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Abstract: Interstitial cystitis/bladder pain syndrome (IC/BPS) is a chronic inflammatory disease
without consistently effective treatment. Among the many mediators implicated in cystitis, the
overproduction of reactive oxygen species (ROS) seems to play a key role, although the main source
of ROS remains unclear. This study aimed to investigate the contribution of NADPH oxidase (NOX)
isoforms in ROS generation and the voiding dysfunction of cyclophosphamide (CYP, 300 mg/Kg,
ip, 24 h)-induced cystitis in adult female mice, a well-recognized animal model to study IC/BPS, by
using GKT137831 (5 mg/Kg, ip, three times in a 24 h period) or GSK2795039 (5 mg/Kg, ip, three
times in a 24 h period) to inhibit NOX1/4 or NOX2, respectively. Our results showed that treatment
with GSK2795039 improved the dysfunctional voiding behavior induced by CYP, reduced bladder
edema and inflammation, and preserved the urothelial barrier integrity and tight junction occludin
expression, besides inhibiting the characteristic vesical pain and bladder superoxide anion generation.
In contrast, the NOX1/4 inhibitor GKT137831 had no significant protective effects. Taken together,
our in vivo and ex vivo data demonstrate that NOX2 is possibly the main source of ROS observed
in cystitis-induced CYP in mice. Therefore, selective inhibition of NOX2 by GSK2795039 may be
a promising target for future therapies for IC/BPS.

Keywords: cystometry; urothelium; void spot assay; setanaxib

1. Introduction

Interstitial cystitis/bladder pain syndrome (IC/BPS) is a chronic and debilitating
inflammatory condition that predominantly affects women and is characterized by supra-
pubic pain related to bladder filling, accompanied by other symptoms, such as increased
frequency, in the absence of urinary infection or other obvious pathology [1]. Interstitial
cystitis remains a challenge in healthcare, given the unclear and multifactorial aetiology
and the lack of effective therapies, with most of them having a low degree of evidence [2].
Cyclophosphamide (CYP) is an alkylating agent indicated to treat many forms of can-
cer and autoimmune diseases, but hemorrhagic cystitis is a frequent side effect of CYP,
occurring in 10 to 40% of patients receiving CYP due to the renal excretion of drug metabo-
lites, particularly acrolein [3]. Additionally, CYP is commonly used as an experimental
model for IC/BPS in rodents [4]. Mice exposed to CYP undergo dramatic voiding changes
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toward a dysfunctional hyperactive phenotype, as characterized by increased voiding
frequency and small urinary volumes, associated with severe inflammation, pain, and
bladder hypocontractility in vitro [4–7]. Among the many mediators implicated in IC/BPS
pathophysiology, the overproduction of reactive oxygen species (ROS) seems to play a key
role [7–11]. In the bladders of CYP-injected mice, we have previously shown a significant
increase in superoxide anion (O2

−) generation, mainly in the urothelial layer, the prevention
of which (by the soluble guanylyl cyclase activator BAY 58-2667) attenuated the bladder
dysfunction [5]. Recently, increased levels of urinary oxidative species were reported in
samples from IC/BPS patients, and these have been proposed as novel biomarkers for
this disease [12].

Antioxidants and ROS scavengers are a common strategy to overcome oxidative
stress bladder injury and these drugs exhibit great therapeutic potential in preclinical
studies [7,8,13,14]. On the other hand, clinical trials with IC/BPS patients are scarce
and only limited evidence is available [15,16]. Additionally, ROS are now recognized as
modulators of numerous cell signaling pathways by redox-based mechanisms, far from the
traditional viewpoint of their role as damaging molecules [17], implying that non-specific
ROS elimination may counteract its beneficial physiological effects. Therefore, therapies
selectively targeting dysregulated ROS generators are actively being sought; however, no
study has elucidated the source of the exaggerated ROS in CYP-induced cystitis.

Major sources of ROS production are the mitochondrial oxidases, uncoupled endothe-
lial nitric oxide synthase (eNOS) and NAPDH oxidases (NOX) family [18]. The NOX family
has gained prominence as they produce ROS, O2

−, or H2O2 as their primary and sole func-
tion [19]. Seven members of the NOX family (NOX1, NOX2 [aka gp91phox], NOX3, NOX4,
NOX5, DUOX1, and DUOX2) have been identified and their specific structure, distribution,
and mechanism of activation have been extensively investigated (for a comprehensive
review, see [20]). In the lower urinary tract, both NOX2 and NOX4 are expressed in the
mouse urethra and prostate [21,22] and in the human bladder [23,24], but the exact role of
NOX in bladder pathophysiology remains poorly explored. Since excessive NOX-derived
ROS production is a common feature of several diseases [19], NOX members represent
pharmacological targets of great interest. Ideally, a NOX inhibitor should not have intrinsic
antioxidant activity or inhibit other sources of ROS, otherwise its effects might be ineffective
or even deleterious [25]. The high homology among the different NOX isoforms is critical
for the development of these compounds [20]. Several reportedly isoform-selective NOX
inhibitors have been recently developed [25], including GKT137831 (Setanaxib), which
exhibits preferential inhibition of NOX1 and NOX4, and GSK2795039, a competitive NOX2
inhibitor. Setanaxib is the first-in-class drug currently under phase II clinical trials for
idiopathic pulmonary fibrosis and diabetic kidney disease. Therefore, we hypothesized
that increased ROS generation as a result of NOX isoform(s’) overactivation is essential
for CYP-induced bladder cystitis and that NOX inhibitors could attenuate CYP-induced
bladder functional and molecular alterations. We therefore designed the present study
to evaluate whether NOX1/4 or NOX2 inhibition (by using GKT137831 or GSK2795039,
respectively) improves ROS-generation, bladder hyperactivity, and inflammatory and
nociceptive responses related to CYP-induced cystitis in mice.

2. Materials and Methods
2.1. Chemicals

GKT137839 was obtained from Cayman Chemicals (Ann Arbor, MI, USA); GSK2795039
was from MedChemExpress (Monmouth Junction, NJ, USA) and all other chemicals were
from Sigma (St. Louis, MO, USA), unless otherwise specified.

2.2. Animals

Female C57BL/6, 12 weeks old, were housed in cages (n = three per cage) located in
ventilated cage shelters with constant humidity of 55 ± 5% and temperature of 24 ± 1 ◦C
under a 12 h light–dark cycle and received standard food ad libitum. Euthanasia was
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performed by isoflurane overdose, in which the animals were exposed to a concentration
greater than 5% until one minute after breathing stopped. Cervical dislocation was per-
formed to confirm the euthanasia. After euthanasia, the total body and bladder weights, as
well as the relative bladder weight (bladder to body ratio), were determined. The animal
studies are reported in compliance with the ARRIVE guidelines.

2.3. Experimental Design

The study was divided into two parts, the first of which consisted of a time-course
evaluation of CYP-induced effects and oxidative stress over time. Specifically, the mice were
randomly divided into five subgroups (n = six mice each), representing the control group
(saline injection) and the time-points 3, 6, 12, and 24 h after CYP injection (300 mg/Kg, i.p.,
in saline) groups. All of the animals were euthanized at the same time to avoid circadian
fluctuations.

The second part was carried out to verify whether the NOX inhibitors GKT137831 and
GSK2795039 attenuate CYP-induced cystitis. The time-point of 24 h after CYP injection
(24 h) was selected. Briefly, the animals were randomly allocated to four sub groups
(n = six/group), namely (i) control group, injected with saline (10 mL/Kg) plus three
sequential injections of vehicle (details below); (ii) CYP, injected with CYP (300 mg/Kg, ip,
in saline) plus three injections of vehicle; (iii) CYP + GSK2795039, injected with CYP (300
mg/Kg, ip, in saline) plus three injections of GSK2795039 (5 mg/Kg, ip, in vehicle); and
(iv) CYP + GKT137831 injected with CYP (300 mg/Kg, ip, in saline) plus three injections
of GKT137831 (5 mg/Kg, ip, in vehicle). Injections of GSK2795039, GKT137831 or vehicle
started 1 h after CYP injection to avoid interferences with CYP absorption and were
repeated at approximately 8 h intervals. The vehicle for both GSK2795039 and GKT137831
was Cremophor® 15% in saline, and the optimal dose regimen were estimated based on
previous studies [26,27]. Pharmacokinetic characterization of GSK2795039 in C57BL/6
mice revealed poor bioavailability and high clearance, resulting in an elimination half-life
of > 2 h in mice and rats [26], while GKT137831 has a better pharmacokinetic profile with
one or two daily doses [28].

2.4. Measurement of Superoxide Dismutase (SOD) Activity in Bladder Tissue

Bladder tissue was homogenized in ice-cold PBS containing protease inhibitors. The
homogenates were centrifuged, and the resulting supernatants were used for the assay. The
measurement of total SOD activity was determined using an enzymatic assay kit (Cayman
Chemical, Catalog No 706002, Ann Arbor, MI, USA), according to the manufacturer’s
protocol. Absorbance was monitored at 440 nm. Data were normalized to mg of protein.

2.5. Measurement of Peroxidase Activity and H2O2 Levels

Bladder tissue was homogenized in ice-cold PBS containing protease inhibitors. The
homogenates were centrifuged, and the resulting supernatants were used for the assay.
The H2O2 levels in the homogenates were measured using a hydrogen peroxide assay
kit (Cell BioLabs, San Diego, CA, USA), according to the manufacturer’s protocol. The
absorbance was monitored at 540 nm, and the H2O2 concentrations were determined using
the standard curve. Data were normalized to mg of protein.

2.6. Measurement of Superoxide Anion (O2
−)

The oxidative fluorescent dye dihydroethidium (DHE) was used to evaluate in situ
ROS generation. The bladders were embedded in a freezing medium and transverse
sections (12 µm) were obtained on a cryostat, collected on glass slides, and equilibrated
for 10 min in Hank’s solution (1.6 mM CaCl2, 1.0 mM MgSO4, 145.0 mM NaCl, 5.0 KCl,
0.5 mM NaH2PO4, 10.0 mM Glucose, and 10.0 HEPES, pH 7.4). Fresh Hank’s DHE solution
(2 µM) was applied to each tissue section, and the slides were incubated in a light-protected
humidified chamber at 37 ◦C for 30 min. In some experiments, the non-selective nitric oxide
synthase inhibitor L-NAME (1 mM) was applied over the tissue slice 30 min before DHE
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incubation. Images were obtained with a microscope (Eclipse 80i, Nikon, Tokyo, Japan)
equipped for epifluorescence (excitation at 488 nm and, emission at 610 nm) and a digital
camera (DS-U3, Nikon). The fluorescence was detected with a 585 nm long pass filter. The
number of nuclei labeled with ethidium bromide in the detrusor smooth muscle and urothe-
lium wall was automatically counted using Image J software (NIH, Bethesda, MD, USA)
and expressed as labeled nuclei per millimeter squared.

2.7. qPCR—RNA Extraction

Total RNA was extracted from freshly dissected bladders using TRIzol® reagent
(Invitrogen, Hattiesburg, MS, USA) according to the manufacturer’s protocol. The DNase-
treated RNA samples were then transcribed with the High-Capacity Reverse Transcription
Kit® (Applied Biosystems, Foster City, CA, USA). cDNA concentrations were quantified
using a spectrophotometer (Nanodrop Lite®, Thermo Scientific, Waltham, MA, USA).

2.8. qPCR—Reverse Transcription

Synthetic oligonucleotide primers (Table 1) were obtained from Integrated DNA
Technologies (Coralville, IA, USA). The reactions were performed with 10 ng cDNA, 6 µL
SYBR Green Master Mix® (Life Technologies, Carlsbad, CA, USA), and the optimal primer
concentration, in a total volume of 12 µl. Real-time PCR was performed in the equipment
StepOne-Plus® Real Time PCR System (Applied Biosystems, Waltham, MA, USA). The
reaction program was 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C for 15 s then 60 ◦C
for 1 min. At the end of a normal amplification, a degradation time was added, during
which the temperature increased gradually from 60 ◦C to 95 ◦C. The threshold cycle (Ct)
was defined as the point at which the fluorescence rises appreciably above the background
fluorescence. Two replicas were run on the plate for each sample, and each sample was
run twice independently. All of the experiments included melt curves to monitor reaction
integrity. The 2−∆∆Ct method was utilized to analyze the results, which were expressed by
the difference between the Ct values of the chosen genes and the average of housekeeping
genes β–actin and 18s ribosomal subunit.

Table 1. Primer sequences (5′ → 3′) used for real-time PCR amplifications.

Gene Forward Reverse

Nox1 AATGCCCAGGATCGAGGT GATGGAAGCAAAGGGAGTGA

Nox2/Cybb TTGGGTCAGCACTGGCTCTG TGGCGGTGTGCAGTGCTATC

Nox4 TGAACTACAGTGAAGATTTCCTTGAAC GACACCCGTCAGACCAGGAA

Ocln AAGTCAACACCTCTGGTGCC TCATAGTGGTCAGGGTCCGT

Actb GCAATGAGCGGTTCCGAT TAGTTTCATGGATGCCACAGGAT

18S rRNA GTAACCCGTTGAACCCCATT CCAT CCAATCGGTAGTAGCG
Abbreviations: Actb, actin beta; Nox, NADPH oxidase isoform; Cybb, cytochrome B-245 beta Chain; Ocln,
occludin; 18S rRNA, 18S ribosomal RNA.

2.9. Western Blotting

Western blot analysis to investigate eNOS dimerization was performed as previously
described [29]. Total protein extracts were obtained from homogenized bladders in cold
lysis buffer containing Tris-HCl (50 mM), NaCl (150 mM), ethylenediaminetetraacetic acid
(EDTA, 0.5 mM), phenylmethylsulfonyl fluoride (PMSF, 1 mM), Na3VO4 (1 mM), 0.2%
Nonidet P-40, dithiothreitol (0.1 mM), and a protease inhibitor cocktail (2 µL/mL) for 1 h at
4 ◦C. Non-boiled samples (50 µg) and boiled (5 min, 95 ◦C) control samples were separated
by 6% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) at 4 ◦C
for eNOS dimer analysis. Then, the proteins were transferred to polyvinylidene fluoride
(PVDF) membranes (GE Healthcare, Little Chalfont, BUX, UK) overnight at 4 ◦C, blocked
for 90 min at room temperature with 5% albumin in Tris-buffer (Tris 10 mM, NaCl 100 mM
and Tween 20 0.1%), then incubated overnight at 4 ◦C with anti-eNOS (1:1000; #610297 BD
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Transduction, Franklin Lakes, NJ, USA). Protein expression was detected using a specific,
horseradish peroxidase-conjugated secondary antibody (1:5000; #7076S Cell Signaling,
Danvers, MA, USA) and enhanced chemiluminescence (ECL) solution. Densitometry
was carried out with ImagLab (Biorad, Hercules, CA, USA). The ratio between the eNOS
homodimers (200–260 kDa) and monomers (~135 kDa) was also determined.

2.10. Bladder Histology

The bladders were removed, fixed with 10% phosphate-buffered formalin for 24 h, de-
hydrated in ethanol, and embedded in paraffin. The tissues were sliced (5-µm sections) on
a microtome (Leica, Wetzlar, Germany), dewaxed in xylene, rehydrated in gradient alcohol,
and stained with hematoxylin–eosin for light microscopy examination using 5× and 20×
objectives. Digital images were obtained with a microscope Eclipse 80i (Nikon, Tokyo,
Japan) equipped with a digital camera (DS-U3, Nikon). The thickness of the urothelium
and detrusor smooth muscle was evaluated using the ImageJ Software (Version 1.46r),
according to a previous study [30].

2.11. Void Spot Assay (VSA)

The VSAs were performed as described [31,32] during the last 4 h of CYP exposure.
Mice were moved individually to empty mouse cages with precut qualitative filter paper
(250 g) on the bottom. They were provided with food, but no water. After 4 h, the filter
papers were removed and were allowed to dry before being photographed under UV light
(365 nm). During image analysis, any overlapping spots were outlined with the drawing
tool in Image J, copied, and moved to an empty area of the filter. By using a machine
learning algorithm developed by one of us (W.G.H) who was trained on 60 void spot
filter images, we have quantified the number of void spots, the number of primary voids
(PV; >20 µL), the total urine volume, the mean PV volume, and the number of microvoids
(<20 µL). This assay was performed on three consecutive days before any injections to
habituate the animals, then from the 20th to 24th hour after saline or CYP injection, at
always around the same hours during daytime and in a quiet room.

2.12. Anesthetized Cystometry

The mice were anesthetized by intraperitoneal injection of urethane (1.0 g/Kg). A 1 cm
abdominal incision was made to expose the bladder and a 25 g cannula was inserted into
the bladder dome. The cannula was connected to a three-way tap, of which one port was
connected to the infusion pump through a PE-50 catheter. Before starting cystometry, the
bladder was emptied and continuous cystometry was performed by infusing saline into the
bladder at 0.6 mL/h for 45 min after the end of the first micturition cycle. The following
parameters were assessed: baseline pressure (minimum pressure between two voids),
capacity (volume needed to induce first void), threshold pressure (pressure immediately
before a void), compliance (ratio between capacity and threshold pressure), peak pressure
(pressure reached during voiding), and voiding frequency [6]. One mouse was used for
each cystometrogram and euthanatized immediately after the experimental protocol.

2.13. Mechanical Allodynia Assessment by von Frey

To quantify and analyze pain levels, the mechanical nociceptive threshold was mea-
sured through an electronic von Frey apparatus (Insight, Sao Paulo, Brazil) adapted for
mice [33]. Each mouse was placed in a plexiglass chamber measuring 6 cm × 6 cm × 12 cm
with the floor consisting of a perforated metal grid (1 cm× 1 cm) to allow for the pain test to
be administered. Each mouse was placed in its individual chamber and allowed to acclimate
to its surroundings for at least 60 min before stimulation. The test consisted in stimulating
the pelvic region with a hand-held force transducer adapted with a polypropylene tip.
A gradual increase in pressure to the supra-pubic region was applied and the stimulus
was automatically discontinued, and its intensity was recorded when sharp retraction of
the abdomen, immediate licking in the region of stimulation, and jumping were observed.
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The tester was blinded to the treatment each group received. Pain assays were performed
prior to any injections (baseline), 4 h after CYP or saline injections, and prior to animal
sacrifice/tissue harvesting. Data are expressed as the mechanical nociceptive threshold (g).

2.14. Statistical Analysis

Data are expressed as the mean ± standard error of the mean (SEM) of six animals
per group. The group sizes referred to independent values not replicates. A Shapiro–Wilk
test was performed to test normal distribution. The software GraphPad Prism Version 6
(GraphPad Software Inc., La Jolla, CA, USA) was used for all of the statistical analysis. All
statistical comparisons were pre-planned and reported irrespective of outcome, whether
p was <0.05 or not. Comparisons among three groups were evaluated using one-way (in
the case of one variable) or two-way (in the case of two or more variables) analysis of
variance (ANOVA), followed by Tukey’s post-hoc test. p < 0.05 was taken as showing
a significant difference.

3. Results
3.1. Time Course of ROS Generation and Degradation in CYP-Induced Cystitis

Significant increases in the bladder weight/total body weight ratio (Figure 1A) were
observed after CYP exposure at all time points evaluated in relation to the control group.
We next evaluated peroxidases and superoxide dismutase (SOD) activities in the bladder
tissues, as these enzymes form the front line of defense against oxidative stress. The ac-
tivity of peroxidases (Figure 1B) and H2O2 levels (Figure 1C) followed a linear rate and
did not significantly change after CYP exposure. SOD activity was maintained similar
to the control group during 3 to 12 h of CYP exposure, reducing by about 50% after 24 h
(p < 0.05, Figure 1D). Moreover, O2

− levels, measured by DHE staining, increased progres-
sively from 6 to 24 h in both smooth muscle and urothelial layers (p < 0.05, Figure 1E,F).
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Figure 1. Temporal changes in the female mouse urinary bladder after cyclophosphamide (CYP;
300 mg/Kg, ip) injection in relation to the control group (saline). (A) Bladder weight/total body
weight ratio. Changes in peroxidases (B), hydrogen peroxide (H2O2; (C)) levels, and superoxide
dismutase (SOD; (D)) activity were measured by colorimetric assays. Superoxide anion (O2

−) levels
were determined by a dihydroethidium (DHE) fluorescence assay (E,F). The fluorescence intensity
was quantified using ImageJ. Summary data (mean ± SEM) represent n = 6 for each group/time
point. Significance was tested by one-way ANOVA followed by multiple comparisons by Tukey’s
post-hoc test. * p < 0.05 vs. the CONTROL.
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3.2. Coupled eNOS Is Preserved, but NOX Isoforms Are Modulated in CYP-Induced Cystitis

To determine the main source of the excessive O2
− production we evaluated eNOS

coupling and NOX mRNA expression levels. Since uncoupling of eNOS increases O2
−

levels and is detrimental to NO, we evaluated both structural (Figure 2A) and functional
(Figure 2B) eNOS coupling in the bladders from control and CYP-exposed animals. Struc-
turally, the dimer to monomers expression ratio (Figure 2C) remained similar to the control
in CYP-exposed animals over time. We further examined the effect of CYP in eNOS func-
tional uncoupling by measuring the O2

− levels in the bladder tissues incubated with the
NO synthesis inhibitor L-NAME (1 mM, 30 min; Figure 2B,D). In the control animals,
L-NAME by itself significantly increased the O2

− levels. In CYP-exposed animals, however,
inhibition of eNOS with L-NAME did not affect O2

− formation, thus discarding eNOS as
a potential O2

− source in this model.
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expression for NOX2 (Figure 2F) increased progressively, peaked at 6 h, and plateaued 
for 24 h (p < 0.05). In contrast, NOX4 mRNA (Figure 2G) decreased rapidly by more than 
80% in relation to the control at all of the time points evaluated (p < 0.05), whereas NOX1 
did not change after CYP exposure at any time point (Figure 2E). We have not determined 
the protein expression for NOX2 or NOX4 isoforms because of a lack of available isoform-
specific antibodies. To further explore the role of NOX2 and NOX4, we selected the 24 h 
CYP exposure time and treated the animals with GKT137831 or GSK2795039 during this 
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Histopathological evaluation of the bladder showed alterations after CYP injection 
(Figure 3A,B) characterized by submucosal edema. This was also evidenced by the 

Figure 2. Temporal changes in endothelial nitric oxide synthase (eNOS) expression (A) and func-
tional eNOS coupling (B) in bladder lysates from the control (saline) and cyclophosphamide (CYP;
300 mg/Kg, ip)-injected animals. The bladder samples were processed in non-denaturing condi-
tions (low temperature electrophoresis) to analyze structural coupling (dimers to monomers ratio;
(C)). A boiled sample was used as a monomer control. The densitometry was calculated by ImageLab
(Biorad, Hercules, CA, USA). A dihydroethidium (DHE) assay was performed in the bladders from
CTRL and the 24 h CYP-injected animals, pre-incubated or not with non-selective eNOS inhibitor
L-NAME (1 mM, 30 min). The fluorescence intensity was quantified using ImageJ (D). The temporal
changes in mRNA expression levels of NOX1 (E), NOX2 (F), and NOX4 (G) were evaluated by
RT-PCR and expressed as relative to the housekeeping genes. Summary data (mean± SEM) represent
n = 4–6 for each group/time point. Significance was tested by one-way ANOVA followed by multiple
comparisons by Tukey’s post-hoc test. * p < 0.05 vs. CONTROL.

mRNA levels of NOX isoforms were measured in whole bladder tissues in the control
and CYP groups (Figure 2E–G). In the control samples, NOX2 (Ct: 27.9 ± 0.5) and NOX4
(Ct: 28.9 ± 1.4) were more expressed than NOX1 (Ct: 32.0 ± 0.7). In the CYP group, mRNA
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expression for NOX2 (Figure 2F) increased progressively, peaked at 6 h, and plateaued
for 24 h (p < 0.05). In contrast, NOX4 mRNA (Figure 2G) decreased rapidly by more than
80% in relation to the control at all of the time points evaluated (p < 0.05), whereas NOX1
did not change after CYP exposure at any time point (Figure 2E). We have not determined
the protein expression for NOX2 or NOX4 isoforms because of a lack of available isoform-
specific antibodies. To further explore the role of NOX2 and NOX4, we selected the 24 h CYP
exposure time and treated the animals with GKT137831 or GSK2795039 during this period.

3.3. Inhibition of NOX2, but Not NOX1/4, Attenuates CYP-Induced Bladder Histological Damage

Histopathological evaluation of the bladder showed alterations after CYP injection
(Figure 3A,B) characterized by submucosal edema. This was also evidenced by the increase
in bladder weight/body weight ratio (Figure 3C, p < 0.05 vs. the control), and muscularis
edema and disorganization, which leads to an increase in the detrusor smooth muscle
layer (Figure 3D; p < 0.05 vs. the control). Mucosal abrasion evidenced by thinning of
the urothelial layer was also observed in the CYP group (Figure 3E, p < 0.05 vs. the
control). Treatment with GKT137831 did not attenuate any of these CYP-induced changes
(Figure 3A–E). In contrast, GSK2795039 treatment was highly effective in attenuating CYP-
induced cystitis, as demonstrated by the significant reductions in the submucosal and
muscularis edema (Figure 3A) in CYP + GSK2795039 in relation to CYP (Figure 3A), even
though the bladder weight ratio was still higher than the controls (p < 0.05, Figure 3C). More
importantly, the urothelium of the CYP + GSK2795039-treated animals remained almost
intact (Figure 3B,E), although a few areas of urothelial abrasion are revealed. Additionally,
CYP drastically reduced the mRNA expression of the tight junction protein occludin
(Figure 3F, p < 0.05 vs. the control), which was unaffected by GKT137831 treatment, but
markedly attenuated by GSK279539 (p < 0.05 vs. CYP).

3.4. Inhibition of NOX2, but Not NOX1/4, Improved CYP-Induced Bladder Dysfunction In Vivo

We initially studied the effects of NOX inhibitors in freely moving mice by the VSA
method. Figure 4 A–D shows examples of filter papers of mice from four groups, fol-
lowing 4 h of conscious behavior and voluntary voiding. Summarized data are shown
in Figure 4E–I. Control animals (Figure 4A) exhibited only a few urinary spots, at the
corners of the paper, and with a large volume. As previously described, mice injected with
CYP (Figure 4B) exhibited a dramatic increase in the number of urinary spots (Figure 4E),
distributed all over the paper, indicating a hyperactive voiding profile. The number of
PV (Figure 4F) and total voided volume (Figure 4G) were similar between the CYP and
controls groups. However, the volume of the PV (Figure 4H) was significantly reduced,
whereas the number of microvoids was increased in CYP-injected mice (p < 0.05 vs. the
control). Treatment with GKT137831 (Figure 4C) had no effect on any of these CYP-induced
alterations. More interestingly, GSK2795039 significantly attenuated all CYP-induced void-
ing alterations (Figure 4D), as the animals’ voiding behavior was similar to the controls
in the corner zones of the cage, although the number of total and microvoids were still
increased compared to the control groups (p < 0.05).

We next examined the urodynamic characteristics by cystometry under animal anes-
thesia. Figure 5A–D shows representative cystometry tracings of mice from four groups,
showing the intravesical pressure changes following 45 min of continuous filling (0.6 mL/h).
In relation to the controls (Figure 5A), CYP-injected mice (Figure 5B) displayed irregular
micturition patterns characterized by significant increases in voiding frequency (Figure 5E),
as the intervals between voiding shortened, and threshold pressure (Figure 5F), as the
intravesical pressures increased proportionately with filling rate, both of which were ac-
companied by reductions in bladder capacity (Figure 5G) and compliance (Figure 5H). No
changes were observed for baseline (Figure 5I) or peak pressures (Figure 5J). Similarly to the
VSA tests, treatment with GKT137831 (Figure 5C) had no effect in any of these CYP-induced
urodynamic alterations, but GSK2795039 significantly attenuated all CYP-induced voiding
alterations (Figure 5D).
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Figure 3. Histological examination of hematoxylin–eosin-stained bladder sections of the control
(saline) and cyclophosphamide (CYP, 300 mg/Kg, ip, 24 h)-injected animals untreated or treated
(three doses in 24 h) with the NOX1/4 inhibitor GKT137831 (5 mg/Kg, ip) or NOX2 inhibitor
GSK2795039 (5 mg/Kg, ip). The upper panel shows the bladder wall ((A), 5×magnification) while
the lower panel highlights the urothelium ((B), 20×magnification). The bladder weight/total body
weight ratio (C) were determined. The thickness of the detrusor smooth muscle and urothelial layers
are shown in (D,E), respectively. The mRNA expression levels of occludin (F) were determined
by RT-PCR and expressed as relative to the housekeeping genes. Summary data (mean ± SEM)
represent n = 6 for all of the groups. Significance was tested by two-way ANOVA followed by
multiple comparisons by Tukey’s post-hoc test. * p < 0.05 vs. CONTROL; # p < 0.05 vs. CYP. D,
detrusor smooth muscle; L, lumen; U, urothelium. The ‘x’ highlights severe edema and the arrowhead
highlights urothelial denudation.

3.5. Pain Induced by CYP Was Fully Inhibited by GSK2795039, but Not by GKT137831

Nociceptive response was evaluated by von Frey testing in the suprapubic area
(Figure 6A,B). No significant differences were identified at the baseline, before any in-
jections, between the groups. The control animals exhibited a similar behavior at the
time points evaluated. However, a reduced nociceptive threshold was observed as early
as 4 h after CYP exposure and was maintained lower at 24 h when compared with the
respective baseline. Pelvic hypersensitivity was not ameliorated by GKT137831 treatment
but was significantly inhibited by GSK2795039 treatment, achieving a response similar to
the control animals.
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Figure 4. Void spot filter papers imaged under UV light (A–D). Automated spot detection of the
control (saline) and cyclophosphamide (CYP, 300 mg/Kg, ip, 24 h)-injected animals untreated or
treated (three doses in 24 h) with the NOX1/4 inhibitor GKT137831 (5 mg/Kg, ip) or NOX2 inhibitor
GSK2795039 (5 mg/Kg, ip). The number of voiding spots (E), the number of primary voids (PV;
greater than 20 µL; (F)), the total volume (G), the PV volume (H), and the number of microvoids
((I); less than 20 µL and greater than 2 µL). Summary data (mean ± SEM) represent n = 6 for all of the
groups. Significance was tested by two-way ANOVA followed by multiple comparisons by Tukey’s
post-hoc test. * p < 0.05 vs. CONTROL; # p < 0.05 vs. CYP.

3.6. NOX2-Derived Superoxide Anion Generation

In relation to the control samples, 24 h CYP exposure increased O2
− generation (DHE

fluorescence intensity) by about of 55% in both smooth muscle and urothelial layers, as
expected (Figure 7A,B). GKT137831 treatment did not dampen the CYP-induced O2

−

production (p < 0.05 vs. the control), but GSK2795039 treatment significantly reduced the
O2
− production by ~56% (p < 0.05 vs. CYP) although it remained above the control levels

(p < 0.05). These results indicate that NOX2, rather than NOX1 or NOX4, is the predominant
source of O2

− production in this model.
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Figure 5. Cystometry under urethane anesthesia and continuous saline filling (0.6 mL/h). Represen-
tative cystometric tracings (A–D) of the control (saline) and cyclophosphamide (CYP, 300 mg/Kg,
ip, 24 h)-injected animals untreated or treated (three doses in 24 h) with the NOX1/4 inhibitor
GKT137831 (5 mg/Kg, ip) or NOX2 inhibitor GSK2795039 (5 mg/Kg, ip). Changes in the cystomet-
ric parameters (E) basal pressure, (F) threshold pressure to initiate voiding, (G) bladder capacity,
(H) compliance during the filling phase, (I) peak pressure, and (J) voiding frequency. Summary data
(mean ± SEM) represent n = 6 for all of the groups. Significance was tested by two-way ANOVA
followed by multiple comparisons by Tukey’s post-hoc test. * p < 0.05 vs. CONTROL; # p < 0.05 vs.
CYP. Arrowheads indicates voidings. One mouse was used for each cystometrogram.
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or NOX2 inhibitor GSK2795039 (5 mg/Kg, ip). Fluorescence intensity, quantified by using ImageJ, 
and representative images from each group are shown in (A,B), respectively. Summary data 
(mean ± SEM) represent n = 6 for all groups. Significance was tested by two-way ANOVA fol-
lowed by multiple comparisons by Tukey test. ∗p < 0.05 vs. CONTROL; #p < 0.05 vs. CYP. 
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Figure 6. Nociceptive response to mechanical stimulation of the suprapubic region (A), an indicator
of pain referred from the bladder, of the control (saline) and cyclophosphamide (CYP, 300 mg/Kg, ip,
24 h)-injected animals untreated or treated (three doses in 24 h) with the NOX1/4 inhibitor GKT137831
(5 mg/Kg, ip) or NOX2 inhibitor GSK2795039 (5 mg/Kg, ip). The responses (B) were quantified at
the baseline (before any injections; white boxes), 4 h after saline or CYP injection (gray boxes), and
24 h after saline or CYP injection (gray dotted boxes). Summary data (mean ± SEM) represent n = 6
for all of the groups. Significance was tested by two-way ANOVA followed by multiple comparisons
by Tukey’s post-hoc test. φ p < 0.05 vs. CYP-baseline; × p < 0.05 vs. CYP + GKT147831 baseline.
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Figure 7. Superoxide anion (O2
−) levels evaluated by dihydroethidium (DHE) fluorescence assay in

bladders sections from control (saline) and cyclophosphamide (CYP, 300 mg/Kg, ip, 24 h)-injected
animals untreated or treated (3 doses in 24 h) with the NOX1/4 inhibitor GKT137831 (5 mg/Kg,
ip) or NOX2 inhibitor GSK2795039 (5 mg/Kg, ip). Fluorescence intensity, quantified by using
ImageJ, and representative images from each group are shown in (A,B), respectively. Summary data
(mean ± SEM) represent n = 6 for all groups. Significance was tested by two-way ANOVA followed
by multiple comparisons by Tukey test. ∗p < 0.05 vs. CONTROL; #p < 0.05 vs. CYP.

4. Discussion

Controlled generation of ROS results essentially from oxidases, which generate O2
− by

donating an electron to O2, and whose concentration is dependent on the activity levels of
SOD. Excessive amounts of ROS production or disruption of antioxidative pathways leads
to oxidative stress, a key component of the underlying pathology of many diseases [18].
Mechanisms of oxidative damage and oxidative markers have been suggested as potent
biomarkers for the IC/BPS disease diagnosis [12,34]. Preclinical studies [5–11] have im-
plicated ROS in the pathogenesis of this disease, albeit the particular oxidative species
and source(s) remains uncertain. In CYP-injected mice, our data showed that O2

− gen-
eration increased as early as 6 h after injection and remained high for up to 24 h, which
was accompanied by reduced SOD activity, while H2O2 levels did not change. A typical
response to increased O2

− is an increase in antioxidant defenses; however, SOD activ-
ity was significantly reduced 24 h after CYP-injection. Therefore, insufficient removal
of excessive generated O2

− may be an additional mechanism of increased ROS in this
model. Although many other enzymes can generate ROS, enzymatic systems predominate
as the sources for ROS production, including NOX and uncoupled NO synthase. Under
pathological conditions, due to enhanced oxidative stress, depletion of co-factors such
as tetrahydrobiopterin, the eNOS may become dysfunctional resulting in production of
large amounts of O2

− which may be produced by uncoupled eNOS [35]; however, eNOS
was not found uncoupled structurally, as the ratio of dimers:monomers was unchanged
after CYP exposure, or functionally, as inhibition of NOS by L-NAME did not reduce ROS
generation. Thus, it is unlikely that eNOS is a source of the excessive O2

− observed in
this model and, therefore, is unlikely to be the source of the excessive O2

− observed. Of
all the ROS-generating enzymes, NOXs are of particular importance. NOX2 is known
to be highly expressed in phagocytes [19]. NOX4 is constitutively active, contributing to
basal ROS production, and it predominantly generates H2O2 rather than O2- [19]. NOX4
is highly expressed in the kidneys, where it was originally described [36]. However, our
current knowledge about the role of NOXs in bladder physiology and disease is still poor.
Few studies have explored the expression of these enzymes in urinary bladder samples.
NOX4 is expressed at very low levels in human normal urothelium [24] whereas NOX1,
NOX2, and NOX4 are overexpressed in urothelial carcinoma patients [24,37,38]. Here, we
have demonstrated that NOX2 and NOX4 mRNAs were up- and downregulated, respec-
tively, in the bladders of CYP-injected mice over time, while NOX1 remained unchanged.
Whether elevated NOXs expression and NOX-derived ROS directly drive inflammation in
CYP-induced cystitis is yet to be elucidated.
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Studies with several NOX inhibitors have demonstrated that inhibition of NOX activity
or expression may be of therapeutic value during pathological conditions [39]. Our results
showed that selective inhibition of NOX2 by GSK2795039 improves CYP-induced bladder
dysfunction and decreases bladder hyperactivity, inflammation, and vesical pain, whereas
the dual NOX1/4 inhibitor GKT137831 had no significant protective effects.

GKT137831 was first reported as a dual NOX1/NOX4 inhibitor, with Ki-values in the
nanomolar range for NOX1 and NOX4 and in the micromolar range for NOX2 [40]. In mice,
GKT137831 ameliorated hypertensive cardiac remodeling [41], doxorubicin-induced car-
diotoxicity [42], acute lung injury [27], acute kidney injury [43], and type I diabetes vascular
dysfunction [44], the effects of which were attributed to inhibition of NOX1/4-driven ROS
production in vivo. However, previous studies have demonstrated that GKT137831 inter-
feres with peroxidase-dependent assays and has potent peroxynitrite [45] and hydrogen
peroxide [46] scavenging activities.

GSK2795039 was the first identified selective NOX2 inhibitor [26]. Other compounds
such as GLX481304 [47] and CYR5099 [48] were also recently discovered; however,
GSK2795039 remains the reference NOX2 inhibitor. GSK2795039 was effective in abol-
ishing the production of NOX2-derived ROS in vitro in cell-free and HL60 cells [26]. In
addition, in mouse models of inflammation in the hind paw and in acute pancreatitis [26],
as well as in traumatic brain injury [48], treatment with GSK2795039 exhibited the same
protective effect as NOX2 deletion.

In freely moving mice, CYP exposure induced a pattern of voiding dysfunction,
characterized by an increased number of urinary spots concomitant with smaller urinary
volumes, which agrees with previous studies [5,6]. Additionally, in anaesthetized mice
under CYP exposure, the filling cystometry revealed increases in micturition frequency and
threshold pressure, accompanied by marked reductions in bladder capacity and compliance.
Most of the micturition alterations in conscious and anaesthetized mice were significantly
attenuated by GSK2795039, supporting the key role of NOX2 in voiding dysfunction
in cystitis.

Furthermore, histological examination of urinary bladders showed that CYP exposure
induces an increased bladder/body weight ratio, severe edema, especially at the submu-
cosa, detrusor smooth muscle disorganization, and extensive urothelial denudation. In
GSK2795039-treated animals exposed to CYP, minor structural changes of the bladder
wall were observed and the urothelium was virtually intact, which is consistent with the
reduced bladder/body weight ratio. Disruption of bladder barrier function integrity has
been linked to the expression of antiproliferative factor [49], which may slow urothelial
healing, favoring urinary diseases [50], including IC/BPS [51]. Damage to tight junction
proteins is also implicated in the loss of bladder barrier integrity. Lower levels of occludin
have been observed in both CYP-injected animals [7] and human IC/BPS [52]. GSK2795039
preserved the occludin mRNA of CYP-injected animals, suggesting that ROS-mediated
cellular processes may be important during normal repair responses and that there is
a potential regulatory role for NOX2 in bladder barrier integrity. Additional mechanisms
may contribute to the protective effects of GSK2795039 on CYP-induced cystitis; for ex-
ample, a direct effect on infiltrating inflammatory cells in which NOX2 is significantly
expressed. In our study, treatment with GSK2795039 also greatly prevented vesical pain,
which is a major feature of CYP-induced cystitis [4]. A previous study showed that me-
chanical and thermal hypersensitivity were attenuated in NOX2-/- mice after peripheral
nerve injury [53].

There are also some limitations to our study: (i) it is acknowledged that the CYP
cystitis model is an animal model more relevant to the ulcerative form of IC/BPS; however,
it is one of the most widely used and best characterized models to study this condition,
and (ii) we did not evaluate the protein expression of NOXs, since commercially available
antibodies often lack isoform specificity [54].
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5. Conclusions

In summary, we have demonstrated the critical role of NOX2 in CYP-induced cystitis.
Selective inhibition of NOX2 remarkably improved CYP-induced bladder damage, dys-
functional voiding behavior, and the vesical pain, a primary characteristic of cystitis. NOX2
inhibition emerges as a potential therapeutic target for IC/BPS and CYP chemotherapy-
induced hemorrhagic cystitis.
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