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Hughes FM Jr, Sexton SJ, Jin H, Govada V, Purves JT. Bladder
fibrosis during outlet obstruction is triggered through the NLRP3
inflammasome and the production of IL-1�. Am J Physiol Renal
Physiol 313: F603–F610, 2017. First published June 7, 2017; doi:
10.1152/ajprenal.00128.2017.—Bladder outlet obstruction (BOO)
triggers inflammation in the bladder through the NLRP3 inflam-
masome. BOO also activates fibrosis, which is largely responsible for
the decompensation of the bladder in the chronic state. Because
fibrosis can be driven by inflammation, we have explored a role for
NLRP3 (and IL-1� produced by NLRP3) in the activation and
progression of BOO-induced fibrosis. Female rats were divided into
five groups: 1) control, 2) sham, 3) BOO � vehicle, 4) BOO � the
NLRP3 inhibitor glyburide, or 5) BOO � the IL-1� receptor antag-
onist anakinra. Fibrosis was assessed by Masson’s trichrome stain,
collagen secretion via Sirius Red, and protein localization by immu-
nofluorescence. BOO increased collagen production in the bladder,
which was blocked by glyburide and anakinra, clearly implicating the
NLRP3/IL-1� pathway in fibrosis. The collagen was primarily found
in the lamina propria and the smooth muscle, while IL-1 receptor 1
and prolyl 4-hydroylase (an enzyme involved in the intracellular
modification of collagen) both localized to the urothelium and the
smooth muscle. Lysyl oxidase, the enzyme involved in the final
extracellular assembly of mature collagen fibrils, was found to some
extent in the lamina propria where its expression was greatly en-
hanced during BOO. In vitro studies demonstrated isolated urothelial
cells from BOO rats secreted substantially more collagen than con-
trols, and collagen expression in control cultures could be directly
stimulated by IL-1�. In summary, NLRP3-derived-IL-1� triggers
fibrosis during BOO, most likely through an autocrine loop in which
IL-1� acts on urothelia to drive collagen production.

inflammasomes; fibrosis; urinary bladder; bladder outlet obstruction;
inflammation

BLADDER OUTLET OBSTRUCTION (BOO) secondary to benign pros-
tatic hyperplasia (BPH) is a common condition in older men.
Indeed, more than 80% of men older than 70 yr have at least
some degree of BOO caused by BPH and most of them
experience voiding and/or storage symptoms that range from
bothersome to debilitating (2, 17, 18, 29, 35). The typical
patient presenting in the early stage of the condition will likely
complain of classic obstructive symptoms: hesitancy, weak
stream, straining, and difficulty emptying the bladder. The
majority of men will be started on �-blockers to relax the

bladder neck with or without a 5-�-reductase inhibitor to
shrink the prostate. Few will opt for surgical deobstruction
such as a transurethral resection of the prostate (TURP) at this
point due to the potential complications such as impotence and
the pharmacotherapy is considered effective in reducing symp-
toms. Pharmacotherapy, however, does not completely elimi-
nate the obstruction, and therefore, a variety of pathological
insults are repeated with each filling and voiding cycle. This
includes enhanced stretching of the bladder wall during the
filling phase, which reduces blood flow and creates a mild
hypoxic environment (12). When the patient attempts to void,
abnormally high pressure is experienced as the detrusor works
against the obstruction. Finally, the reduction in bladder size
following a voiding cycle restores normal blood flow and
results in reperfusion of the bladder tissue. Thus a patient with
BPH/BOO experiences repeated exposure to transient high
pressures, stretch, and mild hypoxia/reperfusion cycles. It is
very clear in animal models that BOO brings about an inflam-
matory state (5, 31, 33), most likely through some combination
of pressure, stretch, and mild hypoxia/reperfusion. This inflam-
mation leads to demonstrable changes (such as increased uri-
nary frequency) reflective of the irritative voiding symptoms
experienced by patients (such as increased urinary frequency,
urgency, and urge incontinence). In humans, these irritative
symptoms can be more devastating to quality of life than is
usually seen from the initial obstructive symptoms.

When BOO is left untreated or undertreated, two critical
events occur that can result in a decompensated bladder that
ends in bladder failure. The first is a loss of innervation, and the
second is the onset of fibrosis. In these studies, we focus on the
events triggering fibrosis in an animal model of BOO. In an
organ whose proper function depends on its compliance to
cyclically relax in the storage phase and contract in the voiding
phase, it is easy to envision how a fibrotic reduction of
pliability can make the organ essentially nonfunctional. Un-
derstanding the pathway from obstruction to fibrosis using
animal models may help identify targets for pharmaceutical
intervention and ensure that patients who live with a degree of
obstruction never progress to the end stages of bladder dys-
function. Successful correlation of our studies with clinical
realities may also explain why surgical treatments such as a
transurethral resection of the prostate have poor success rates
in rendering late-stage patients symptom free.

There is widespread consensus that inflammation is present
in the bladder during BOO where it likely plays a detrimental
role. Our laboratory recently demonstrated a central role for the
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NLRP3 inflammasome in triggering both the inflammation and
dysfunctional voiding in a rat model of acute BOO (14).
Inflammasomes are sensors of the innate immune system that
recognize damage-associated molecular patterns (DAMPS) re-
leased from damaged cells or pathogen-associated molecular
patterns (PAMPS) associated with invading pathogens. The
best studied of the inflammasomes is NLRP3, which recog-
nizes both DAMPS and PAMPS. There are a number of
mechanisms by which inflammasomes can be activated (13, 25,
36, 41), but the result is activation of caspase-1, which cleaves
pro-IL-1� to IL-1� (and pro-IL-18 to IL-18). These mature
cytokines are released through a lytic process known as py-
roptosis and function as proinflammatory cytokines to precip-
itate the inflammatory response.

Working with the knowledge that NLRP3 is expressed in
bladder urothelial cells (15) and that glyburide is an in vivo
inhibitor of NLRP3 (26), we found that NLRP3 is activated in
the acute period of BOO and leads directly to inflammation and
bladder hypertrophy (14). Urodynamics demonstrated that in-
hibition of NLRP3 did not affect the elevated voiding pressure
or decreased flow rate seen in the BOO animals, as expected
with a persistent physical obstruction. However, irritative void-
ing parameters (decreased voided volume and increased uri-
nary frequency) were diminished with glyburide, exhibiting the
importance of NLRP3 to voiding dysfunction during BOO.
Glyburide also allowed a longer duration of voiding, a result
we attributed to blocking inflammation in the detrusor muscle,
which permits it to maintain a longer, stronger contraction than
its inflamed counterpart. However, it is possible that reduced
fibrosis, a direct effect of reduced inflammation, contributes to
maintaining a more compliant bladder wall. In the present
study we examined the possible role of NLRP3 in collagen
deposition at the same time point, 12 days after obstruction,
where irritative voiding is present. We have utilized glyburide,
an NLRP3 inhibitor, and anakinra, an IL-1� receptor antago-
nist, to determine the importance of NLRP3. We utilized
control and BOO urothelial cells in culture to measure collagen
secretion and localized enzymes related to collagen synthesis
to various cell layers in the bladder.

MATERIALS AND METHODS

Animals, treatments, and surgery. All animal protocols were ap-
proved by the Institutional Animal Care and Use Committee at Duke
University Medical Center and performed in accordance with the
guidelines in the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. Studies used age-matched female
Sprague-Dawley rats of �200 g and 45–50 days old (Harlan, Pratt-
ville AL) as in previous literature (14). Female rats are the standard
for BOO based on ease of surgery, lack of tortuosity, and short length
of the urethra. Animals were randomly divided into five groups: 1)
control group: no treatments or surgery; 2) sham-operated group:
during surgery the suture encircling the urethra was tied loosely; 3)
BOO rats treated with vehicle (1 ml of 40% ethanol); 4) BOO rats
treated with glyburide (10 mg/kg in 1 ml 40% ethanol po); or 5) BOO
rats treated with anakinra (25 mg/kg ip).

To prepare glyburide, 5 mg/ml was resuspended in 100% ethanol
and incubated at 56°C. Once dissolved, it was diluted (2:3) with PBS
and immediately administered. We have shown that the resulting dose
(10 mg/kg) is effective in suppressing NLRP3 activity in the bladder
urothelium in vivo (14, 15). Anakinra (Swedish Orphan Biovitrum,
Stockholm, Sweden) was obtained from Duke University Pharmacy
and was received as prefilled glass syringes containing 100 mg of

anakinra in 0.67 ml of 10 mM citric acid (pH 6.5), 6.5 mM EDTA, 0.8
mM polysorbate 80, and 140 mM NaCl. This solution was diluted 1:6
in PBS to allow sufficient volume for injection into the rat.

Rats undergoing surgery were given medications �20–24 h before
surgery and again 1–2 h before surgery. Thereafter, medications were
administered daily for 11 days with death on day 12.

Surgical anesthesia was provided as ketamine hydrochloride (90
mg/kg) and xylazine (10 mg/kg ip) with preemptive analgesic (carpro-
fen, 5 mg/kg ip). To create BOO, a transurethral catheter (P50 tubing;
outer diameter: 1 mm) was inserted and the proximal urethra exposed
through a low, vertical midline abdominal incision. A suture (5–0
silk) was tied around the urethra (securely for BOO, loosely for
sham). The catheter was removed, and the abdominal wall and skin
were closed (5–0 PGA).

Bladder hypertrophy. At death, bladders were excised, emptied,
and weighed.

Histology and collagen quantitation. Bladders were submersed in
10% neutral buffered formalin and incubated overnight at 4°C. Blad-
ders were transferred to 70% ethanol and stored at 4°C until processed
by histology core facilities (either Department of Pathology or Sur-
gery) at Duke University Medical Center. They were paraffin embed-
ded and sectioned in a transverse fashion (5 �m) from the lower third
of the bladder and mounted onto slides. Sections were then stained
with Masson’s trichrome stain (MTS) using standard techniques.
Collagen expression was quantitated in a manner similar to Altuntas
et al. (3). Stained slides were imaged at �10 using Zen software (Carl
Zeiss, Oberkochen, Germany) and a Zeiss Axio Imager microscope
with motorized stage in the Duke Microscopy Core. For each slide,
the entire section was imaged using overlapping micrographs and then
automatically stitched into large image files (1–5 GB) by the software.
A calibration bar was inserted, and the image was exported as a TIFF
file. The TIFF files were imported into NIS-Elements (Nikon, Tokyo,
Japan) and calibrated using the calibration bar. With the use of a hue
intensity spectrum, a binary layer was created corresponding to the
blue shading of collagen staining by MTS and the area of that binary
quantitated by the software (representing total collagen area in all the
tissue). Likewise, the spectrum defining the binary layer was in-
creased to include all color (except white) and the area of that binary
was recorded (representing total area of all the tissue). Next, a region
of interest was drawn to exclude any debris of adjacent tissue not
obviously part of the bladder as well as the lumen (representing the
bladder area). Finally, the total area of collagen inside this region of
interest was calculated and divided by the total area of the region of
interest. The result was multiplied by 100 to give a measure of percent
collagen.

Immunohistochemistry. Paraffin sections were subjected to immu-
nocytochemistry using standard techniques including antigen retrieval
with citrate (pH 6.0). Primary antibodies were mouse anti-rat prolyl
4-hydroxylase (�-subunit) (P4H; 1:50 dilution; Cat. No. MAB2073;
EMD Millipore, Temecula, CA), mouse anti-human lysyl oxidase
(LOX; 1:50 dilution; Cat. No. SC-373995; Santa Cruz Biotechnology,
Santa Cruz, CA), and rabbit anti-human IL-1R (1:50 dilution; Cat. No.
SC-393998; Santa Cruz Biotechnology). Secondary antibodies were
sheep anti-rabbit IgG-Texas red (1:100 dilution; Cat. No. ab6793;
Abcam, Cambridge, MA) and goat anti-mouse IgG-Alexa Flour
488 (1:500 dilution; Cat. No. 1030-30; Southern Biotech, Birming-
ham, AL).

Urothelial isolation, cell culture, and collagen analysis. Urothelial
cells were isolated using a protocol modified from Kloskoski et al.
(24). Briefly, rat bladders were inverted onto an 18-gauge blunt-tip
needle fastened to a 5-ml syringe filled with sterile PBS and taped to
a dissection board. After inversion, a purse-string suture was placed in
the bladder neck and the bladder was inflated with PBS. The suture
was then cinched and the bladder slid off the needle. The knot was
secured, and the inflated, inverted bladder was placed into 5 ml of
collagenase P [1 mg/ml in complete F-12K medium (F-12K medium
supplemented with 10% fetal bovine serum, 1 �M nonessential amino

F604 INFLAMMASOMES TRIGGER BLADDER FIBROSIS

AJP-Renal Physiol • doi:10.1152/ajprenal.00128.2017 • www.ajprenal.org
Downloaded from www.physiology.org/journal/ajprenal by ${individualUser.givenNames} ${individualUser.surname} (152.016.191.103) on May 15, 2018.

Copyright © 2017 American Physiological Society. All rights reserved.



acids, 10 �g/ml insulin, 5 �g/ml transferrin, 6.7 ng/ml selenium, 100
U/ml penicillin, 100 �g/ml streptomycin, and 1 �g/ml hydrocorti-
sone)]. The vessel was sealed and shaken at 37°C for 1 h with intense
rocking. The bladder was removed and scraped lightly. The scrapings
were combined with the solution in the vessel and shaken for an
additional 15 min. Thereafter, the cells were pelleted, washed, and
counted.

For culture, cells were plated at 50,000 cells/well in 100 �l
complete F-12K medium. For studies of control vs. BOO, cells were
incubated at 37°C and 5% CO2-95% for 48 h. For studies of IL-1�-
stimulated collagen secretion, cells were incubated for 24 h followed
by the addition of IL-1� (recombinant rat IL-1� in complete F-12K
media; Cat. No. 10788–518; VWR, Radnor, PA) at a final concen-
tration of 250 ng/ml for a further 24 h. Wells containing media only
served as controls. Media were collected and frozen at �80°C until
thawed and analyzed using the Sircol Collagen Assay (a Sirius
Red-based assay; Biocolor) according to the manufacturer’s recom-
mendations.

Statistical analysis. Assessment of bladder weights and percentage
of collagen in tissue sections were performed with a one-way
ANOVA followed by a Student-Newman-Keuls post hoc test. Anal-

ysis of collagen secretion in vitro was performed with a Student’s
t-test. Results were considered significantly different if P 	 0.05.

RESULTS

As shown in Fig. 1, bladders from sham-operated rats
displayed a small but nonsignificant increase in bladder weight
(proxy for inflammation) compared with controls whereas
BOO triggered a significant increase (�3-fold) when animals
were treated with vehicle alone. Both glyburide and anakinra
prevented the increase in bladder weight to levels not signifi-
cantly different from control or sham values.

Tissue sections from the lower one-third of the bladder were
used to calculate the percent of the section that stained positive
for collagen. Figure 2A shows a typical cross section from a
control bladder stained with MTS, which stains collagen blue.
Collagen is primarily deposited in the lamina propria and
between the muscle fibrils with little deposition in the urothe-
lial layer. The distribution was similar in the cross sections for
all groups (data not shown). For quantitation, the collagen is
false colored (yellow in Fig. 2B) and the area quantitated. This
is divided by the total area minus adherent tissue (colored
purple in Fig. 2C) and multiplied by 100. As shown in Fig. 3,
collagen deposition was slightly, but significantly, increased in
sham-operated rats but increased further in response to BOO.
Both glyburide and anakinra-treated animals had collagen
levels not significantly different from controls.

To determine the source of collagen, sections were stained
with an antibody to P4H, an enzyme that modifies collagen
before secretion. Thus, unlike collagen, which is synthesized
inside cells and then deposited outside, P4H should only be
present inside cells producing collagen. As shown in Fig. 4,
P4H is expressed in controls primarily in the urothelia and
detrusor with little or no expression in the lamina propria. A
similar distribution was seen in BOO bladders although the
urothelial layer was hyperplastic, consistent with many prior
reports of BOO histology.

MTS staining (collagen) was primarily in the lamina pro-
pria (Fig. 2), although surprisingly a marker of collagen syn-
thesis (P4H) was virtually nonexistent in this layer. To address
this apparent discrepancy we stained for LOX, an enzyme that
is secreted and cross links collagen to form intact fibrils. As
shown in Fig. 4, LOX was expressed in the urothelia (the likely
source of transcription/translation) and detrusor (not shown)
with low expression in the lamina propria. However, localiza-
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Fig. 1. Bladder outlet obstruction (BOO) causes an increase in bladder weight
that is blocked by glyburide and anakinra. Rats were obstructed for 12 days and
given daily doses of the NLRP3 inhibitor glyburide or the IL-1� antagonist
anakinra as described in MATERIALS AND METHODS. Control, sham-operated,
and BOO rats given vehicle served as controls; after 12 days, animals were
killed and bladder wet weights were taken. Results are the means 
 SE; n �
6, 8, 5, 5, and 5, respectively. Brackets above the graph indicate group
comparisons and their level of significance. All groups were compared using
a one-way ANOVA followed by a Student-Newman-Keuls post hoc test.
Differences between any two groups not indicated by brackets were not
significant. *P 	 0.05, **P 	 0.01, ***P 	 0.005.

Collagen Area (Yellow) Total Area (Purple)MTS Stain
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.

Fig. 2. Masson’s trichrome stain (MTS) staining and image analysis. A: representative bladder cross section stained with MTS. The entire section has been
visualized through a series of overlapping tiles that were stitched together by the Zen software into 1 image. B: same section depicted in A in which a hue spectrum
was used to identify the blue-colored collagen. A binary layer, corresponding to the appropriate hue of collagen, was then created on top of the original image
and colored yellow. The software (Nikon Elements) can then report the area of the binary. C: similar to B except the hue spectrum was increased to include all
color except white and deliver a measurement of total area. (Notice the region of interest was also chosen to exclude superfluous adjacent tissue.)
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tion to the lamina propria was greatly enhanced in bladders
from BOO rats, consistent with enhanced collagen deposition
in this layer. It is not clear from these studies if the lamina
propria LOX is being produced de novo in this layer or if it has
diffused from the urothelial and detrusor layers as the collagen
has done.

One outstanding question is the source of enhanced collagen
production during BOO. Simple morphological observation
(Fig. 4) indicates there are more urothelia cells present during
BOO. This result is consistent with long-established results. In
addition to more cells available to produce collagen, individual
cells may produce more collagen. To assess this possibility,
cells from control and BOO rats were cultured and collagen
levels in the media analyzed after 48 h. As shown in Fig. 5,

urothelial cells from BOO rats produced significantly more
collagen than control cells.

We have shown (Fig. 3) that an IL-1 receptor antagonist,
anakinra, blocks collagen deposition during BOO, clearly in-
dicating a role for IL-1� in stimulating collagen production. In
other cell types, IL-1� can directly stimulate collagen secretion
(38). To assess this possibility in the bladder we first stained
control bladders for interleukin-1 receptor 1 (IL-1R1). As
shown in Fig. 6, IL-1R1 was primarily expressed in the
urothelia and detrusor with little or no staining in the lamina
propria, an expression pattern reminiscent of P4H. Indeed,
when sections were colabeled for P4H and IL-1R1 and the
images overlaid (Fig. 6, right), positive cells almost exclu-
sively expressed both molecules. To determine if IL-1� may
directly stimulate collagen production in the urothelia, cells
from control bladders were cultured overnight and then treated
with 250 ng/ml IL-1� for an additional 24 h. As shown in Fig.
7, IL-1� significantly stimulated collagen secretion by isolated
urothelial cells.

DISCUSSION

Inflammation and fibrosis have long been known to be
sequelae of BOO, although the mechanisms of their activation
and the specific effects that can be directly attributed to them
have not been clear. While we have previously identified
activation of the NLRP3 inflammasome to be central in the
inflammation and irritative voiding produced by BOO (14),
herein we focused on the process of fibrosis, as this is respon-
sible for the long-term decrease in bladder compliance and
function that leads to irreversible functional decompensation.
In this study, we have shown that the NLRP3/IL-1� pathway is
critical to the occurrence of fibrosis in the bladder. Moreover,
there appears to be an autocrine loop in the urothelia whereby
IL-1� produced following the activation of NLRP3 binds the
IL-1 receptor on neighboring cells to trigger collagen secretion
directly (Fig. 8).

In previous studies with the same models and with the same
treatment groups (with the exception of the anakinra-treated
group that was introduced in this current work), we have used
more direct indexes of inflammation (Evan’s blue extravasa-
tion, histology) (14) rather than simply bladder weight. The
judicious use of animals in research dictates that since scien-
tific knowledge would not be gained from repeating these

0

10

20

30

40

%
 c

ol
la

ge
n 

ar
ea

**
*

*
**

*

Control Sham Vehicle Glyburide Anakinra

BOO

Fig. 3. BOO causes an increase in collagen expression in 12 days that is
blocked by glyburide and anakinra. The groups are the same used in Fig. 1 and
described in MATERIALS AND METHODS. Results are the means 
 SE; n � 6, 8,
5, 6, and 5, respectively. All groups were compared using a one-way ANOVA
followed by a Student-Newman-Keuls post hoc test. Brackets above the graph
indicate group comparisons and their level of significance. All groups were
compared, and differences between any two groups not indicated by brackets
were not significant. *P 	 0.05, **P 	 0.01.
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Fig. 4. Immunofluorescence staining of bladder sections for prolyl 4-hydrox-
ylase (P4H) and lysyl oxidase (LOX). Tissue sections were stained with
antibodies to P4H (which modifies collagen before secretion) or LOX (which
cross links mature collagen fibrils in the extracellular environment) (both at
1:50 dilution) as described. Bracket indicates the urothelial layer while the
arrow points to the detrusor muscle.
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Fig. 5. Urothelia from BOO rats secrete more collagen in vitro than cells from
control rats. Urothelia were isolated and placed in culture for 48 h. Collagen
secreted into the culture media was then quantitated by Sircol Collagen Assay
(a Sirius Red-based assay; Biocolor). Results are the means 
 SE; n � 3.
Differences between groups where assessed by Student’s t-test. *P 	 0.05.
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multiple end points, bladder weight was the sole indicator of
inflammation in the current study. Likewise, Kanno et al. (23)
demonstrated that BOO-induced inflammation and bladder
weight gain were decreased during BOO using a mouse in
which IL-1� had been knocked out, suggesting that bladder
weight is a fair proxy for inflammation in this group as well.
However, it is worth noting that hypertrophy of the bladder
wall is to be expected during BOO as the bladder works harder
to overcome the outflow resistance. Perhaps the muscle hyper-
trophy explains the consistent (albeit insignificant) increase in
weight even in the presence of glyburide (14 and Fig. 1),
anakinra (Fig. 1), or knockout of IL-1� (23). Additionally,
noninflammasome/IL-1� inflammatory pathways could be in-
volved as well, though this contribution appears to be small.

Although other extracellular matrix proteins can contribute
to fibrosis, collagen is by far the most prevalent one in the
bladder. Thus it is the primary determinant of compliance and
its level of expression correlates to the fibrotic state. While
there are at least 16 types of collagen, MTS stains all of them
making its use preferable to immunocytochemistry. Our results
show that BOO significantly increases the area of MTS stain-
ing, which was blocked by both glyburide and anakinra,

implicating the role of the NLRP3/IL-1� pathway in collagen
deposition and showing an absolute relationship between the
inflammasome and fibrosis in the bladder. Such a relationship
is far from exclusive to the bladder, since the inflammasome/
IL-1� pathway has been implicated in fibrosis in many tissues
and disorders including the liver (11), lung (27), kidney (30),
and cystic fibrosis (16). In fact, it is estimated that 45% of
deaths in the Western world can now be attributed to diseases
where fibrosis plays a major etiological role (42).

Not only did our study demonstrate a link between NLRP3
inflammasome and fibrosis, but it clarified the cell types
involved in the synthesis/processing of collagen and the loca-
tion of collagen deposition. Previous studies have found that
both urothelia and bladder smooth muscle are sources of
collagen (4), and our results confirm that using immunocyto-
chemical staining for P4H. P4H is an enzyme that hydroxylates
the proline moieties in procollagen, which promotes the for-
mation of a stable triple helix of procollagen. Thus P4H is
believed to be a key enzyme in the regulation of procollagen
synthesis (8, 34) and many studies have documented correla-
tions between P4H expression and collagen synthesis in vitro
and in vivo (1, 32, 37). Although immunohistochemistry does
not allow a quantitative comparison, other studies have shown
the P4H is upregulated in the detrusor (9, 28) during BOO and
P4H inhibiters improve bladder function and fibrosis in BOO
(9). Interestingly, although our MTS staining (Fig. 2) indicates
the majority of collagen is found within the lamina propria, our
P4H staining was very sparse in this layer (Fig. 4), although not
absent.

P4H is a marker of procollagen modification and not an
indicator of the formation of mature collagen fibrils, which
takes place extracellularly. Thus we sought another marker to
help clarify the lamina propria deposition of collagen. LOX
catalyzes the final role in collagen modification by oxidizing
lysines and hyroxylysines. This eventually results in the for-
mation of covalent cross links that assemble and stabilize
the collagen fibrils. Staining for this enzyme was modest in the
lamina propria of control rats but strongly increased in the
lamina propria from BOO rats, consistent with the observed
increased collagen deposition in this space. It should be noted
that collagen deposition around smooth muscle fibrils is also
likely to play an important role in BOO-induced fibrosis.
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Fig. 6. Coimmunofluorescence staining of bladder
sections for IL-1R1 and P4H. Tissue sections from
bladders were stained with antibodies to IL-1R1
and P4H (both at 1:50 dilution) as described.
Secondary antibodies were conjugated to Texas
red and Alexa Flour 488 as described. Staining
was visualized, and at right is an overlay of the
two stains where yellow indicates colocalization.
It should be noted that this is the same section used
in Fig. 4, left, and the P4H stain is the exact image.
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Fig. 7. IL-1� stimulates collagen production from control urothelia in vitro.
Urothelia were isolated and placed in culture for 24 h and then treated with 250
ng/ml IL-1� for an additional 24 h. Collagen secreted into the culture media
was then quantitated by Sircol Collagen Assay (a Sirius Red-based assay;
Biocolor). Results are the means 
 SE; n � 4. Differences between groups
where assessed by Student’s t-test. ***P 	 0.005.

F607INFLAMMASOMES TRIGGER BLADDER FIBROSIS

AJP-Renal Physiol • doi:10.1152/ajprenal.00128.2017 • www.ajprenal.org
Downloaded from www.physiology.org/journal/ajprenal by ${individualUser.givenNames} ${individualUser.surname} (152.016.191.103) on May 15, 2018.

Copyright © 2017 American Physiological Society. All rights reserved.



The present results with glyburide show the importance of
the NLRP3 inflammasome in inducing fibrosis while the result
with anakinra suggests it is a direct result of IL-1� and not
some other effect or product (i.e., IL-18) of the inflammasome.
While we have used glyburide to inhibit the NLRP3 inflam-
masome in our previous study of BOO (14), to our knowledge
anakinra has not been used previously in studies of this
disorder. The ability of anakinra to block fibrosis to the same
degree as direct inhibition of NLRP3 with glyburide suggests
that the fibrotic effects are mediated downstream by IL-1�.
IL-1� is known to be profibrogenic in several models (6, 7, 21,
22) and has been shown to directly stimulate collagen (38) and
fibronectin (39) production in several cell types. Thus we
explored the possibility that IL-1� may mediate collagen
production in urothelial cells. We found the receptor for IL-1�,
IL-1R1, was present in the urothelial layer and smooth muscle
and coexpressed with P4H. Moreover, when urothelia cells
from control bladders were stimulated with IL-1� they secreted
approximately eightfold more collagen. Thus, as illustrated in
Fig. 8, there appears to be an autocrine loop in the urothelia
that mediates fibrosis, at least in part. It is known that BOO
damages cells, most likely through a combination of increased
pressure and stretch as well as repeated bouts of mild hypoxia/
reperfusion. This results in the release of DAMPS, which
activate NLRP3 to produce IL-1� (14). IL-1� is then released
to act at the urothelial surface where it binds to IL-1R1.
Binding to the receptor then triggers the release of procollagen.
Additional experiments are needed to determine if IL-1� ac-
tually stimulates collagen synthesis and/or P4H modification
rather than just stimulating release. Most of the procollagen
released then diffuses into the lamina propria where it is cross
linked through the activity of LOX.

Our simplistic model depicted in Fig. 8 incorporates the
findings of this study but does not attempt to assimilate it with
other known fibrogenic pathways such as transforming growth
factor-�1 (TGF-�1). TGF-�1 is regarded as a major driver of

fibrosis in most tissues, including the bladder (19, 20). Not
only may it have direct effects on the secretion of extracellular
components by the urothelium, it has also been shown to
trigger the epithelial-to-mesenchymal transition of porcine
urothelial cells into fibroblast-like cells that produce collagen
(19). How the NLRP3/IL-1� pathway relates to TGF-�1 is a
subject for future studies, but IL-1� can stimulate produc-
tion of TGF-�1 in a rat hepatic stellate cell line (40) and has
been shown to drive the epithelial-to-mesenchymal transi-
tion and myofibroblast differentiation via a TGF-�1 depen-
dent mechanism in a rat kidney cell line (10). As such, the
answer could be as simple as a second autocrine loop added
to Fig. 8 whereby IL-1� stimulates secretion of TGF-1� to
act back on its receptor and trigger collagen secretion. The
results presented in this paper do not preclude such a
scenario. Interestingly, TGF-� mRNA levels were increased
in BOO mice while this increase was not apparent in IL-1�
KO mice (23).

Therapeutics to target the NLRP3 inflammasome or its
downstream products could serve as a useful adjunct to current
pharmacotherapeutic regimens where persistent obstruction
leads to irreversible fibrotic changes. Primarily, this could
carry the benefit of preventing end stage bladder decompensa-
tion and possibly renal failure. Secondarily, in patients whose
enlarging prostates cause worsening obstructive symptoms, the
health of the bladder would be preserved so that de-obstructing
procedures would have higher success rates in returning them
to a proper state of urinary function.
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