fibrocytes in human fibrotic interstitial lung disease.
Biochem Biophys Res Commun 353: 104-108.

Andersson-Sjoland A, de Alba CG, Nihlberg K, Becerril C, Ramirez R, et al.
(2008) Fibrocytes are a potential source of lung fibroblasts in idiopathic
pulmonary fibrosis. Int J Biochem Cell Biol 40: 2129-2140.

. Galligan CL, Siminovitch KA, Keystone EC, Bykerk V, Perez OD, et al. (2010)

Fibrocyte activation in rheumatoid arthritis. Rheumatology (Oxford) 49: 640
651.

PLOS ONE | www.plosone.org

12

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

Prostatic Inflammation Induces Fibrosis

Galligan CL, Fish EN (2012) Circulating fibrocytes contribute to the
pathogenesis of collagen antibody-induced arthritis. Arthritis Rheum 64:
3583-3593.

Schmidt M, Sun G, Stacey MA, Mori L, Mattoli S (2003) Identification of
circulating fibrocytes as precursors of bronchial myofibroblasts in asthma.
J Immunol 171: 380-389.

Wang CH, Huang CD, Lin HC, Lee KY, Lin SM, et al. (2008) Increased
circulating fibrocytes in asthma with chronic airflow obstruction. Am J Respir
Crit Care Med 178: 583-591.

Sakai N, Furuichi K, Shinozaki Y, Yamauchi H, Toyama T, et al. (2010)
Fibrocytes are involved in the pathogenesis of human chronic kidney disease.
Hum Pathol 41: 672-678.

Sakai N, Wada T, Yokoyama H, Lipp M, Ueha S, et al. (2006) Secondary
lymphoid tissue chemokine (SLC/CCL21)/CCR?7 signaling regulates fibrocytes
in renal fibrosis. Proc Natl Acad Sci U S A 103: 14098-14103.

Bucala R, Spiegel LA, Chesney J, Hogan M, Cerami A (1994) Circulating
fibrocytes define a new leukocyte subpopulation that mediates tissue repair. Mol
Med 1: 71-81.

Pilling D, Fan T, Huang D, Kaul B, Gomer RH (2009) Identification of markers
that distinguish monocyte-derived fibrocytes from monocytes, macrophages, and
fibroblasts. PLoS One 4: €7475.

Gharaee-Kermani M, Kasina S, Moore BB, Thomas D, Mehra R, et al. (2012)
CXC-type chemokines promote myofibroblast phenoconversion and prostatic
fibrosis. PLoS One 7: e49278.

Morrison C, Thornhill J, Gaffney E (2000) The connective tissue framework in
the normal prostate, BPH and prostate cancer: analysis by scanning electron
microscopy after cellular digestion. Urol Res 28: 304-307.

Barron DA, Strand DW, Ressler SJ, Dang TD, Hayward SW, et al. (2010) TGF-
betal induces an age-dependent inflammation of nerve ganglia and fibroplasia
in the prostate gland stroma of a novel transgenic mouse. PLoS One 5: e13751.
Junqueira LC, Bignolas G, Brentani RR (1979) Picrosirius staining plus
polarization microscopy, a specific method for collagen detection in tissue
sections. Histochem J 11: 447-455.

. Hutson PR, Crawford ME, Sorkness RL (2003) Liquid chromatographic

determination of hydroxyproline in tissue samples. J Chromatogr B Analyt
Technol Biomed Life Sci 791: 427-430.

McAnulty RJ (2005) Methods for measuring hydroxyproline and estimating
in vivo rates of collagen synthesis and degradation. Methods Mol Med 117: 189~
207.

June 2014 | Volume 9 | Issue 6 | e100770



